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Preface

The standard model of strong and electroweak interactions describes particle physics pheno-
mena up to the scale of the vector boson masses. In spite of its success, it is generally believed
that the standard model is not the ultimate theory. The large number of {ree parameters is
still unsatisfactory, and gravity is not included at all.

As there is no experimental sign of new physics beyond the standard model, every genera-
lization of the model is motivated by theoretical arguments only. Supersymmetry (SUSY) is
a particularly attractive extension of the minimal model. It could solve the fine-tuning pro-
blem related to the hierarchy of scales, and it could also provide a link to gravity. Moreover,
SUSY could play a significant role in building a consistent grand unified theory (GUT) of the
strong and electroweak interactions. If bosons and fermions are to be part of such a scheme,
supersymmetry is essential.

The most impressive motivation for SUSY comes from extrapolation of the LEP high precision
data. Including SUSY matter in the running couplings, and masses of the SUSY-partners in
the range 100 GeV - 10 TeV, the data display a spectacular coupling constant unification at
the scale of 108 GeV. Although this is very suggestive it is far from being a proof that nature
knows about SUSY.

The direct searches for SUSY particles at LEP, the Tevatron, and at the future hadron colli-
ders LHC and SSC are the primary tests of the low-energy consequences of SUSY. However,
the investigation of the scalar sector is of similar importance since the minimal model predicts
at least one relatively light Higgs boson. For a detailed experimental search it is mandatory
to incorporate the radiative corrections in the Higgs sector since they infiuence the theoreti-
cal predictions considerably. Complementary to the direct searches, the indirect searches for
SUSY through virtual effects in rare FCNC processes and in high precision observables are also
important tests of SUSY.

For a critical assessment of the present status of SUSY phenomenclogy a series of seminars
was organized from May to November 1991 at the Max-Planck-Institut fiir Physik in Munich.
The intention was to present the most recent results and to initiate discussions hetween field
theorists and phenomenologists. The subjects covered include an introduction to the basic
features of SUSY models, in particular the minimal supersymmetric standard model. This is
followed by discussions of SUSY’s implications for direct searches at future colliders, effects in
rare processes, quantum effects in the Higgs sector, and cosmology. A special section is devoted
to dynamical electroweak symmetry breaking where SUSY can be used to solve the fine-tuning
problem in a natural way. This predicts a mass of the top quark consistent with the bounds
obtained from the precision LEP data and W mass measurements.

Munich, April 1992 W. Hollik
R. Riickl
J. Wess
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THE SUPERSYMMETRIC STANDARD MODEL

Hans Peter Nilles

Physik Department, Technische Universitdt Minchen,
D-8046 Garching
and
Max Planck Institut fiir Physik, Werner Heisenberg Institut,
P.O. Box 40 12 12, D-8000 Minchen

ABSTRACT

We give an introduction to N = 1 supersymmetry and supergravity and
review the attempts to construct models in which the breakdown scale of the
weak interactions is related to supersymmetry breaking. Special emphasis is
put on the discussion of the minimal supersymmetric extension of the standard
model of strong and electroweak forces. Grand unified models are analyzed in
their supersymmetric and nonsupersymmetric versions.

1. THE STANDARD MODEL

Although the standard model [1] of strong and electroweak interactions describes
particle physics phenomena up to the 100 GeV scale very well, it is in general believed
that it is not the ultimate theory of everything. Gravity is not included and many
parameters are used to fit the data. But there is not the slightest experimental sign
of new physics beyond the standard model. Every generalization of the model is thus
motivated only by theoretical argumentations. To appreciate these constructions we
need to have a closer look at the standard model itself. We shall skip details and
concentrate on those points that make us believe that there must be new physics beyond
the TeV-scale. :

The standard model is based on the gauge interactions of the strong and electroweak
forces with gauge group SU(3) x SU(2) x U(1). It thus contains 12 spin 1 gauge bosons:
eight gluons of SU(3), three SU(2) weak gauge bosons and the hypercharge gauge boson
of U(1). The photon will be a particular combination of the neutral SU(2) gauge boson
and the hypercharge boson. The fermions of the theory consist of three generations of
quarks and leptons, where we assume the existence of the top quark for which direct
experimental evidence ist still lacking. The spin-1/2 fermions of a family have the
following transformation properties with respect to SU(3) x SU(2) x U(1):

,1/3) (1.1)



where @ = 1,2 is an SU(2) index and the first two entries in the brackets denote the
dimensions of the SU(3) x SU(2) representations while the last entry denotes U(1)
hypercharge. Electric charge is given by @ = T3 + Y. Thus the up-quark, for example,
has Q(v) = 1/2 4+ 1/6 = 2/3 whereas for the down quark we obtain Q(d) = —1/3.

The socalled Higgs sector contains a scalar SU(2)-doublet

h= (Zi) =(1,2,-1/2) (1.2)

with potential V = p?(hth)+ A(hTh)? and one also introduces Yukawa couplings for the
interactions of the scalars with the fermions

Ly = gqUhd + g.Lhe + g, Uh'a (1.3)

in all combinations that are allowed by SU(3) x SU(2) x U(1) gauge symmetry. A spon-
taneous breakdown of SU(2) x U(1) occurs for negative yu? and the neutral component
of h receives a vacuum expectation value (vev)

<h>= —\}—2:(8) o (1.4)

where v = (—p?/\)1/2. SU(2) x U(1)y is broken to U(1)g and three gauge bosons
become massive

1
Mw:l: = §g2v

1
Mz = 5”\/9% + ¢2

where g1 and g, are the coupling constant of SU(2) and U(1), respectively. The U(1)
gauge coupling constant is given by

(1.5)

e = gs sinOw = g3 cos By ‘ (1.6)

where 6w denotes the weak mixing angle. The mass of the physical Higgs-scalar is
given by 1/—2u2. Yukawa couplings then allow, in presence of the spontaneous break-
down of SU(2) x U(1), mass terms for the fermions. The term gshUd, e.g. leads to
gqvdd = mgdd. The masses and mixings for the three families of quarks and leptons
are parametrized by the 3 x 3 Kobayashi-Maskawa [2] matrix.

Let us now count the parameters of the model. We have three gauge couplings g1,
g2 and g3 usually parametrized by @em., Ostrong and sinfy. In the gauge sector we
have in addition a © -parameter multiplying F#* F*%¢,, ,, in the action. Its actual value
seems to by very close to zero as can be deduced from the absence of the electric dipole
moment of the neutron. Nonetheless we have to treat © as an arbitrary parameter and
it still has to be understood why its value is so small.

In the Higgs sector we have introduced two parameters p? and A of which one
combination defines the scale of SU(2) x U(1) breakdown while the other determines the
Higgs mass. The 9 fermion masses (not including the possibility for neutrino-Majorana
masses) are parametrized by the Yukawa couplings. The same applies to quark mixing
consisting of 3 angles and one phase in the Kobayashi-Maskawa matrix, the latter giving
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Fig. 1.1: A dimension 6 operator that could lead to proton decay.

rise to CP-violation. We do not know yet whether there 1s a corresponding mixing in
the lepton sector. In any case we can conclude that the above mentioned quantities are
completely free parameters in the standard model. Any attempt to understand their
specific values will require a generalization of the model. Apart from these questions
we have eventually also to address the more fundamental puzzles out of which I shall
mention some in the following. Why is the gauge group SU(3) x SU(2) x U(1), why is
SU(2) broken and why at a scale of 100 GeV and not at the Planck mass? Why is the
mass of the proton 1 GeV and is this scale related to other physical scales? Why do we
have this repetition of families, why 3 families and why does a family not contain exotic
representations of SU(3) x SU(2) x U(1) (like e.g. a 3 of SU(2))? Why are neutrinos
massless (are they?) and why is the electron mass so small compared to the W-mass?
These and many more related questions are the subject of discussions of the physics
beyond the standard model.

One important property of the standard model is the chirality of the fermion spec-
trum. Fermion masses are protected by SU(2) x U(1), i.e. they can be nonzero only
after SU(2) x U(1) breakdown. Thus all fermion masses are proportional to the vev of
the Higgs-field (1.4) and this explains why fermion masses cannot be very large com-
pared to My . It does, of course, not explain why the mass of the electron is so small
compared to My and also the smallness of neutrino masses remains a mystery. Only
the top quark seems to be as heavy as allowed by SU(2) x U(1). We will regard this
chirality of fermions as a very important property of the standard model and will there-
fore in the course of these lectures only discuss extensions that share these remarkable
propertiés.

Another important symmetry of the standard model is baryon (B)- and lepton (L)-
number conservation. From the requirement of gauge invariance and renormalizability
(i.e absence of nonrenormalizable terms in the action) the model has automatic B and
L conservation. Among other things this implies the stability of the proton. Possible
violations could come from higher dimensional (nonrenormalizable) terms as e.g. the
one displayed in Fig. 1.1. This operator has dimension 6 and therefore the coefficient
1/M? has the dimension of inverse (mass)?. M, denotes the scale of the new physics
that is responsible for proton decay. From the long lifetime of the proton we conclude
that M, must be larger than 10'® GeV, a very large scale. For other processes, like
lepton number violation, the corresponding scale could still be in the TeV region. It is
a central question in all discussions of the physics beyond the standard model to isolate
these new processes and discuss the corresponding scales.



Fig. 1.2: A triangle graph responsable for an anomaly. Wavy lines
denote gauge bosons while the solid lines denote fermions.

In models with chiral fermions there is the potential danger of gauge anomalies [3].
Such anomalies can be determined by the calculation of triangle graphs as displayed in
Fig. 1.2. These give several constraints in the cases where all three gauge bosons come
from the same gauge group, but in addition we also have mixed anomalies e.g. photon-
gluon-gluon, photon-graviton-graviton as well as a global SU(2)-anomaly [4] (implying
an even number of doublets). In the standard model we find a cancellation of anomalies
within a given family, i.e. the spectrum and the quantum numbers of the fermions are
arranged in such a way that the sum of the graphs of Fig. 1.2 cancels exactly. Does
this tell us something about the quantum numbers with respect to U(1)y [5]? Let us
for a moment consider one family as given in (1.1) but with arbitrary hypercharges:
(3,2,p), (8,1,9), (3,1,r), (1,2,s) and (1,1,t). After normalization ¢ = 1 the absence
of anomalies gives a unique solution p = 1/6, ¢ = —2/3, r = 1/3 and s = —1/2, thus
hypercharge is quantized in the standard model. A word of caution should be added
here. In our argumentation we have assumed the SU(3) x SU(2) representations of the
particle content of the standard model and also demanded anomaly cancellation within
one family. The authors of ref. [6] have generalized the analysis. They tried to find a
minimal set of particles in SU(3) x SU(2) x U(1) which is chiral and anomaly free (and
participating in all 3 interactions). If one just considers triangular anomalies such a set
is given by (3,1,Q), (3,1,—-@Q), (3,1,9), (3,1, —¢) and (1, 2,0) but it suffers from a global
SU(2) anomaly. Including this constraint the minimal set is found to be exactly one
family of quarks and leptons. We do not know at the moment what this fact can teach
us, but at least we have to conclude that hypercharge quantization does not necessarily
imply grand unification. Let us remark in closing this section that the behaviour above
is strictly true only in the standard model. If we add e.g. a right-handed neutrino things
change [7]. Add (1,1,u) to the set described above and repeat the analysis. You will
find that hypercharge is no longer quantized and instead obtain a one parameter family
of solutions (the usual choice u = 0, of course, remains a solution). The discussion
above shows, that it still pays off to have a closer look at the standard model.

In the following we shall be concerned with a discussion of physics beyond the
standard model. Since there is no phenomenological indication that contradicts the
standard model, our argumentation has to remain purely theoretical. Efforts in such a
direction include:



grand unification

L-R symmetric gauge groups
extra U(1)’s

extra Higgs-bosons
technicoulor

composite quarks and leptons
supersymimetry

Kaluza-Klein theories
supergravity

strings.

In these lectures, of course, I shall concentrate on a presentation of those exten-
sions of the standard model that are based on the incorporation of supersymmetry and
supergravity. Grand unified models, whether supersymmetric or not, are also included
in our discussion.

2. GRAND UNIFICATION

The aim is to find a group that contains SU(3) x SU(2) x U(1) and thus unifies
the gauge coupling constants g1, g2 and gs of the standard model.
One very popular model [8] makes use of the astonishing fact that one family of

quarks and leptons fits into the 5 and 10 representation of SU(5). We have the following
identifications

Yo = Bo = (d1,ds,ds;e,v) (2.1)
for the complex conjugate of the fundamental representation and
0 @ u
0

x* =10 = (2.2)

(=]
o & &
S 0o A A

for the two-index antisymmetric representation. The hypercharge generator is defined
as

-1 0 0 0 0

0 -1 0 0 0

0 06 -1 0 0 (2.3)
0.0 0 32 o0

0 o0 o 0 3/2

while the SU(3) x SU(2) embedding is obvious.

So far the classification of the fermions. The questions remains whether SU(5) is
just a global symmetry to classify representations or whether it is a gauge symmetry.
In the latter case we would explain the three gauge coupling constants g; 5 3 by a single
constant g5. Present observation tells us, however, that g1, g2 and g3 are vastly different,

1
Y =—-
3
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Fig 2.1: The desired evolution of coupling constants in grand unified models.

an apparent paradox. The resolution lies in the fact that coupling constants are scale
dependent [9]. At the one-loop level they evolve according to

1 1 b; M /
— + —Llo ( z) 24
()~ ) o B\ >
b; = _T.?)_C + §Nflf(R) + §Nsls(R) (2'5)

where C is the quadratic Casimir operator of the adjoint representation, Ny (N,) the
number of Dirac fermions (complex scalar bosons) in representation R of which /; s(R)
is the quadratic Casimir (normalized to 1/2 for the fundamental representation). The
question therefore is: at which scale do the couplings ¢, 2,3 coincide with a single cou-
pling constant g5? The evolution of the coupling constants depends crucially on the
fermion spectrum. For minimal SU(5) we obtain

4
by = —11+ -?:NG

22 4 1
= -4+ -Ng+=H 2.6
bo 3+3 G+6 (2.6)
4 1
= =N, —H
by 3 G+10

where Ng is the number of families and H the number of light Higgs-doublets. For Ng =
3 and H = 1 we obtain a behaviour as shoun in Fig. 2.1. At a scale of approximately
M, ~ 1015 GeV the three coupling constants aproach each other and we obtain a(M,) =



g2/4m =~ 1/45 and g5 = g3 X g2 ~ 1/5/3¢91. The weak mixing angle at this large scale
M, is given by sin® §yy = 3/8. The behaviour of Fig. 2.1 can now be interpreted in the
following way. Above M, SU(5) is a good symmetry while at M, SU(5) is broken to
SU(3) x SU(2) x U(1) and below that scale the coupling constants evolve differently.
SU(5) leads to 24 gauge bosons twelve of which receive a mass of order M,

luons(8, 1 (8,2
2= (55" ) 0

and they transform as (3,2) + (3,2) of SU(3) x SU(2). It is important to realize that
quarks and leptons now sit in the same SU(5) representations and that these new gauge

bosons denoted by X and Y can cause transitions between them. This leads to B and
L violation and proton decay.

ull. Glj
- -

Fig. 2.2: B and L violating process mediated by SU(5) gauge bosons
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Fig. 2.3: p — n%™ in minimal SU(5).

Consider the process in Fig. 2.2 which causes the transition ud — @et. It leads to
proton decay via a dimension six operator to p — et 7% as shown in Fig.2.3. The rate
for proton decay is suppressed by a factor M * leading to a proton lifetime of less than
10% years in minimal SU(5). This is in contrast with the experimental observations
and minimal SU(5) is ruled out. We shall later discuss grand unified models which do
not suffer from this desease. For the moment we shall however still discuss the simplest



model for paedagocical reasons. B — L is still conserved in the SU(5) model. This
comes from the fact that one family of quarks and leptons consists of two irreducible
representations of SU(5). Thus we have a global nonanomalous U(1) with charge 5(5) =
—3 and S(10) = 1. This leads to

B-L= %(5 +4Y) (2.8)

as a conserved quantum number (Y is hypercherge as given in (2.3)). In the present
model this implies that there is always an antilepton in the final state of proton decay.

The breakdown of grand unified groups is achieved by vev’s of scalar fields in
connection with a Higgs effect. In SU(5) the breakdown to SU(3) x SU(2) x U(1)
can be achieved with a scalar ¢ in the adjoint representation, provided the vev has the
following pattern:

100 0 0
010 0 0

HB=v]0 01 0 0 (2.9)
000 -3/2 0
000 0 =-3/2

A second step of breakdown to SU(3) x U(1) in the standard model requires a 2 of
SU(2) and in the grand unified model this generalizes to a doublet component in the 5
of SU(5). We then have the following Yukawa-couplings

gapHs x (10), x (10), (2.10)
giving mass to up-type quarks, whereas
gapHZ X (5)a x (10) (2.11)

gives masses to down-type quarks and leptons. Thus masses for down quarks and leptons
come from the same coupling and one obtains relations between them e.g. my ~ 3m,
[10] at low energies. Similar relations, however, should also hold for the masses of the
first two families and it remains to be seen whether grand unified predictions can help
in the understanding of quark and lepton masses. Such mass relations exist in many
grand unified models and mostly lead to embarrasing predictions. Therefore one adopts
the viewpoint that only the heaviest family should satisfy these relations.

In all grand unified there exists a fine-tuning problem [11] concerning the relation
of the two scales of gauge symmetry breakdown (usually called the gauge hierarchy
problem). Let us discuss it in the SU(5) model. In the Higgs potential we have among
others the following terms

m2H5H; +m'H5¢24H; (212)

and ¢ is supposed to receive a vev as displayed in (2.9) with v ~ 10! GeV. With
respect to SU(3) x SU(2) H splits into (3,1) + (1,2) with (masses)> m? + m'v and
m2 — 3/2m'v respectively. The SU(3) triplet of H should become heavy (M > 10M
GeV) because of the potential danger of fast proton decay through the process displayed
in Fig. 2.4. The moderate limit of 10! GeV comes the fact that here the vertices are
of the strength of Yukawa couplings which are smaller than the gauge couplings that



appear in Fig. 2.2. There is no problem to achieve such large masses of the triplet since
already v is supposed to be in the 10!5 GeV range (which actually is the natural range
of Higgs masses in the model). The problem lies in the fact that the Higgs doublet (as
a part of the standard model) should become light; not exceeding the TeV scale, i.e.
some 13 orders of magnitude below the scales m, m' and v. This can be achieved by
a fine tuning of the parameters such that m? — (3/2)m'v becomes small. There is in
principle nothing wrong with such a finetuning but one feels uneasy about it since one
does not understand the relation between the two breakdown scales and also because
the fine-tuning is not stable in perturbation theory. We shall come back to a discussion
of this and related problems in the next chapter.

I
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Fig. 2.4: Proton decay via Higgs exchange.

The simplest grand unified model based on SU(5) is ruled out experimentally. The
first indication in this direction came from the absence of proton decay but also more
recently precision electroweak data are inconsistent with simple SU(5). We shall discuss
the results explicitely in chapter 8 where we also consider supersymmetric grand unified
models. In the nonsupersymmetric case a way out is to consider larger groups and try
to move the grand unification scale to higher values. There is then a complication in
group theoretical technicalities and we shall not have the time here to discuss the issues
in detail. A complete treatment can be found in ref. [12].

To embed the standard model spectrum in a larger group we have to keep two things
in mind. First we need to consider complex representations because of the chirality of
the fermion spectrum. Secondly one has then to ensure the cancellation of anomalies.
Prime candidates for grand unified models are then SU(2N + 1) with an anomaly free
set of antisymmetric tensor representations, O(4N +2) with a spinor representation and
E¢ with the fundamental 27-dimensional representation. The next simplest candidate
to SU(5) is O(10). The adjoint representation is 45-dimensional and decomposes as
24+10+10+ 1 with respect to SU(5). In fact SU(5) x U(1) is a subgroup of O(10) and
the U(1) corresponding to B — L is now gauged. One chain of breakdown pattern to the
standard model is then via SU(5) x U(1) but there are also others like SU(4) x SU(2) x
SU(2). A remarkable property of O(10) is the fact that one family of quarks and leptons
fits into one irreducible representation: the 16-dimensional spinor representation with
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SU(5) decomposition 5+ 10+1. The additional SU(5) singlet has all the properties of a
righthanded neutrino. The standard model Higgs can be embedded in the fundamental
10-dimensional representation of O(10) and there is a single Yukawa coupling 10 x
16 x 16 and one would expect e.g. a relation between miop and myettom. The Higgs
field 10, however, contains two SU(2) Higgs-doublets: one coupling to up-type and
the other to down-type quarks. Since the two could have different vev’s we cannot
expect Miop/Mpottom to be fixed. Including the assumption that the masses of the
light quarks are given by the same mechanism one would expect mass relations as
Mtop/Mbottom A Mcharm/Mstrange and as before we conclude that grand unified models
do not make a decisive contribution to our understanding of quark and lepton masses..
To work out the spontaneous breakdown patters of O(10) is already quite complicated.
One needs representations of dimension 45, 16 and/or 54 and 126 and we shall not
discuss these questions in detail [12].

The next step to more complicated groups is Eg which has recently again attracted
interest because of the consideration of superstring inspired models. Here .we have
E¢ 5 50(10) x U(1) and 78 gauge bosons decomposing as 45 + 16 + 16 + 1 of O(10).
The fundamental representation is 27-dimensional and contains 16+10+1 of O(10): one
family but also a lot of additional fermions. The Yukawa coupling term (27)3 is unique
and the breakdown requires at least a 351-dimensional representation. Higher rank
groups like SU(2N +1) and O(4N +2) with N > 3 have also been considered for model
building, among other motivations as attempts to explain the number of families. One
aim would be, that three families of quarks and leptons are contained in one irreducible
representation of a large gauge group. While such representations can be found, they
usually predict many more exotic fermions and it seems that this approach is not the
correct one to explain the number of families.

Let us summarize some of the universal properties of grand unified models. One of
them is charge quantization but remember from our discussion in the last chapter that
this might already be a property of the standard model. Unification of gauge coupling
constants was the prime motivation and it can be achieved. In the most promising
models one obtains sin’ 8y = 3/8 at the grand unification scale M,. Quarks and
leptons sit in the same multiplet and therefore we necessarily obtain baryon number
violation. This implies that M, must have a rather large value and the simplest model
is ruled out. The model leads to “naive” quark-lepton mass relations which are usually
not very sucessful (maybe with the exception of my/m, = 3). Such questions now
also concern possible neutrino masses. In all models except for simple SU(5) we have
a righthanded neutrino and the possibility of a Dirac-mass term. In O(10) we would
obtain m, ~ myp according to the naive mass relation. How can one avoid a problem
with such a neutrino mass? It can be achieved by assuming a large Majorana mass M
for the righthanded neutrino and a mass matrix [13]

(7?1 A"}) (2.13)

with M > m, leading (approximately) to the eigenvalues M and m?/M. M can be
as large as the scale of O(10)-breakdown and exceed even 10'*GeV. Assuming natural
values for m as e.g. m ~ 1GeV for the Dirac mass term we would have a mass of 10 %eV
for the light neutrino.
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It still remains an open question whether grand unified models are realized in
nature. The long lifetime of the proton requires a rather large scale of M; and the
simplest model is ruled out. In many models M; approaches the Planck-mass and one
has to worry about the fact that the influence of gravitational interactions becomes
inportant. We shall later come back to these questions again.

3.THE PROBLEM OF THE WEAK SCALE

In the grand unified models discussed above we had to perform a fine tuning to
obtain the breakdown scale Mw of SU(3) x SU(2) x U(1) small compared to the grand

unified scale M, . More precisely we had to require
m? — gm'v ~ (100GeV)? (3.1)

while m, m' and v were of order of 10*®* GeV or larger. (3.1) was required to keep
the Higgs doublet mass in the range of a hundred GeV. There is nothing wrong with
such a choice since m, m', and v are free input parameters and not constrained from
other theoretical requirements. Nonetheless one might feel uneasy to perform such a
fine tuning to a precision of 13 orders of magnitude. Also such a finetuning is not
stable under radiative corrections, and has to be retuned order by order in perturbation
theory. Again this can be done without leading to inconsistencies. The main question,
however, remains why My is so small compared to M; . We think that we should find
a simple reason to explain why there is this hierarchy of scales. Such a reason could be a
symmetry as we encountered in the discussion of fermion masses. Here chiral symmetry
protected the masses. The fact that we do not understand the smallness of Mw and
have to rely on a finetuning of parameters is called the gauge hierarchy problem.

The problem exists already within the standard model. Recall the Higgs potential

V(R) = p2|h? + AlBJS. (3.2)

The Higgs mass is m = /—2u2 and Mw = ¢2 < h >~ 80 GeV . Experimental bounds
[14] on m come from LEP m > 40GeV while an upper bound of 1 TeV can be argued
from unitarity constraints. Observe that the mass scale of the standard model My is
solely set by the parameters u? and X in the Higgs sector.

Theoretically the model is very appealing; it is not just based on an effective La-
grangian, like e.g. the Fermi theory of weak interactions, but it i a renormalizable field
theory. This has drastic consequences for the possible range of validity of the model;
would it be nonrenormaliziable it necessarily would only be defined with a cutoff A
(of dimension of a mass) and its region of validity would be bounded from above by
A. Above A one expects new things to happen which are not described by the model.
Since the standard model is renormalizable it could, however, be valid in a much larger
energy range. Strangely enough this very nice property of the model constitutes one of
its problems. The mass scale of 100 GeV is put in by hand and there is no idea about
its origin: it is a completely free imput parameter. In a more complete theory one
would like to understand the origin of Mw in terms of more fundamental parameters
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like e.g. the Planck scale Mp ~ 10'® GeV, but such a complete theory would need more
structure than present in the standard model.

A reconfirmation of the statement that Mw is a completely free parameter is found
in the discussion of perturbation theory. The parameter u? in (3.2) receives a contri-
bution due to the graph of Fig. 3.1 which is quadratically divergent. There is nothing
wrong with quadratic divergencies as they do not spoil the consistency of the theory;
we regularize them and define the theory in terms of the renormalized parameters.
The actual correction to u? depends on the regularization scheme and the renormalized
quantity is an arbitrary parameter even if we would have understood its value at the
tree level. This is true for all quadratically divergent quantities. These divergences in-
troduce a new mass scale in the theory which has nothing to do with the scales already
present; it is an arbitrary parameter which we can choose at our will. To understand
the origin of these masses the quadratic divergencies have to be absent; i.e. they have
to be cut off at a larger scale by a new physical structure. With such a physical cutoff
A we would have

Su? ~ AA? (3.3)

and to understand the order of magnitude of u? it would not be appropriate to have A
of the order of the Planck mass Mp but rather in the TeV region. An understanding of
the order of magnitude of Mw would therefore require new physics in the TeV-region.

Fig. 3.1: Quadratically divergent contribution from the scalar self interaction.

Having agreed that the standard model might have this subtle theoretical problem
one has to look for ways out. The presence of quadratic divergencies is originated by
the existence of fundamental scalar particles. One way out is to remove these scalars
from the theory. Since we have to break SU(2) x U(1) spontaneously (and want to
maintain Lorentz invariance) some scalar objects have to exist; they could be composite
as postulated in the technicolour approach [15]. A new gauge interaction becomes strong
in the region of a few hundred GeV; leading to the formation of condensates and many
composite bound states. This is the new physics in the TeV-region.

But this is not the only possible solution and we could try to insist to live with
fundamental scalar particles. Remember for this purpose the situation with spin 1 parti-
cles. Models containing spin 1 particles have usually serious theoretical problems unless
there is a gauge symmetry that make these fundamental spin 1 particles acceptable.
Observe that this gauge symmetry also stabilizes the mass of these particles; in the
symmetric limit they have to vanish. Could we also have such a situation for scalar
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Fig. 3.2: A contribution to u? from supersymmetric partners

masses? In the standard model, of course, such a situation is not present. We can take
the limit p? — 0 and this does not enhance the symmetry of the action.

The only known way to protect scalar masses is supersymmetry. This symmetry
relates bosons and fermions and therefore makes bosons as well behaved as fermions
which implies the absence of quadratic divergencies. Supersymmetry provides us with
the physical cuttoff discussed earlier. In addition to the contribution to u? given in Fig.
3.1 we have now a contribution of Fig. 3.2 with the supersymmetric partner of the Higgs
boson in the loop. In the supersymmetric limit these two contributions cancel exactly.
If supersymmetry is broken the masses of the boson-fermion multiplet are split. We get
a contribution

§u? = A(m% — m%) (3.4)

and we would require the quantity on the right-hand side to be in the TeV range. If we
would remove the partner with mass mp from the theory we would again recover the
quadratic divergence of the standard model. Thus to solve the Higgs problem we have
to consider new structure in the TeV-region.

4. INTRODUCTION TO SUPERSYMMETRY

Supersymmetry is a symmetry that transforms bosons into fermions and vice versa
[16]. The generator of these transformations, the supercharge Q, (a = 1,2), transforms
as a left handed Weyl spinor, a (%,0) representation under Lorentz transformations. Its
hermitean adjoint is denoted by @ B! right handed Weyl spinor. The algebra is defined
by

[Qa; Pu] =0 (41)
{QOI, Qﬂ} = 2OZBP” (42)

where 0¥ denotes the Pauli matrices and P, is the energy momentum operator. From
this algebra we can immediately read off two important consequences. From (4.1) for
# = 0 we see that ) commutes with the Hamiltonian and states of nonzero energy are
paired by the action of Q. Since @ is fermionic we have an equal number of fermionic
and bosonic states degenerate in energy. Equation (4.2) relates the supercharge to the
Hamiltonian and we have

H =P ~QQ'. (4.3)
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Thus H is semipositive definite. This implies that in supersymmetric theories the vac-
uum energy is well defined. Let [0 > denote the groundstate and let us suppose that
supersymmetry is unbroken which implies Q{0 >= 0 i.e. the vacuum state is symmetric.
We then conclude for the vacuum energy

Eiac =< 0|H|0 >=0. (4.4)

If, on the other hand, supersymmetry is spontaneously broken we have Q4|0 >= |y >#
0. This then implies that the supercurrent J,, can create a fermion (goldstone fermion)
out of the vacuum

< PylJE10 >= fol (4.5)
and consequently the vacuum energy is positive and given by
E. = f2 (4.6)

E, .. can therefore serve as an order parameter for supersymmetry. Supersymmetry is
broken if and only if Ey,. # 0. Together with (4.3) we can also conclude that whenever
a supersymmetric ground state exists it is always the true vacuum of the theory. If
supersymmetry is spontaneously broken there is a massless fermion in the theory (in
analogy to ordinary symmetries where one has a Goldstone boson).

Representations of the supersymmetry algebra are most conveniently given in su-
perspace. Superspace consists of ordinary space z* together with anticommuting Grass-
mann variables 6, and gﬂ'. The algebra can then be rewritten as

6Q, O8] = 260,6P*
[0Q,6Q] = [Q6,Q6] =0

Let us insert here the rules for manipulating with the Grassmann variables. Indices can
be raised or lowered with the constant antisymmetric tensor €,g = P with €19 = +1;

and we have 8, = eagﬂﬂ. The antispinor is defined as 8% = ((9")’r and 04 = edﬁgﬁ. The

(4.7)

square is then defined as 62 = %6, = —6,60% whereas 6> = 64,0%. Differentiation is
defined as 568
. 0
0.8° = — = 6% 48
o = o (48)
The reader should prove as an exercise that 5353 (656%) = —4. Intergration for a single

@ is definied as fdG =0 and deG =1.

A supersymmetry transformation can now be defined as follows
S(x,0,8) = exp(6Q + Q8 — z, P*) (4.9)

A superfield ¢(z,8,8) is defined as a function of z, § and 8 such that it transforms as
follows under a supersymmetry transformation

S(yu, o, @)[d(z,,0,0)] = $(z, + yu —iac,0 +ib0,a,8 + a,0 + &). (4.10)
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The generators of the symmetry can be represented as differential operators in super-
space

. 0 .

P, = 157 = i0, (4.11)
O . ugh

Qa = W - zaaﬁG 6,1 (4.12)

~ 0 .
Qu =gz + i6° 0,0y (4.13)
Slightly different representations (so-called right- and left-handed) can be defined by _
(2, 0,0) = ¢r(z, +160,8,6,8) = ¢r(z, —165,0,0,0). (4.14)

In the L-representation the charges are given by

0

Qu=00= 3 (4.15)

QL=-0;+ 21:90'”6”
and we have covariant derivatives

Dy, = 8y + 2ic,00*

_ 4.16
Dy, = —05. (4.16)

If ¢(z,0,0) is a general complex superfield a chiral superfield is defined through
D¢ =0. (4.17)

Going to the L-representation we see that superfields obeying constraint (4.17) are
independent of §. We can now expand ¢(z, ). Since 6, is anticommuting the expansion
in @ will terminate after three terms (a = 1,2)

#(z,0) = p(z) + 0%y + 0%6,F(z). (4.18)

The field ¢(z) is a complex scalar field and ¥(z) is a Weyl fermion. F(z) is a complex
scalar field which, as we will see later, is auxiliary and does not constitute dynamical
degrees of freedom. A chiral superfield describes therefore a (spin0,spinl) multiplet.
Supersymmetry transformations transform the different components into each other

690 = aﬂ¢ﬂ (4.19)
§1pp = 2agF(2) + 2i05,a%(D,¢) (4.20)
6F = —i(8,9" )0} ,a". (4.21)

They transform lower components to higher ones ¢ — % — F and in addition we
have terms with derivatives of lower component fields. Observe that the variation of
F is a total derivative; this will be important when we try to construct Lagrangians.
Before, however, we have also to introduce multiplets that contain spin 1 fields. They
are contained in a general superfield ¢(z, 8, 8) that fulfills the reality condition ¢* = ¢.
I will not write this superfield in full generality but only a subset of its components.
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They are sufficient for our purposes because all spin 1 bosons we will introduce in the
examples under consideration are gauge bosons. For the general vector superfield we
can then describe the physical states in a special gauge (the Wess Zumino gauge)

V(z,,8) = —00,8V* + i666% — i966A + -;-ooaap (4.22)
where V*# is a spin 1 field and A is a two component spinor: the gauge fermion. D again

will turn out to be an auxiliary field. This then supplies us with a (spin 1, spin 1/2)
supermultiplet. The supersymmetry transformations are given by

8V, = iao,A + iao, A (4.23)
8\ = ac®?(8,V, — 0,V,) + aD (4.24)
6D = —ac* G\ + ac* 9, A (4.25)

Again, the variation of the highest component is a total derivative. To construct man-
ifestly invariant actions we can make use of this fact. If we take the F(D) component
of a (composite) chiral (vector) superfield as a density L the action

S = / d*zL (4.26)

will be invariant under supersymmetry transformations. Let me give some examples. If
we consider a chiral superfield ¢ any power n of it will also be a chiral superfield. Take
n=2

& = 7 + 200 + 60120 F — ] (27)

and the F' component is thus given by

(8%)r = 20F — 593, (4.28)

thus [ d*z(¢?)F will be invariant under supersymmetry transformations. Next multiply

¢ by its conjugate. ¢*¢ is a general vector superfield. Its highest component is given
by

(¢*¢)p = FF* — 00" 0up™ + %z/)aua”zﬁ (4.29)

and [ d*z(¢*¢)p is invariant. The expression in (4.29) is well suited to describe kinetic
terms for a complex scalar ¢ and a Weyl fermion . In general we can therefore write
the Lagrangian density as L = Ly + Lp a sum of F- and D-terms. The F-terms are
usually called superpotential. In a renormalizable theory the superpotential dos not
contain powers of degree higher than three in the fields. Let me discuss a simple model
in detail

L= (6*6)p +m(¢? + 6°)p + A(6* + ")p (4.30)

This reads in components

L = (3,¢)(8¢") + 3400 + FF*+
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+m(2¢F — %Wp +h.c)+ MBp?F — g(zpzp)cp +h.c.). (4.31)

We see that there are no kinetic terms for F'. F is an auxiliary field. It can be eliminated
via the equations of motion

F* +2mp +3Xp® =0 (4.32)

Observe that in general the auxiliary field is given by the derivative of the superpotential
with respect to the scalar field
=) (4.33)
O,
where we have denoted the superpotential by g. Using (4.31) and (4.32) we can write
the scalar potential of the model as

2
V =FF*= 'gi? = |2me + 3Xp?[? (4.34)

and we see that the potential is semipositive definite as required by the algebra. We
also know from there that supersymmetry requires vanishing vacuum energy. From
V = FF* we then conclude that supersymmetry is spontaneously broken if and only if
an auxiliary field receives a vacuum expectation value. We will come back to this point
in a moment.

Let me first give some formulas for supersymmetric gauge theories. The relevant
superfield to consider is V' ~ (V,, A, D). One defines

Wo = DD[exp(—gV)Dq exp(gV)] (4.35)

a spinorial chiral superfield (¢ now is the gauge coupling). The gauge kinetic terms can
then be given by

1 1 1
L,= — o = —_— ny v —D2__
557 (W Wa)r = —36G" Gy + 3

i - ) .
—E[Aau(a“)\ +ig[V#, ) — (0" X+ ig[V*#, Ao, ] (4.36)

where the field strength is given as usual by
Gpy =0,V — 0,V + ig[V,, V3. (4.37)

Observe that there are no kinetic terms for D, the auxiliary field. The minimal coupling
of matter to the gauge system is given by

(6" exb(29V)8)p = Dyl = S, D*

+9¢" Do + igle™ (M) — (M) + FF* (4.38)

where D, = 0, + igV, is the gauge covariant derivative. Let us now discuss super-
symmetry breakdown. Remember that the order parameter is the vacuum energy. The
general form of the scalar potential is given by the auxiliary fields

1
V=FF+ §D2. (4.39)
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Since D is real we always have V > 0 and supersymmetry is broken if and only if
auxiliary fields receive a vev. The fermionic partner of this auxiliary field is the goldstone
fermion as we can see from the supersymmetry transformations (4.19-21) and (4.23-25)
e.g. ;
by ={Q,v}=F+.... (4.40)

Let us now discuss a special example in detail
L=(XX"Yp+(¥YY"p+(ZZ2")p +(MNX(Z2* —= M*) +gYZ]p +h.c).  (4.41)
We first derive the equations of motion for the auxiliary field F* = —0g/0¢; and obtain

Fy = —\(2% - M?)
Fp=—gz (4.42)
F; = —gy — 2X\zz

Supersymmetry would be unbroken if the 'equations Fx = Fy = Fz = 0 have a solution.
This is not the case here. Fx = 0 requires < z >= M and this implies Fy # 0.
Thus supersymmetry is broken and the vacuum energy is strictly positive. To find the
groundstate we have to minimize the potential

V =A% — M?? + ¢%|2)® + |gy + 2Xz2 ]2 (4.43)

Let me suppose M2 < g?/2)2%. The minimum of the potential is then found at z =y = 0,
Fx = AM? and E,.. = A\2M*. The vev of z is undetermined. The fermion % x
is massless; it is the goldstone fermion of spontaneously broken supersymmetry; the
partner of that auxiliary field Fx that has received a vev. The fermions ¥y and %z
pair up to give a Dirac fermion of mass ¢g. For the bosons « is massless and y has mass
g. Only the complex scalar z shows a splitting. The two real scalar have (mass)?

g2+ 222 M? sad
g% — 222 M2 (4.44)
This is the only place where we see in the spectrum that supersymmetry is broken.
In general the splitting of the multiplet is determined by its coupling to the goldstone
fermion and in the model at hand only the Z-multiplet couples to the goldstino multiplet
at the tree graph level through the term AX Z? in the superpotential. In particular this
always implies that the fermions do not feel the supersymmetry -breakdown at the tree
level. In the following we will denote by Mg the supersymmetry breakdown scale as
the vev of the auxiliary field; here M% = Fx = AM?2. The vacuum energy will then be
given by Ms and the splittings of the multiplets are given by

Am? ~ AM? (4.45)

where A denotes the coupling of the corresponding multiplet to the goldstino multiplet.

Another striking property of spontaneous supersymmetry breakdown can be read
off from formula (4.44). The sum of the masses of the two real scalars is the same as in
the case of unbroken supersymmetry and this is in fact a very general property of tree
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level mass splittings in theories with spontaneously broken supersymmetry. It is most
conveniently expressed in terms of the supertrace of the (mass)?-matrix

STrm? =Y "(=1)*7(27 + 1)m5 (4.46)
J

where J denotes the spin and m  is the mass matrix of the states with spin J. In the
model discussed before, even after the breakdown of supersymmetry [17] we have

STrm? = 0. (4.47)

As we have seen, fermion masses are not affected by the breakdown and the splitting in

the scalar sector is given by
' m?2 =m%+ A

P (4.48)

m; =mp—A

The result in (4.47) is a very general result of spontaneously broken global su-

persymmetry, there is only one exception in the presence of a U(1) gauge group with

nonvanishing trace of the charge matrix. Let us discuss this as our next example.

Consider

1 .
L= 2—93[W"W,,] F+[¢" exp(29V)¢lp + [26V]D (4.49)
After elimination of auxiliary fields one obtains
F=0
* (4.50)
D=—-{—-g¢yp
and the potential is given by
1 2 1 * 12
V=3D" =Sl + el (4.51)

We can now distinguish two cases. Consider first g¢ < 0: we obtain < D >= 0 and
supersymmetry in unbroken; but we have

<ptp>= —5 £0 (4.52)

and U(1) is spontaneously broken. The second choice is g¢ > 0 and we obtain < D ># 0
and supersymmetry is spontaneously broken [18]. In the first case a supersymmetric
version of the Higgs-effect takes place. The massless gauge boson and the complex scalar
combine to give a massive gauge boson and a real scalar of the same mass. In addition
through the term
9(e* (M) — (A9)) (4.53)
also A and ¢ combine to a Dirac fermion of mass ¢ < ¢ >, degenerate with the mass of
the bosons.
In the second case, supersymmetry is broken and < D >= £. ) is the goldstino
and the gauge boson remains massless since U(1) is unbroken. Only ¢ couples to A and
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D and feels the breakdown of supersymmetry. We obtain mf‘, = ¢g¢ and my = 0. The
supertrace of the mass matrix is therefore in general nonvanishing

STrm? = 2TrQ < D >, (4.54)

a counterexample to (4.46).

Supersymmetric field theories have better ultraviolet behaviour than usual field
theories. We have seen that already in our discussion of quadratic divergencies in chapter
3. But not only the quadratic divergencies are absent, we found ém? = 0; not even a
finite contribution in the limit of unbroken supersymmetry. The improved ultraviolet
behaviour manifests itself in socalled nonrenormalization theorems [19]. They imply
that masses as bilinear terms in the superpotential are not renormalized in perturbation
theory. Previously it was believed that all terms in the superpotential would be stable
under radiative corrections, since it can be shown that all contributions from loops
involve an integration over full superspace [ d?6d28. Recently it has been observed,
however, that in the presence of massless field the trilinear terms could receive finite
corrections [20]. Theories with N-extended supersymmetries (N > 1 supercharges) have
less and less divergencies, N = 4 theories are finite.

\_‘/
P

Fig. 4.1: A potential contribution to the F4-tadpole

These nonrenormalization theorems are crucial for the survival of supersymmetry
in perturbation theory*. To illustrate this fact consider our example with superpotential

AXZ% 4+ gYZ - AM2X. (4.55)

If we choose M? = 0 we have unbroken supersymmetry. If a coefficient M? could be
generated in perturbation theory, this would lead to a breakdown of supersymmetry.
Such a term, however, is not generated. Consider e.g. the Wess-Zumino model g =

* Apparently [21] a finite correction of the trilinear terms in the superpotential does
not invalidate this argumentation.



21

m@? + A¢® and compute the coefficient of [d?§¢ = Fy from the graph given in Fig.
4.1. The coupling comes from the term

SA(Fp? + F*p*?). (4.56)

Let us write new Fy = f +ig and ¢ = a+b. (4.56) then leads to 6A[f(a® — b%) — 2gab].
In addition we have to consider the mass insertion 4m?p*y = 4m?(a? +b?). This implies
that the graph in 4.1 does not give a contribution to ¢ since the mass insertion does
not contain an ab-term. For f, however, we have two contributions, from the coupling
to a® and to b%. They cancel because of the opposite sign of the fa? and fb? couplings
and therefore an Fy; counterterm is not produced in perturbation theory.

If, however, supersymmetry is spontaneously broken, these nonrenormalization the-
orems do no longer hold and there are in general finite corrections proportional to the
mass scale of supersymmetry breakdown. In the above example, this would happen
if the masses of a a and b were not degenerate. Our prime motivation to consider
supersymmetry in connection with the standard model is the absence of quadratic di-
vergencies. They are absent even in the case of spontaneously broken supersymmetry.
Actually we have to be a bit more careful. The coefficient of a Fayet-Iliopoulos term
J d*6V is in general quadratically divergent and we have to demand Y Qi = 0 where
Q: are the charges of the U(1) gauge theory. The question remains whether quadratic
divergencies are absent in an even more general framework than spontaneously broken
supersymmetry. It turns out that certain so-called soft breaking terms can be included
in a supersymmetric theory without reintroducing quadratic divergencies. They consist
of p*p, 2 +¢*?, 3 +¢*2 terms as well as a gaugino mass term A\. For a more detailed
discussion see ref. [22].

5. THE PARTICLE CONTENT OF A SUPERSYMMETRIC STANDARD MODEL

Let us recall the particle content of the standard model. Apart from the gauge
bosons Gy, W,, B, in the adjoint representation we have quarks and leptons in three
families with quantum numbers

u
( ) =(3,2,1/6)

Q

u=(3,1,-2/3) ,
d=(3,1,1/3) (5.1)
L= (e) = (1,2,—1/2)

= (17]-’1)

together with a Higgs doublet

h= (”:0) =(1,2,-1/2) (5.2)

The spectrum of this model is not supersymmetric and we have to add new degrees of
freedom. There are no fermions in the adjoint representation of SU(3) x SU(2) x U(1)
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and we thus have to add gauge fermions (gauginos), which together with the gauge
bosons form a massless vector superfield V = (V,,, A, D). Quarks and leptons require spin
0 partners in chiral superfields e.g. E = (¢, €, Fz) where ¢ is a complex scalar with &
quantum numbers. Next observe that the lepton doublet has the same quantum numbers
as the Higgs: could it be that ¢, = h~7 Unfortunately it does not work. One reason is
the absence of lepton number violation and other reasons will become clear in a moment.
We thus have to add scalar partners to all quarks and leptons. To the Higgs scalar we
have to join the partner spin 1/2 fermions. With these fermions SU(2) x U(1) is longer
anomaly free and we have to add a second Higgs chiral superfield H = (1,2,4+1/2). In
short, every particle in the standard model requires a new supersymmetric partner and
one has to add a second Higgs superfield.

To construct the Lagrangian we first write the kinetic terms and the gauge couplings
in the usual supersymmetric way as discussed in the last chapter. We still have to discuss
the superpotential which contains mass terms and the supersymmetric generalization
of the Yukawa couplings. If we write the most general superpotential consistent with
the symmetries and renormalizability it will contain two sets of terms

g = Gwanted T Junwanted- (53)
Let me first discuss the term
Gwanted — P’HE + ggL?HbeabEj + ggQ?HbfabDj + g;:l] ?I_{an (54)

where 7,57 = 1,...3 is a family index and a,b are SU(2) indices (colour indices are
suppressed). It is not really clear whether we want g from a theoretical point of view
but we need it to break certain global symmetries that might be problematic. I will
come back to this point later. Observe that we really need two Higgs superfields to give
masses to all quarks and leptons. We can here no longer couple the up-type quarks to
h* as we did in the nonsupersymmetric case. It is then also clear that in the breakdown
of SU(2) x U(1) both Higges have to aquire a vev to provide masses to all quarks and
leptons.

u
- >

..---.6.-_
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u
|

Fig. 5.1: Proton decay through exchange of the scalar partner of d.
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Unlike in the standard model where the requirement of gauge symmetry and renor-
malizability automatically led to baryon and lepton number conservation we are here
not in such a nice situation. This comes from the fact that the Higgs and the lepton dou-
blet superfields have the same SU(3) x SU2) x U(1) quantum numbers. Consequently
we have additional terms in (5.3) that we can write as (forgetting family indices)

Junwanted = QaLbfabD -+ LaELbfab -+ L_TDD (55)

These terms violate baryon and lepton number explicitly and lead to proton decay at
unacceptable rates (as long as we assume the partner of the d-quark to be lighter than
the grand unification scale). The terms in (5.5) have to be forbidden and we want
to achieve this with help of a symmetry. We can turn the question the other way
around. Suppose we drop (5.5) from the superpotential; does the symmetry increase?
In fact it does. The new symmetry is a global symmetry that, however, does not
commute with supersymmetry (called R-symmetry) [23]. Different components in the
same supermultiplet have different charges. The concept of R-symmetry can best be
explained in superspace. Suppose we have a symmetry that transforms 6 to '*8; so 8
has charge R = 1. Suppose we have a chiral superfield ¢ transforming also with R = 1.
Then it is obvious that the scalar component transforms as

p— €% , (5.6)
with R = 1. But what happens to the fermion? Since R(¢) =1 we have

(69) — (8%) (5.7)

but the phase comes already from the 6 transformation and obviously R() = 0. The
F-component of the superfield has R(F') = —1. Invariance of the Lagrangian requires
f d%6g to have R = 0 whereas d?8 transforms with R = —~2. In the given example only
the term ¢? is allowed in the superpotential. So far our discussion of the implication of

R-symmetry on chiral superfields. The vector superfield is real and consequently R = 0.
From this we conclude

R(V,)=0
R(A\) =1
and this is a general and important statement. Gauginos transform nontrivially under
any R-symmetry. The R-symmetry, in particular, forbids Majorana masses for the
gauge fermions. .
Let us now go back to the superpotential (5.4) and (5.5). There is an R-symmetry
with e.g. R(6) =1 and

(5.8)

R(H,H)=1
R(Q7 L7 ﬁ’ D’ E) = 1/2
which leaves gwantea in (5.4) as the most general superpotential. In other words this

means that if we drop the terms in (5.5) a continuous global R-symmetry appears. To
forbid these terms in principle a smaller symmetry like R-parity

(5.9)

Rp — (_1)3B+L+25' (510)
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(where B, L are baryon, lepton number and S is the spin) would be sufficient, but
in general a continuous R-symmetry occurs. This continuous R-symmetry is some-
what problematic since it forbids gaugino Majorana masses and at least for the case
of the gluino we have experimental evidence that its mass cannot vanish. Thus the
R-symmetry has to be broken. Since only a spontaneous breakdown of this symmetry
is acceptable, this then would lead to an embarrassing Goldstone boson. Actually in
our case it will be an axion since the R-symmetry is anomalous [24]. This then tells us
that this spontaneous breakdown cannot happen at an energy scale like 100GeV. (The
only exeption are supercolor models, where the axion can be made heavy through a
supercolor anomaly but I will not discuss these models here.) The breakdown scale of
the R-symmetry has to be larger to make the axion invisible [25], i.e. a breakdown scale
of something like 10'° to 10''GeV. In a simple way this, however, can only be realized if
also the supersymmetry breakdown scale Mg is large. Now remember that the multiplet
splitting is given by Am? ~ gM2 where g is the coupling to the goldstino. We thus
need small couplings to have the supersymmetric partners of quarks and leptons in the
TeV-range to provide us with a physical cutoff that stabilizes Mw . These couplings
have to be really small, compare them e.g. with the gravitational coupling constant «.
We have ‘

ém ~ kM2 = M%:/Mp (5.11)

which is in the TeV-region for Mg = 10! GeV. Actually if we assume that all particles
couple universally to gravity our requirement of the mass splittings implies Mg to be
approximately 10'1GeV. It is thus natural to assume that the small coupling required
from our discussion about R-symmetry is actually the gravitational coupling constant.

We consider this as a hint to include gravity in our framework. This will lead us to
the local version of supersymmetry which includes gravity automatically. It will turn
out that such considerations help us in lifting the restriction of the supertrace formula
in (4.47) and its desastrous consequences for model building. We shall not discuss this
here in detail and refer the reader to ref. [26] for a review.

Local supersymmetry [27] will also resolve the paradox with the cosmological con-
stant in models of spontaneously broken supersymmetry. We shall see that one can
have Eyac = 0 in models of spontaneously broken local supersymmetry.

6. LOCAL SUPERSYMMETRY (SUPERGRAVITY)

In local supersymmetry the transformation parameter is no longer constant but de-
pends on space-time [27]. We have already acquired some experience in the framework
of gauge symmetries: the local form of ordinary global symmetries; and for supersym-
metry we proceed in the same way. In usual symmetries we had a scalar transformation
parameter A. The requirement of local invariance then leads to the introduction of a
gauge field A, with transformation property éA, = O,A. In supersymmetry we have a
spinorial parameter ¢,. Local supersymmetry then requires the introduction of a gauge
particle ¥, (the gravitino) with transformation property §¥,, = Ou€es(x). Thus the
gauge particle of local supersymmetry is a spin 3/2 particle and for reasons that will
become clear in a moment it is called the gravitino. These statements can also be made
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plausible when we discuss the Higgs effect. In ordinary global symmetries a sponta-
neous breakdown implied the existence of Goldstone bosons. In the local version these
bosons then supply the gauge bosons with the missing degress of freedom to make them
massive. In supersymmetry the goldstone particle is a spin 1/2 fermion. This then can
provide the two degress of freedom in the transition of a massless to massive spin 3/2
particle: the super-Higgs effect.

The next point to discuss shows a conceptual difference between ordinary sym-
metries and supersymmetry. While in ordinary theories it was sufficient for the local
symmetry to introduce a spin 1 gauge boson in supersymmetry this is not the case.
The gauge particle is a spin 3/2 fermion and supersymmetry requires a bosonic part-
ner. The construction of local supersymmetry has shown that this partner is a spin 2
boson that has to have all the properties of the graviton. This then implies that local
supersymmetry necessarily includes gravity. We could have guessed that already from
the algebra

[e(2)Q, Q&(z)] = 2¢(z)o &) P*. (6.1)

On the right hand side we have a space-time translation that differs from point to point:
a general coordinate transformation.

We have now to discuss explicit Lagrangians containing chiral matter and gauge
fields coupled to the (2,-;—)—supergravity multiplet. In general this requires a lot of tedious
calculations which I shall not repeat here. Also the general form of the Lagrangian is
quite lengthy and I refer to the literature where the complete Lagrangian can be found
[29]. T will instead concentrate on a analysis of the scalar potential of these theories
which we need for our further discussion.

Remember that in the global case the most general Lagrangian was defined by three
functions of the superfields: the gauge kinetic terms W?, the matter field kinetic terms
S(¢* exp(gV)¢) and the superpotential g(¢). In the local case the most general action
can be defined by fo3(8)W*W?# (with indices a, 8 labeling the adjoint representation
of the gauge group) and the Kahler potential

S
G = 3log <_§> — log(|g/*)- (6.2)
The kinetic terms of the scalar particles z; are then given by
% % BZG %
G]-D,‘ziD“z] = 52057 D,z; D" (6.3)

where z; is the lowest component of a chiral superﬁela ¢i. The scalar potential reads
1
V = —exp(~Q@)[3 + G (GH¥G" + 5 faD*DP, (6.4)
In these lectures I will use what is called minimal kinetic terms

G} = -6 (6.5)



26

This simplifies our formulas considerably and allows us nonetheless to see all the essential
properties of the potential. The Kahler potential can therefore be written as
22" lg/?
C= "7 T8
where we have explicitly written out the mass scale M related to the gravitational
coupling constant x:

(6.6)

M=t Mplanck o 108GV (6.7)

K V8m
The first derivative of the Kahler potential is then given by
. zi* gi(zi)
Gl=—-—p——= 6.8
7 g(e) (6

and we can rewrite the potential in terms of the superpotential g(z) as

V =exp (zj\;z )

Contrary to the case of global supersymmetry the potential is no longer semipositive
definite. I still have to tell you under which conditions supersymmetry is spontaneously
broken. As in the global case this breakdown is signaled by a vacuum expectation value
of an auxiliary field. There we had (compare (4.33)) the auxiliary field F' given as the
derivative of the superpotential; here we have an additional term

; 2
P

Mz

i 3
‘9 + - M;la?] : (6.9)

zl*

MY
where in the limit M — oo we recover the global result. Supergravity is now spon-

taneously broken if and only if an auxiliary field receives a vev. The supergravity
breakdown scale is found to be

Fi=g+ (6.10)

z; 2™
M} =<F > exp ( Ye ) . (6.11)

Observe that the vacuum energy is no longer an order parameter. We can have unbroken
supergravity with Ey,c < 0 (Anti de Sitter) or Ey,c = 0 (Poincare supersymmetry) and
Eyac > 0 always implies broken supergravity. The most important observation, however,
is that we can have broken supergravity with vanishing vacuum energy (cosmological
constant), a situation that could not occur in the framework of global supersymmetry.
Here we need

i * 3
ZF F = ’Jv_ﬁlgl2 (6.12)

and we will assume this to be fulfilled. In all cases I know of, this is an ad hoc adjustment
of the cosmological constant to zero. If (6.12) is fulfilled and if Mg # 0 the gravitino
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becomes massive through the super-Higgs effect

Z,’Zi*
m3/e = Mexp(—G/Z) = Mg’iexp (—m) (613)
and we thereforg have the relation
M?
Mgy = \/515{4 (6.14)

valid in the case of vanishing cosmological constant.

Let us now discuss some simple specific models with spontaneous supersymmetry
breakdown. As a warm-up example consider one field z and a constant superpotential
g = m®. The potential is then given by

z* z|? 3
V = m6 exp (%{) [%—)—4- - m] (615)

which has stationary points at z = 0 and |z| = vV2M. At z = 0 supersymmetry
is unbroken but this is a local maximum of the potential. The minima with broken
supersymmetry and Ey,c < 0 are at z = +£v2M.

Next we want to give an example with broken supersymmetry and Ey,. = 0. We
consider a superpotential

9(z) = m*(z + ) (6.16)
A nonvanishing vev of
F=Z—Z+E‘%g=m2 (1+£(—;—/;2i@> (6.17)
would signal a spontaneous breakdown of supergravity. The equation
M+ 22" +2*8=0 (6.18)
has the solutions 8 1
z=—-2—i§ 8% —4M2. (6.19)

Since (6.18) only allows real solutions (we assume § to be real) (6.19) implies that
supersymmetry is broken as long as # < 2M. Thus we can arrange for a supersymmetry
breakdown but we still have the annoying task to fine tune the vacuum energy. Let us
therefore first consider the case # = 0 in which the potential is proportional to

(M? + |2%)? — 3M?|2|? (6.20)

which is positive definite with minimum at z = 0. Increasing 3 implies decreasing the
vacuum energy and also z aquires a nonvanishing vev. We can now increase 3 until the
potential just touches zero. This is found to happen at 8 = (2 — v/3)M with a vev of
(\/?;— 1)M for the z-field. The potential now is semipositive definite with Ey.c = 0 and
since |3| < 2M supersymmetry is broken and we have found the desired example. The
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super-Higgs effect occurs. The gravitino swallows the fermion in the chiral superfield

and has a mass
m2 V3 —-1)2
Mg/y = Tr XP <(—2——2—> (6.21)

and the two remaining scalars have masses
2 _ 2
m? = 2v/3m? /2

mj = 2(2 - V3)m3 5. (6:22)

Supersymmetry is broken and Ey,. remains zero. Observe that such a situation is not
possible in the framework of global supersymmetry. Observe also, that in the present
example we had to perform an explicit fine-tuning to obtain Ey,; = 0.

The simple example given above should serve only as existence proof for the mech-
anism of supergravity breakdown in the presence of a vanishing cosmological constant;
it does not give a convincing argument why the scale of supersymmetry breakdown has
to be in the 10! GeV region. The scale is set by putting the parameter m? in (6.16)
at this value. Much effort has been devoted to the investigation of the question about
the origin of supersymmetry breakdown. Up to now the only satisfactory suggestion in
this direction consists in the consideration of a nonpertubative mechanism: supersym-
metry breakdown vie gaugino condensation [30]. The history of this discussion is quite
interesting [31]. Preliminary investigations with the help of an effective Lagrangian
approach indicated that the formation of gaugino condensates does not break global
supersymmetry [32]. Using similar methods it was first observed in [30] that such a
no-go theorem is not valid in the framework of local supersymmetry and an explicit
example of the spontaneous breakdown of supergravity was given. This was actually
the first example of a model where supersymmetry is broken in a hidden sector that
coupled only gravitationaly to the observable sector and where this breakdown of weak
interactions was induced by radiative corrections. Nonetheless later most efforts were
devoted to investigations of toy models like those given in (6.16).

The fact that local supersymmetry is broken while global supersymmetry remains
intact has some interesting consequences. To explain this consider the simplest model:
pure supersymmetric gauge theory, just a gauge theory with fermions (the gauginos) in
the adjoint representations of the gauge group. Such a theory is asymptotically free, the
gauge coupling becomes strong at small energies and we assume, in analogy to QCD,
that this leads to confinement and that gaugino bilinears condense. The magnitude of
the condensate is given by the renormalization group invariant scale

3
<A >xA ~p exp(-bogz) (6.23)
where ¢ denotes the gauge coupling constant and by is the coefficient of the one-loop

B-function. If this would break global supersymmetry one would expect the scale of this
breakdown to be set by A; but in the global limit supersymmetry remains unbroken!



29

Instead local supersymmetry is broken. We thus observe a suppression of the scale since
the global limit is obtained as M — oco. This leads to

s < AA> 6.94
and a gaugino mass of order < A\ > /M?2. Thus a value of A even exceeding 10!! GeV
leads to observable sector mass splittings in the TeV region.

While these first arguments were all based on effective Lagrangians, the results
could be confirmed once the complete N = 1 supersymmetric Lagrangian [29] had been
constructed. To see whether supersymmetry is broken or not we have to consider the
auxiliary fields, now also including fermion bilinears:

Fi = exp(=G/2)(G)I G, + % Fass(GEONY 4 . (6.25)

where A® are the gauginos, f,s the socalled gauge-kinetic function that multiplies
WoW? and fagk = Ofap/02*. A nontrivial vev < A\ ># 0 thus breaks supersym-
metry provided that the gauge kinetic function is nontrivial [33]. The appearance of
this derivative of f leads to the same relation between the scale of supersymmetry break-
down and the gaugino condensate as given in (6.24), confirming the previous results.

But there is more to (6.25) than just that. The gauge coupling constant depends
on this gauge kinetic function g2 ~ 1/f. A nontrival f thus implies that the value
of the gauge coupling constant is not a priori an input parameter but is dynamically
determined [33]. This is true in any theory where supersymmetry is broken through
gaugino condensates.

With the investigation of four-dimensional superstring theories the consideration of
supersymmetry breakdown via gaugino condensation became popular again [34]. Par-
tially this is due to the fact that in such theories no other smooth and spontaneous
breakdown of supersymmetry is known. But again there is more to it. First of all,
string models do usually contain several sectors that are only coupled gravitationally as
can be clearly seen in the heterotic Es x Eg theory. Secondly the hidden sector candi-
dates contain additional gauge groups that could give rise to gaugino condensates. But
this is not yet enough. Through the existence of the dilaton field and its coupling to
W*Wq we obtain a nontrivial gauge function f in a model independent way. Thus all
the necessary requirements are met to render gaugino condensation to be the candidate
for supersymmetry breakdown in hidden sector supergravity models. More details can
be found in [31]. '

Before we close this section let us mention another interesting development in the
construction of supergravity models. Up to now we have for the sake of simplicity
discussed minimal kinetic terms for the scalar fields. Models with nonmininal kinetic
terms can have interesting structure. Consider e.g. (compare (6.2))

G = 3log(¢ + ¢*) — log |g|? (6.25)
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and take a constant superpotential. If you compute the potential as given in (6.4) you
will find that it vanishes identically. Nontheless the quantity

. - (6.26)
(¢ +¢*)
does not vanish and supersymmetry is broken. Such so-called no-scale models [35] might
also have applications in the low energy limit of string theories.

7. LOW ENERGY SUPERGRAVITY MODELS

As we discussed in chapter 5 we should consider models that consist of two sectors:
a hidden sector and an observable sector which are only coupled weakly through grav-
itational interactions. The observable sector consists of the fields discussed in chapter
5 which we will collectevely denote by y,. The hidden sector is responsible for the
breakdown of supersymmetry at a scale Ms ~ 10''GeV and leads to a gravitino mass
in the TeV region. Its fields will be denoted by z; and we chose a superpotential

(zi>ya) = h(zi) + 9(ya). (7.1)
Let us parametrize a general hidden sector by assuming that at the minimum
<z>=bM

<h>=mM?* (7.2)
< h; > =< Bh/az, >= ame

while all abserable sector fields y, should have vanishing vev’s. In the simple example
of last chapter we had b = v/3 — 1. The potential is given by

Z,‘2+ a2
v op (L)

The vacuum energy vanishes provided that

Z |a; + b;)* =3 (7.4)

2
4

. |2

Ya9
M2

M2 Ja +

‘x
1hi+ﬁ

- %w] SN(E)

and the gravitino mass is given by

1
M3y = €exp (§|b,~|2) m, (7.5)
thus m sets the scale of the gravitino mass. We furthermore define {36]
A= bf(ai + b,‘) (7.6)

which will turn out to be an important parameter besides the gravitino mass. In the
previous example we had A = 3—+/3. The potential given in (7.3) is complicated but we
have m <« M and we can simplify the expressions enormously by neglecting subleading
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terms. Formally this means that we take the limit M — oo keeping, however, m3/;
fixed. We then replace the hidden sector fields by there vev’s and obtain the following
potential for the observable sector fields

g |
0Ya

v =

Og
+m3/2 Iyal + mg/2 yaay +(A-3)g +he (7.7)
a

Thus the spontaneous breakdown of supergravity in the hidden sector manifests itself
as explicit breakdown of global supersymmetry in the low energy limit of the observable
sector. The first term in (7.7) is the usual potential of a globally supersymmetric theory
while the other terms are soft breaking terms.

The second term gives universal scalar masses to all the partners of quarks and
leptons. The supertrace formula is here given in general by [29]

STrM? = 2(N — 1)m} ), (7.8)

where N is the number of chiral superfields. This avoids the mass relations obtained in
the globally supersymmetric models and its desastrous consequences for model building.
The universality property of the mass terms is needed to ensure the absence of flavour
changing neutral currents. It appears here because of the choice of minimal kinetic
terms for the scalar fields.

The term (A — 3)g is of equal importance since it breaks all R-symmetries of
the model. This implies that there are no problems with potential axions and that
also gaugino Majorana masses are allowed (recall our discussion in chapter 5). This
breakdown of R-symmetry is a direct consequence of the coupling to gravity.

One more technical remark. In general we will deal with a superpotential ¢ = g3+g2
where g3 denotes the trilinear and g, the bilinear terms. The last term in (7.7) then
reads Amg /293 +(A—1)m3/292. Apart grom the gaugino mass mo we find that ms/, and
A are the important parameters parametrizing the effects of supersymmetry breakdown
in this class of models.

Let us now specify the superpotential

g=uHH + ggHLE 4+ gpHQD + gy HQU (7.9)

The parameter p has to be different from zero since otherwise we would have problems
with a light higgsino (the supersymmetric partner of the Higgs-scalar) or axions. The
value of p is not directly related to the supersymmetry breakdown scale but one can
construct models where 4 is related to ms/; and we shall assume that also 4 1s in the
TeV range [37].

Let us now address the question of SU(2) x U(1) breakdown. We have two Higgs
multiplets and members of both have to receive nonvanishing vev’s to give masses to
all quarks and leptons, according to (7.9). The Higgs potential reads [38] (omitting the
off-diagonal SU(2) D-terms which are irrelevant for the discussion of the minimum)

+ g3

V= m1|h|2+m2|h|2+m3(hh+hh)+g‘ (IR[2 — [B[2)? (7.10)
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where the last term corresponds to the SU(2) x U(1) D-term and g2 and g, denote the
respective coupling constants. From (7.7) and (7.9) we obtain

mf =mj = mg/z +
B=A-1

The potential consists of quadratic and quartic terms. The quartic terms have a pos-
itive coefficient such that the potential at infinity is well behaved, with the exception,
however, of certain flat directions for |h| = |h|. To have the potential bounded from
below we therefore have to impose a constraint on the coefficients of the quadratic terms

m2 4+ m3 > 2|m3|. (7.12)

Next we have to discuss the requirement of SU(2) x U(1) breakdown. Since there are
no trilinear terms in (7.10) a stationary point at A = h = 0 has to be unstable, i.e.
the mass matrix at this point has to have a negative eigenvalue. The requirement for a

nontrivial SU(2) x U(1) breaking absolute minimum is therefore
|ms|* > m2ml. (7.13)

With the input parameters (7.11) we can observe now that the constraints (7.12) and
(7.13) can only be fulfilled in the limiting case

m3 5+ 4* = Buma (7.14)

i.e. at most we can arrive at a flat direction where SU(2) x U(1) breaking and non-
breaking minima are degenerate. We would then have to look for radiative corrections
to see whether SU(2) x U(1) breaking minima can be reached at all within this ap-
proach. This is actually a nice feature of the model. It tells you again that we have
not put in SU(2) x U(1) breaking by hand. This breakdown will be intrinsically related
to the supersymmetry breakdown and the dynamics of the model. But we still have to
see whether it works. In addition we have to observe that all our input parameters are
defined at a very large scale M. The value of the parameters in the 100 GeV region
has still to be computed using renormalization group improved perturbation theory in
the same way as we have to compute the evolution of the gauge coupling constants in
a grand unified model. This we would have also to do if our input parameters would
already allow a SU(2) x U(1) breakdown at the tree level. In the evolution from M
to 100 GeV the parameters will change substantially and it would not be clear at all
whether SU(2) x U(1) could not be restored. Before we do this calculation, however,
let me give you a simple argument how an SU(2) x U(1) breakdown can be induced by
radiative corrections [39]. This argument is not complete and has later to be backed up
by the real calculation but it exhibits the essential points of the mechanism quite nicely.

Let us therefore look at the radiative corrections to the masses of the scalar par-
ticles. One way to see whether there is a chance to have SU(2) x U(1) breakdown is
to see whether a m? of a Higgs scalar can become negative and at the same time the
m? of all others scalars in the theory should remain positive. The contributions to the
masses of the scalar particles can be classified as in Fig. 7.1. The sum of the two gauge
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Fig. 7.1: Corrections to scalar masses. Wavy, dashed, solid and wavy-solid
lines correspond to gauge bosons, scalars, fermions and gauginos respectively.

contributions as well as the scalar selfinteraction contribution are positive. In the su-
persymmetric limit these contributions are exactly cancelled by the remaining graph in
Fig. 7.1 which contains a gauge fermion exchange. So if supersymmetry is exact nothing
happens. Let us now suppose that supersymmetry is broken and for definiteness let us
take my (a gauge fermion mass) as the only source of supersymmetry breakdown. With
this mass the contribution of the last graph will be suppressed and the cancellation will
no longer be complete. Since a negative contribution is suppressed all scalar particles
in the theory will receive a positive contribution to their m2. For the partners of quarks
the dominant contribution comes from the strong interactions

ém? ~ azm? (7.15)

where a3 denotes the SU(3) coupling constant. Higges and partners of leptons will
receive a smaller contribution

ém? ~ awm? (7.16)

where aw denotes a combination of SU(2) x U(1) coupling constants. No indication
for an induced SU(2) x U(1) breakdown whatsoever. But let us look more closely.
With these corrections in particular the partners of quarks become heavy and this will
reduce the contribution of the graph with the scalar quadrilinear interaction. This now
also gives us an asymmetry between the mass corrections for Higgses and for the scalar
partners of leptons. Going back to (7.7) and (7.9) we see that the partners of quarks
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couple to the Higgses but not to the partners of leptons. The suppression of this positive
contribution then gives a negative contribution to the Higgs mass and in total we have

ém? ~ ayymd — ay(azmd) (7.17)

where ay denotes the Yukawa coupling responsible for the Higgs-squark quartic inter-
action. The cofresponding quantity for the partners of leptons is

ém? ~ awm? — ay(awm?) (7.18)

and will under reasonable circumstances stay positive and the partner of quarks were
already heavy enough in the first case. With a large enough Yukawa coupling (but still
small enough to trust perturbation theory) the contributions in (7.17) could become
negative and thus induce a breakdown of the weak interactions. A candidate for such
a Yukawa coupling would be the one that is responsible for the mass of the heaviest
particle in the model: the top quark. We can thus conclude two things from this
simplified discussion of radiative corrections

1) SU(2) x U(1) breakdown can in principle be induced in a desirable way. Observe
that it is nontrivial to have the situation that only the m? of a Higgs could become
negative while other scalars keep positive m?, i.e. everything could go wrong but
it does not.

2) The mass of the top-quark myop, i.e. the top-quark Yukawa coupling is a crucial in-
put parameter in the model (unlike in the standard model where it just parametrizes
Miop). Knowing myep would tell us a lot more about the model and its predictions.
So far our quantitative discussion of these issues. We have now to go on and

compute. As we said already, the parameters in (7.11) are defined at a large scale
and we have to compute their evolution down to a scale of something like 100 GeV to
discuss SU(2) x U(1) breakdown. For the whole model this then requires the integration
of some 25 coupled renormalization group equations [40] and you can imagine that this
cannot be done analytically. Let us first specify our boundary conditions. We should
actually start our evolution at a scale i = M ~ 2 x 10*¥GeV, but we do not really know
the spectrum of this theory at such large scales. There could be a grand unified sector
and this could change the results. Let us therefore assume that the input parameters
as given in (7.11) are valid at a scale i = M, ~ 3 x 10'°GeV where M, is the grand
unification scale in our model. If we assume that below this scale our model gives the
complete spectrum we observe that the SU(3) x SU(2) x U(1) couplings constants g3,
g2 and g7, once properly chosen at a scale ji ~ 100 GeV meet at the scale i = M, with
magnitude a(M;) ~ 1/24. This we will then take as our starting point. Let us now look
at some of the renormalization group equations more closely and the most important
ones are certainly those for the masses of the scalars. Here 1 will give you the equations
for A, ¢; and ¢; (the partners of ¢ and f-quark) in the approximation that only the top
quark Yukawa coupling (g;) is different from zero. In the calculation the effects of the
other couplings have also been included but here we give just the simplified expressions
g = gepgtmd 4, i+ md Al

8m (7.19)

1 N
~ 53 Z|m2|2 -|m1| 93]
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.0 2 9 9 2 2 2 2
Ba=My, = 559 (mﬁ + my, + My, + m3/2|Atl
op ¢ 8;'2 ) ] (7.20)
~ 2 2 ~ 12 2
~ 5% §|m3| g3+ §|m1| g1
B2, = g (md +m2, +md, 42 |4
—Mmy,, = R Pe P
op 8;“2 ) (7.21)

1
— 5ol lmal?ed + Slmal?ed + sl gl
where the 172; denote the SU(3) x SU(2) xU(1) gaugino masses and A; is the A parameter
that comes with the term in the superpotential that contains the top-quark scalar.
Observe that although we started with these A’s to be the same they will no longer stay
universal once we include the radiative corrections.

We can now look more closely at these equations and recover the qualitative be-
haviour we found in the simple example discussed above. The first term in (7.19) has
a positive sign. This implies that the mass of & decreases if we lower ji from M, down
to 100 GeV. If the top quark mass (i.e. g;) is large enough we could even imagine m%
to become negative, a sufficient (but not necessary) condition to have spontaneously
broken SU(2) x U(1). But a lot of things could go wrong. The evolution equations of
the partners of the top quark also have this first term with a positive coefficient and the
m? of these particles should remain positive to keep SU(3)coloar ¥ U(1)e.m. unbroken.
The reason why the model works is that the coefficients of these terms are 3 : 2 : 1
in (7.19-21). Observe that these coefficients are not parameters which we can choose
freely. They are an intrinsic property of the model and if they would have come out
differently (like e.g. 1: 2 : 3) there would be no way for this model to be correct. The
second terms in (7.19-21) depend on the effects of gaugino masses and our discussion
up to now is only valid for mg = 0. Let us now include them. They have a negative
coefficient and increase m? with decreasing fi. At first sight they therefore do not favor
an induced breakdown of SU(2) x U(1) (remember our simple example above). But
indirectly they help. The terms in (7.20) and (7.21) contain the gluino contribution
with the strong coupling constant g3 which is not present in (7.19). When we now lower
fi this could give a big contribution to mfoc . but not to m%. The equations, however,
are coupled and these large contributions enter the first term in (7.19) and speed up the
evolution of m% to small and possibly negative values. This is exactly the behaviour we
had already guessed from our simplified discussion above. The discussion, however, also
shows that it will be difficult (technically) to arrive at quantitative results. We have to
solve all these coupled renormalization group equations numerically i.e. equations for
the gauge couplings, gaugino masses, Yukawa couplings, scalar masses, A-parameters
etc.. We have also to determine e.g. the value of the Yukawa couplings at M, such that
at i ~ 100GeV they have the correct values to parametrize the masses of quarks and
leptons.

The parameters relevant for the breakdown of SU(2) x U(1) have been identified
before. They are ms/9, 1, mg, A and g;. They have to fulfill one constraint to give
SU(2) x U(1) breakdown with the correct value for My and Mz. To give you a feeling
about this relation let me first discuss a simplified situation in which p = mqy = 0 [41].
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We know already from our discussion before that a model with ¢ = 0 has problems
but here we just want to exhibit the mechanism in a simplified case and also this case
indicates what will hapen in models where g is small.

Ak

3 -
2 F
1 r
1 1 ) —
0 0.005 0.01 0.02 00501~
= 1 | 1 1 e A
100 120 140 160 180 200
mmp(GeV)

Fig. 7.2: Breakdown of SU(2) x U(1) for pp = mp = 0 from ref. [41].

Fig. 7.2 shows the result of a numerical integration of the renormalization group
equations in this simplified case ¢ = mp = 0. Only a part of the parameter space in A,
mg3 /2 and myop can lead to a breakdown of SU(2) x U(1), as we of course had to expect
from our discussion above. Before we discuss the figure in detail, let me mention that
with g = mo = 0 the sign of A is unphysical, only |A| matters. The allowed region for
SU(2) x U(1) breakdown is bounded at the left-hand side in Fig. 7.2, because myop
(i.e. g¢) is simply too small to drive m% negative enough to induce the breakdown. The
actual value of this lower bound for m:.p depends on A and in general large A allows
smaller mop. Nonetheless we obtain a large lower bound myop for this configuration
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p = mg = 0 of something like 100 GeV. We will later see that large myop is usually
required in models with small g. The bound on the right and side of Fig. 7.2 cannot
vet be understood from our discussion up to now. It simply comes from the evolution
equation of the Yukawa coupling g

13

ﬁgaﬁgt = g;?;agf - #gt (2—93 + ggg + ﬁgf) - (7.22)
This shows that for large m,p we need a large Yukawa coupling at M,. If ¢, is large,
however, the first term in (7.22) will be dominant. It has a positive coefficient and
will reduce the magnitude of g; when we lower ji. This then gives us an upper bound
on myep of 200 GeV. Even if we choose g; at M, to be infinitely large the evolution
(which goes with ¢}) will reduce it to a "small” value at & ~ 100 GeV. Of course, the
approximation on which (7.22) is based breaks down for large g; but we see that in the
minimal model it is hard and unlikely to have myop to be larger than 200 GeV.

Last we have to discuss the bound in the upper part of Fig. 7.2 related to the
parameter A. We have already seen that large A makes it easier to induce the breakdown
of the weak interactions, i.e. the breakdown is possible for smaller values of Myop. This
comes from the appearance of |A|? in the first term in (7.19). One could actually think
that by increasing A sufficiently one could induce the SU(2) x U(1) breakdown for
arbitrarily small myop as long as g;A: stays large enough. This is true, but for large
A other unpleasant things happen and we have to discuss this now in detail [42]. For
this purpose consider again the potential (7.7) but for simplicity with just one Yukawa
coupling:

2

Jg v
+m3 s (|0 + el + |0el®) + Amsjage (hpepe + huc.). (7.23)

V:la—y:

We also dropped the :‘1,-D2 term because it is irrelevant for our discussion. For small A
it is evident that the minimum of this potential will be at h = . =z = 0 with V = 0.
For large A the trilinear terms will dominate in a certain range and the minimum will
be at & = e = g # 0 breaking weak interactions but also electromagnetic and strong
interactions and this has to be avoided. Thus A has to be small enough. In the special
potential (7.23) (as well as in the general case (7.7) with universal A) the critical value
is A = 3 because in this case the potential reads:

2 .
>0 (7.24)

9 .
V= ‘ayi + mg/2y,

and we need A < 3. Including the radiative corrections in our model the A’s will no

longer stay universal and there will be separate bounds on A required by the absence
of SU(3) x U(1)e.;m. breaking minima:

m2 +m2 +m2
A% <3( b e [ % (7.25)

M3 /2
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Fig. 7.3: The situation in the case of large top quark masses.

and similar expressions for Ap, Ay and all three families separately. These questions
have to be carefully checked in all explicit models.

Curves similar to Fig. 7.2 can now be produced for arbitrary values of the pa-
rameters to explore the phenomenological consequences of the model. Apart from the
parameters mg, m3/;, A and p, we have seen that the value of m;,p is very important.
Since we know by now that my,, is quite heavy let us give another illustration of the
behaviour of the model in this part of parameter space (fig. 7.3), where we have cho-
sen mas, = 100 GeV. There is an approximate scaling law. If you want to know the
behaviour for different values amg,, just scale mq and p by the same factor a while A
should be scaled by a™! (at least in large parts of parameter space). The masses of the
supersymmetric particles, of course, depend strongly on these parameters. Although
they have to be computed in the explicit models under consideration one can use as a
rule of thumb that the mass of the photino is ~ mq while the mass of the gluinos is

2
larger: approximately 3mg. The masses of the quark partners are given by

m3 ~m3 , + 7.4m3 (7.26)

while the lepton partners are less sensitive to the gaugino mass

m;f) ~ mg/2 + 0.14m}. (7.27)

Of course, the masses can be computed exactly in a given model once the set of param-
eters is specified. \

Let us now discuss the spectrum more thoroughly and start with the Higgs system
[38]. The model contains five physical Higgs bosons, two charged and three neutral
ones, one of which is a pseudoscalar. The mass of the charged Higgs bosons is given by

mi =m} +m3 + ME, (7.28)
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thus heavy since m? + m2 has to be positive. The mass of the pseudoscalar is
mpg = mi + m2 (7.29)

while the mass of the scalars is given by

1 1 v? — v2)2
= 3 ks 003 2 3y o 3 -
which gives a tree-level prediction of the minimal supersymmetric extension of the stan-
dard model. One Higgs scalar is alway lighter than the Z boson. The bound is reached
in the case where the ratio of the vev’s of the Higgs fields is very large. If in contrast
v; = vy we see that one of the scalars is massless. A crucial experimental test of the
model will therefore come from Higgs searches. The above formulae and bounds are
only valid at the tree level. Radiative corrections could change the results [43]. These
corrections depend strongly on the mass of the top quark and become large [44] if myqp
exceeds a value of 130 GeV. For such high values also the limit on the mass of the light-
est Higgs-boson moves up beyond the Z-boson mass. These questions will be thoroughly
discussed by S. Pokorski and R. Hempfling in this seminar series.

- Let us next consider the gauginos. The gluinos only feel my with my ~ 3m;.
The so-called charginos are combinations of charged gauginos and higgsinos with mass

matrix

( o V2Mw )

V2Mw 2 p

and the spectrum depends strongly on mg and u. Observe that one of the states is
massless in the limit 4 = 0 since there also one finds v; = 0. The neutral gauginos W?,
B° mix with the neutral higgsinos leading to a complicated mass matrix which we shall
not discuss here in detail [26,45]. Among these particles one usually expects to find
the lightest supersymmetric particle (LSP) which is stable as long as R-parity remains
unbroken. This could be (and is over a wide range of parameter space) the photino

(7.31)

5 = sin Ow W° — cos G B° (7.32)

but there remain other possibilities, like a higgsino if p is small or e.g. also a scalar
partner of a neutrino in the case where mg3 /2 is small compared to mg and p.

The masses of the scalar partners of quarks and leptons are essentially determined
by ms/, and mg (see (7.26-27)) with squarks feeling a stronger influence of my. One
would then conclude that the sneutrino is the lightest of these particles, but this is not
necessarily true. There could be an influence of quark masses m, on the squark masses

Mg In case of a large A
mgq +m2  Amgms,

( Amqms: m2 4 mg) (7.33)
and it could very well be that the partner of the top-quark is the lightest squark. So far
our first discussion of the minimal supersymetric extension of the standard model (also
called the minimal low energy supergravity model). It depends on several parameters,
those in the superpotential (i and the Yukawa couplings) and those parametrizing
the breakdown of supersymmetry (ms /2; Mo and A). The order of magnitude of the
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dimensionful quantities is supposed to lie in the 100 GeV to TeV region. The actual
values, of course, are very important for a discussion of the supersymmetric particle
spectra.

8. SUPERSYMMETRIC GRAND UNIFICATION

Grand unified models have been discussed in detail in chapter 2 and we shall concen-
trate here on the changes that occur in a supersymmetric environment. This concerns
the scale M,, a discussion of the superpotential, the question of the triplet-doublet
splitting and proton decay via dimension 5 operators. We shall exclusively stay within
the SU(5) framework, with 5 + 10 for a quark lepton family. The formulas for the
evolution of the gauge coupling constants have been given in (2.4) and (2.5). If we
assume a value of a3 ~ 0.1 and o = 1/128 at a scale of 100 GeV we obtain in the
nonsupersymmetric model a scale M, of approximately 5 x 10’ GeV and desastrous
proton decay. The supersymmetric model, however, has more light particles and as
such the evolution of coupling constants changes [46]. The most important contribution
comes from the gauginos implying a slow-down of the evolution. As a result we observe
a larger M, ~ 3 x 10'® GeV roughly 60 times larger than in the corresponding non-
supersymmetric model. Since proton decay is suppressed with the fourth inverse power
of M, there are no problems with proton stability in the supersymmetric SU(5) model.
In fact a precision analysis of electroweak data [47] has recently shown that the super-
symmetric model (with two Higgs doublets and a supersymmetry breakdown scale in
the TeV-region) gives, in constrast to nonsupersymmetric SU(5) the correct prediction
for sin® @y (Mz). The result is shown in Fig. 8.1. Thus supersymmetric grand unified
models deserve further attention [48].

Let us first discuss the superpotential and the question of SU(5) breakdown. We
denote the quark superfields X;(10), ¥;(5) ¢ = 1,2,3 and the Higgs superfields H(5),
H(5) and ®(24). The superpotential can then be writen as

g=gi; X;:X;H+ hi; X;Y;H+ \\H®H + 1,9 + M®* + M'HH (8.1)

where ¢;; determines the masses of up-type quarks and %;; those of down-type quarks
and leptons. The discussion of breakdown of SU(5) is similar to the one in nonsuper-
symmetric SU{5) models. The auxiliary fields read

—F} =MHH +3),8% + 2M®
—Ff; = X®H + M'H + ¢i; X: X (8.2)
—F} = \®H + M'H + hi; XY

and a minimum with SU(5) broken to SU(3) x SU(2) x U(1) can be found with

< H>=< H>=<X; >=<Y;>=0,
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Fig.8.1: sin® § versus m; and the predictions from grand unified models [47].

and
100 0 O
010 0 O
<®>=v]|l0 01 0 O (8.3)
000 -3 o0
0 00 o0 -2

2

and vanishing vacuum energy. Since we have not discussed here the breakdown of
supersymmetry there are degenerate minima with gauge group SU(5) and SU(4) x
U(1). Also the breakdown of SU(2) x U(1) has finally to be induced by the effects of
supersymmetry breakdown along the lines discussed in the last chapter.

Again a fine-tuning has to be performed to keep the Higgs-doublets light. Here it
amounts to 3

M’ = E’U/\] (84)

This is similar to the nonsupersymmetric case but here we could argue that the fine-
tuning concerns only parameters in the superpotential and is therefore not disturbed
by radiative corrections. If we now would be able to find a reason why (8.4) should be
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valid at tree level we could claim to have solved the fine-tuning problem. There have
been several interesting attempts in this direction. As a first we discuss the mechanism
of a sliding singlet [49]. Take a gauge singlet superfield Z and add a term AHZH to
the superpotential. The H auxiliary field reads now

—Fy=HM®+AZ + M'). (8.5)

In the full theory, including supersymmetry breakdown, the doublet component of the
scalar of H should receive a vev (in contrast to the SU(3)-triplet component). The vev
of Z is undetermined and it can adjust its vev to have F' = 0 for the doublet component,
thus it slides to make

—;)\lv+)\z+M'=0 (8.6)

and the Higgs-doublet remains light. This looks nice, but also this mechanism has some
problems. We do not understand why the allowed Z? and Z3 terms are absent and also
we cannot rule out the possibility that the absolute minimum of the potential occurs for
large vev’s of both the triplet and the doublet. Moreover, there are usually problems
with a small supersymmetry breakdown scale in the presence of light singlets [50].

A second mechanism to be discussed here is the one of the missing partner [51].
H and H contain (3,1) 4+ (3,1) and (1,2) + (1,2) of SU(3) and SU(2) respectively.
Try to find now a new representation which only contains a (3,1) but not a (1,2). The
former could then pair up with the (3,1) in H while (1,2) would remain massless. The
simplest example is a 50 of SU(5). It decomposes with respect to SU(3) x SU(2) as
(6,1)+(8,2) + (1,1) +(3,2) + (6,3) + (3,1) and as a cross term in the superpotential
we could imagine 50 x 5 x 75 with 75 = (1,1} + (3,1) + (3,2) +(3,1) + (3,2) + (6,2) +
(6,2)+(8,1)+(8,3). Fortunately a vev of 75 can break SU(5) to SU(3) x SU(2) x U(1)

thus avoiding the presence of ® in (8.1). Instead we choose now for the superpotential

g=AT5 X 75 x 75+ MT75 x 75+ A150 x 75 x 50

~ = - 8.7
+ X250 X 75 x 5 + A350 x 75 x 5 + M50 x 50 (87)

and as a mass matrix for the triplets we obtain

(2 %)

(where v is the vev of 75), while the doublets remain light. Of course, one still has to
explain why we have omitted a direct 5 x 5 mass term in (8.7) and the question of a
complete solution of the fine tuning problem remains open.

We had seen at the beginning of this chapter that M, is quite large in supersym-
metric grand unified models and that therefore proton decay via gauge boson exchange
is sufficiently suppressed. This, however, is not the last word about proton decay in su-
persymmetric grand unified models. Remember, that in the supersymmetric version of
the standard model we already had to suppress proton decay via dimension-4 operators
by introducing an R-symmetry (see chapter 5). Here we have to worry about dimension
five operators [52] leading to proton decay as shown in Fig. 8.2. The first step couples
two fermions to two bosons (therefore the name dimension-5 operator) and has a prop-
agator suppression of 1/M, and the second step involves only light particles. Instead of
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Fig. 8.2: Proton decay through dimension-5 operators.

1/M? in the amplitude we have now 1/M, Mw and there is a potential danger of fast
proton decay. A careful investigation of the dimension 5-operators has therefore to be
performed. Qut of the possible ones we need only consider those which are invariant
under the R-symmetry discussed earlier and these are the two F-terms (QQQL)r and
(UUDE)F . The latter reads in components

ﬁiaﬁijkcE_leabc (8.9)

where a, b, ¢ are SU(3) indices and ¢, j, k, [ are generation indices. All fields above are
scalar superfields and should obey Bose-statistics. The two U’s are antisymmetrized in
a and b and therefore ¢ # j and one of the U’s has to come from the second generation.
Since the charmed quark is heavier than the proton the presence of the term in (8.9)
does not constitute a problem. The other possibility reads ’

i 23 Qi;tLlueabcersetu (810)

where r, s, t, u are SU(2)-indices. Here we can have i = j = 1 but then we need k£ = 2

which leads to
c v tn
11
(S> t (e> ue (8 )

thus ce or sy. Proton decay therefore is only possible with the (udsv)p operator The
dominant decay mode is proton to K+ and antineutrino, a quite unique prediction of
supersymmetric grand unified models. The rate is faster than the one from dimension-6
operators but it is not desastrously fast since p — K7 involves Yukawa couplings in
graphs like Fig. 8.2 as compared to gauge couplings in the process with dimension-6
operators.

At the moment p — K*7 seems to be at the border of observability. Supersymmet-
ric grand unification deserves further attention; because of these predictions for proton

decay but also because of the results from precision electroweak data as displayed in
Fig. 8.1.
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9. OUTLINE OF SEMINARS

So far our presentation of the theoretical construction of the minimal supersym-
metric generalization of the standard model and its grand unified extension. We have
now to investigate the apparent experimental consequences of this approach to stabi-
lize the weak scale. We shall see in the following lectures, that present experimental
results do already give constraints on the parameter space of the model consisting of
the gravitino mass mg/;, gaugino mass my, trilinear scalar couplings A as well as the
Higgs-mass parameter p. Of course, also the still unknown mass of the top-quark will
play a crucial role in this discussion.

In the next lecture J. Kalinowski will present the experimental situation concerning
the search for Higgs-bosons and the implications for the parameter space of the model.
Then F. Borzumati will present a detailed overview of the mass spectra of supersym-
metric particles and experimental bounds. S. Bertolini will represent implications of
the supersymmetric models for flavour changing neutral currents, rare decays of Kaons
and bottom-mesons as well as CP-violation. Strong constraints of the model can also
come from cosmological considerations. They will be summarized by A. Klemm. W.
Majerotto will present a complete overview of supersymmetric particle searches at high
energy colliding beam facilities. Indirect searches and loop effects will be discussed by
S. Pokorski, J. Sola and R. Hempfling. The search for supersymmetry has to go on and
we might expect exciting new results in the near future.
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1 Introduction

Recent years have witnessed a spectacular success of the standard model (SM) of funda-
mental interactions - a gauge theory based on the SU(3)xSU(2)xU(1) symmetry group
[1]. All the experimental results from LEP measurements are in perfect agreement with
the SM predictions. The only missing pieces are the top quark and the spin zero elemen-
tary Higgs boson. The Higgs sector is one of the key points of the electroweak interactions
needed for spontaneous symmetry breaking [2] which is responsible for the W*, Z° and
fermion masses. Although one could argue that it is only a matter of time until the miss-
ing pieces are discovered, some theoretical problems related to the Higgs boson suggest
that it is necessary to look beyond the standard model.

There are three classes of problems which indicate that the standard model is in-
complete. First, it has many arbitrary assumptions and parameters: gauge and Yukawa
couplings, masses and mixing parameters, number and structure of fermion generations,
handedness of fermionic representations etc. Second, the standard model is not asymp-
totically free which suggest that it is an effective low energy theory of a more fundamental
one. The third class of problems is directly related to the presence of the elementary scalar
in the theory. The scalar fields have nice properties. They can have nonzero vacuum ex-
pectation values (vev) without breaking Lorentz invariance. Therefore, they can trigger
a spontaneous breakdown of gauge symmetries and thus provide masses to gauge bosons.
Through Yukawa couplings to fermions they can also generate masses of quarks and lep-
tons. However, they have also a bad property of aquiring quadratic divergences through
radiative corrections. The correction to the mass of the Higgs boson is ém? ~ g?A?, where

A is a physical scale beyond which the low energy theory no longer applies. To understand
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the physics at the Fermi scale ~ 102 GeV it would be inappropriate to have A of the order
of the unification scale ~ 10'® GeV or the Planck scale ~ 10!° GeV but rather in the TeV
region. This is so called the naturalness or hierarchy problem [3]. Therefore we are led
to consider means to stabilize the Higgs sector below or at TeV scale. The only way to
protect masses of elementary scalar particles is supersymmetry [4]. This symmetry relates
bosons to fermions and thus makes the bosons to behave as well as fermions.

Supersymmetry (SUSY) imposes a new requirement on the Higgs sector. In the SM
only one Higgs doublet is sufficient to give masses to quarks and leptons. In the SUSY
models two Higgs doublets are needed to give masses to up-type and down-type quarks
(and leptons) and to achieve the cancellation of trangle anomalies.

In this paper we discuss the Higgs sector of the minimal supersymmetric extension of
the standard model. We study the mass spectrum of all the physical Higgs bosons and
their interactions. We will not discuss the superpartners of the Higgs bosons nor Higgs
boson decays into superparticles. These aspects of the SUSY model are dealt with in the
lecture of A. Bartl [5]. Our discussion will be performed at the tree level without loop
corrections. It is now well known that loop corrections in the case of a heavy top quark
(my > 120 GeV) are very important [6]. Our disscussion will serve as a starting point
for lectures by S. Pokorski [7] and R. Hempfling [8] where effects of loop corrections are
considered, although ocasionally we will mention the role of loop corrections. Nevertheless
taking conservatively m; = 90 GeV (current experimental limit reads m; > 89 GeV [9])
there exists a large domain in parameter space where these corrections are small and the
tree level discussion is justified. Therefore we will discuss current experimental limits and

prospects for discovering Higgs bosons in future colliders.

2 The Higgs sector in a minimal SUSY model

In a minimal supersymmetric standard model (MSSM) we employ two Higgs doublets
H, = (H}, H?) = (¢%*,~¢7) and H, = (H},H?) = (p5,¢3) with opposite hypercharge
y(H1) = =1, y(H;) = 1. The construction of the MSSM has beeen discussed in the
lectures by H.P. Nilles [10]. Here we recall that the tree level scalar potential is given by

V= F;Fi+%(D3+D'2), (1)
where the auxiliary fields ' and D are as follows

1
D. = —gAlotA;

9 1 Yig
1
D' = §g’yiAfAi+€,
15%
F. = 9 (2)

9A;"
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Here W is the superpotential with the superfields replaced by their scalar components, g
and g’ are the SU(2) and U(1) coupling constants, A; is a generic notation for all scalar
fields in the theory and ¢ is the Fayet-Iliopoulos term [11]. In the context of many models
it can be argued that { must be very small and we shall assume £ = 0.

The superpotential W is a cubic gauge invariant function of the superfields containing

the mass terms and Yukawa couplings. Its general form is as follows

W = pe;H{H]+ Wp, (3)
Wr = €;(9el'HiE + gpQ'HiD + guQ'HjU), (4)

with L and @ being left-handed lepton and quark doublets, E, U/ and D - right-handed
electron, up- and down-type quark singlets and g; - the corresponding Yukawa couplings.
Unfortunately such a theory fails to break the SU(2)xU(1) gauge symmetry. There are
two "minimal” solutions to achieve a spontaneous gauge symmetry breakdown. First,
one can add a supersymmetric realization of a complex scalar Higgs field N. Then the

superpotential takes the form
W = e;;(uH H] + pHi H}N) + rN + AN® + Wg. (5)

A second approach, which we will discuss in more detail, is to add soft-supersymmetry
breaking terms. They have been clasified by Girardello and Grisaru [12] and are of the

form
mipp®,  ml(e*+9"), we’+¢"), p (6)
where ¢ is a complex scalar and A a gauge fermion.
Let us now write explicitely the scalar potential as a function of H; and H,. We
assume that colour and lepton numbers are not spontaneously broken, i.e. squarks and

sleptons do not aquire vacuum expectation values (vev). We can then ignore Wr and
write (the N field not present)

1 1 1 i
V = g(g2 + 9%V H* = [H?) + 592|H1|2fH2|2 - 592|€in1H§|2
(| Hy? + [Ha|?) 4 Viose, (7)
Viegr = m2|Hi|? + m2|Hy|* + (mie;; HiH] + h.c.). (8)

Furthermore, we assume that only neutral components of the Higgs fields aquire vev’s

<H1>=(1:]1), <H2>:<0) (9)

and the Higgs potential for the neutral fields reads as follows
Vo= (m1 4 [uP)et] + (m + [ul)lez]* + mi(er"eh + eier’)

+ 367+ 971817 — 16317 (10)
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The potential consists of quadratic and quartic terms with the quartic coupling given

in terms of the gauge couplings. To have the potential bounded from below one has to

impose
m} +my > 2ma|?, (11)
because the quartic term has a flat direction for |p?|? = |p9|?. Since there are no trilinear

terms, a stationary solution at ¢ = @3 = 0 has to be unstable for SU(2)x U{(1) breakdown.
This can be achieved by requiring that

|mal* > mim?. (12)

In a low-energy supergravity model such a scenario can be obtained as follows [13]. At
a very large scale M the supersymmetry is softly broken and the SU(2)xU(1) gauge
symmetry is exact. When the renormalization group equations are used to evolve the
parameters of the model from M down to energies of the order 100 GeV one of m}

becomes negative indicating the spontaneous breakdown of gauge symmetry.

3 Two-Higgs doublet model

Before we discuss explicitely the spectrum of the Higgs bosons in the SUSY model it is
instructive to consider first a general two-Higgs doublet model. We shall then apply the
results to the SUSY case.

Take two complex, y = 1, SU(2) doublet scalar fields ¢; = (¢, 9%) and ¢, = (7, ©3).
The most general Higgs potential that spontaneously breaks SU(2)xU(1) is of the form®

Vo= ot M(8ld — oD + Xa(hde — v2) + Xs[(dihr — v]) + (B2 — )]
+Xa[8] 61 $hs — Bld2 $hh] + As[Re($162) — viv; cos x|
+)\G[Im(¢;¢2) — vy, sin x|’ (13)

Because of hermiticity A; are real. For A; > 0 the potential is positive semi-definite and

the global minimum is at

vy [ vae™
<¢1>=(0), <¢2>_( 0 ) (14)

and breaks the electroweak symmetry. For As # Aq the potential violates CP in the Higgs
sector. In the SUSY model we will see that A\; = Ag. Then the last two terms can be
rewritten as )\5|¢I¢2 — ;9,6 |? and by a redefinition ¢, — ¢,€™ one can remove the phase

x- As a result v; and v; can be chosen to be real and positive. For a general discussion we

'We follow the notation of Gunion and Haber [14].
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take As # Ag with x = 0. This corresponds to the most general CP-invariant two-Higgs
doublet model.
The matrix for the squares of the Higgs boson masses can be obtained from
21 o2V
Y 20p:0¢;

(15)

where ¢; 1s a generic notation for real and imaginary parts of the Higgs fields and the
eq.(15) is evaluated at the minimum (14). With x = 0 the 8 X 8 mass matrix M? breaks

into a set of 2 x 2 mass matrices and the diagonalization is straightforward.

3.1 Charged Higgs bosons

The positive ¢} and negative 7 = (¢ )* (i = 1,2) states decouple and have equal mass

2 —
g ( oY ) . (16)
—U1Us V5

The eigenstates are easily found

matrices of the form

HE* = —cpf:sinﬂ-}—ga;tcosﬂ,
Gt = pfcosfB+ pfsing, (17
with the masses
mie = 0,
mhs = A (V3 +02), ’ (18)

and where the mixing angle 3 is defined by
tan 8 = vafv;. (19)

The massless would-be Goldstone bosons G* are eaten up by the W* and the H* are
the physical charged Higgs bosons.

3.2 Img) and Imey)

The mass matrix is identical to the one in eq.(16) with A4 replaced by \g. Therefore the

same mixing angle 8 diagonalizes it with the result

1
—=G° = Img] cos B+ Imysin B,

V2

1

EAO = fImgafsinﬂ+Imgagcosﬂ, (20)
méo = 0,

mi = Xg (v +vl). (21)
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The massless would-be Goldstone boson G° is eaten up by the Z° and the A° is the
physical neutral CP= —1 Higgs boson. Because of the nature of its couplings to fermions

it is often called a pseudoscalar.

3.3 Rey) and Reyp)

The eigenstates of the mass matrix

A B _ 4;()\1 + )\3)’0? + A5’U§ (4)\3 + A5)'U1’U2 (22)
B C (4)\3 + )\5)'[)1’[)2 A5'U§ + 4;()\2 + )\3)1)%

are as follows
1

V2

L
V2

The masses of the neutral scalar Higgs bosons and the mixing angle « are defined as

HO

(Rep) — v;) cos @ + (Reyp — v2) sin a,

RS = —(Re(,o(lJ —vy)sina + (Re(,o;J — vg) cos a. (23)

1
Mmoo = §[A+C:t (A—0)2+4Bz],
tan 2a = —A—2—B_C

2B

(A—C)y +4B?

It

sin 2¢ (24)
By convention the Higgs boson H° is chosen to be heavier than A°.

Let us note that in the general CP-conserving two-Higgs doublet model there are 7
independent parameters: A;-)g, and one of the v; and v, (Xo plays no role and v? +
v? is fixed by the gauge boson masses). Therefore there is a lot of freedom in fixing
the parameters of the model and to test it experimentally. The Higgs bosons can have
arbitrary. masses. Since the couplings are proportional to the masses (as seen for example
explicitely from egs.(18) and (21)) the Higgs sector becomes strongly interacting for heavy
Higgs bosons like in the standard model. .

4 Implications of supersymmetry

Supersymmetry imposes strong restrictions on the Higgs sector. Comparing eqs (10) and

(13) we find that

Al - Az,
1 i
Ay = g(g2+92)_)\1,
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1
Ay = 2/\1_—9127

2
As = /\622/\1“%(92+9I2),
Yo = —5(0t — (e +9)
mi =l + 20} - S,
mi = |l + 20— Smd,
mi: = %1)11)2(4A1—g2-—g12), (25)

where as usual m} = (¢ + ¢g'*)(v? + v2)/2.

4.1 The spectrum

Using the eqs. (18), (21), (24) and (25) we immediately obtain the spectrum of the
physical Higgs bosons in the form

m?ii = mii" +m€Va
1 :
Mo po = 3 [mio +m% + \/(mﬁo +m%)? — dmimi, cos? 28],
2 2
tan2a = m—fo—-t—m—zz tan 2. (26)
Mo =Mz

We see that now the spectrum depends only on two free parameters for which tan 3 and
my4e can be taken as independent. We have already noticed that v; and v, are real and
non-negative, which means that one can choose 0 < 4 < 7 /2. Furthermore from eqs.(24)
and (25) follows that sin2a < 0, so one can take —7/2 < a < 0.

Before discussing the Higgs boson mass spectrum let us consider the supersymmetric
limit. It is obtained by setting the soft-SUSY breaking parameters m; = m, = m;z = 0.
However, in this limit, eqs.(25) are inconsistent with v; # 0 which proves the state-
ment mentioned in Chapter 2 that in the MSSM with only two Higgs doublets soft-
supersymmetry breaking terms are necessary for SU(2)xU(1l) gauge symmetry to be
spontaneously broken. With an additional Higgs field N the SUSY limit with broken
gauge symmetry may exist [14].

In fig.1 the masses of the scalar H® and A° Higgs bosons as functions of m 4 for fixed

tan 3 are presented. We see that
myg+ 2 My,
Mpo S T g0 S mgo,
mp < myzcos2F <myg,

Mpe + Mpe = mye +mz. (27)
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Note that the spectrum is symmetric under tan 8 <> 1/tan 8 and one of the scalar Higgs
bosons (h°) is lighter than the Z boson. The bound is reached in the case when tan g is
large. In fact model building prefers tan 8 = va/v; > 1 which is in agreement with an old
idea that the up-type and down-type quark masses are determined by two different v’s
with the Yukawa couplings roughly equal [15]. This is especially interesting now since we
know that the top quark mass is large. Moreover in the limit v,/v; > 5 the mass of either
H® or h® (or A°) is very close to mz. The presence of a Higgs boson roughly degenerate
with the Z (irrespective of m4o) turns out to be a general feature of supersymmetric
models with vy/v; > 1 [16].

These nice predictions of the MSSM are modified by radiative corrections due to a
heavy top quark [6]. In particular the relations (27) can be violated. However, for m, = 90
GeV and tan@ > 2 the corrections are rather small, as can be seen in fig.2 where the
mass mpo of the lightest Higgs boson is compared to the tree-level calculations [17]. They

become more significant for smaller tan 8 or heavier top quark [7,8].

4.2 The Higgs boson couplings

The Higgs boson couplings to standard model fermions and gauge bosons are also fully
determined in terms of tan 8 and m 4. The neutral Higgs boson couplings to the up (U)

and down (D) fermions ¢ ff are as follows

tgmy %:%, :’;g, —tyscot B, 1, for f=U,
g‘ﬁ')‘)F = —2 cos & sine : (28)
MW | fesp> eospr V5 tan8, 1, for f=D,
and to gauge bosons pVV
gevv = tgmyg"’ {cos(f — a), sin(8 — a), 0, 1}, (29)

for ¢ = H®, h°, A° and the standard model Higgs particle, respectively, and with my =
mw for V=W or my = mg/cosOy for V = Z.

The charged Higgs boson coupling to fermions reads (all particles are incoming)

9u+po = 2—\7—;_gm_w[mD tan B(1 + vs) + my cot B(1 ~ 7s)). (30)

The V(p)p(p') couplings are as follows (particles and momenta are incoming)

_alp—p) { sin(a—f),  forp = HY, )

9204 = 75 cos bw | cos(a - ), for p = A°,

1g cos 20w na
= _WessIw . 32
9zH+H 9 cos Oy (r—p), (32)
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Gw+oH- = _ig(_?_;L)“ {sin(a — B), cos(a—p)}, (33)

for ¢ = H® and A°, respectively, and finally

— )¢
gw+A'H- = g(p_2gl (34)

There are several comments in order.

e Note the presence of ZH®A® and Zh°A° couplings whereas Bose statistics forbid
ZHOH® and ZAh°h°, and CP-invariance forbids Z H°R®.

e There is no tree-level ZW+H~ vertex in a general model with doublet and singlet

Higgs representations.

o The couplings for the vertices W H°H~ and WTh°H~, ZH°A® and Zh°A°, ZZH°
and ZZR° are pairwise complementary in the sense that if one is suppressed by the

combination of mixing angles the other is full-strength. Likewise, if for example

ZZhO is suppressed the Zh%A° is full-strength.

e As an illustration of the suppression factor, in fig.3 we show sin?(a— ), relevant for
example for ZZh° vertex, as a function of myo for several values of tan 5. We see
that if the single Higgs boson production process (for instance the Bjorken process
ZZh in ete™ [18]) turns out to be suppressed then the Higgs pair production Zh%A°
may be an efficient source of Higgs bosons [19,20].

o Note that for large tan 8 the couplings of the neutral scalar Higgs boson which
is degenerate with the Z boson are within a factor 2 equal to the corresponding
couplings of the SM Higgs couplings. Therefore the experimental observation of a
90-GeV Higgs boson with standard couplings will not necesarily mean a confirmation

of the standard model [16].

o Another interesting feature of the large tan 8 scenario is that the couplings of the
other neutral scalar Higgs boson that is not degenerate with the Z and of the
pseudoscalar A® to the down-type fermions are strongly enhanced. Therefore the
bremsstrahlung of Higgs bosons from bottom quarks or 7 leptons may turn out to

be important sources of Higgs boson production [19,21].

e We do not discuss here couplings of supersymmetric partners. They can be found

in the lecture by A. Bartl [5] and references therein.

Finally let us stress again that the above discussion is correct if radiative corrections
can be neglected. If they are important, there are significant quantitative changes of the

mass spectrum and couplings although some qualitative features remain similar. Moreover
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the phenomenology becomes more involved because the Higgs sector depends on other
parameters, like m;, SUSY breaking scale, mixing of squarks etc. For a discussion we

refer to the lecture by S. Pokorski {7] and references therein.

5 Looking for SUSY Higgs bosons

Let us now discuss briefly the current experimental limits on Higgs boson masses and
prospects for their discovery at present and future colliders. We will consider only e*e”
and pp machines because ep machines with designed luminosities are not very promising
for SUSY Higgs search[22]. Again we neglect radiative corrections and therefore our

discussion will be rather limited.

5.1 ete  colliders

Currently the most stringent experimental limits on the tree-level Higgs sector come from
LEP I experiments. There are two main production mechanisms: single Higgs boson
production via Z — Z*h® — ffh° important for relatively small tan 8, and the Higgs
pair production Z — A®AR° which is dominant for larger tan 8(> 3). Since in the limit
of large vy/v; the mass of A° is close the mass of A° the results form LEP are rather
restrictive [23]. They are shown in fig.4. Observe that these limits are valid in the MSSM
and not in an arbitrary two-Higgs doublet model in which m o is not related to mye
If the Higgs pair production is kinematically suppressed then the Higgs bremsstrahlung
off heavy fermions gives a dominant contribution [19,21]. In fig.5 regions in the plane
(mpo,tan B = v,/v;) corresponding to various dominant processes for h°bb final state in
the MSSM are shown [21]. The notation is as follows: (1) ete™ — Z — Zh® — hobb, (2)
ete™ — Z — A°h® — hObb and (3) ete” — Z — bb — h°bb. Therefore, to push the lower
limit on mp above ~ 50 GeV the process (3) has to be taken into account. Impact of
radiative corrections on the interplay of these processes has been also discussed in ref.[24].
The search for charged Higgs bosons at LEP gives a lower limit of approximately 43 GeV
[25] but in the supersymmetric model one expects mg+ > mpy.

Recently results of new analyses of experimental LEP I data including radiative cor-
rections have been published [26]. OPAL collaboration excludes mpo < 3.5 GeV indepen-
dently of the decay modes. The results of ALEPH collaboration are given in fig.6. They
take m; = 140 GeV, my,, = 1 TeV and negligible mixing among stop squarks. For this
choice of parameters mp < 41 GeV and mo < 31 GeV are excluded at 95% CL. Note
that tan 8 = 1 remains allowed when m 40 > 31 GeV. If m; and my,, are varied in their
allowed range the limits mp > 41 GeV and myo > 20 GeV remain valid. If these data
are analysed with tree-level relations then mpo = mo < 44.4 GeV for tan S > 1 would
be excluded.
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At the tree-level the MSSM model predicts one of the scalar neutral Higgs bosons A°
to be below and the other H® above mz with no restrictions on the pseudoscalar A°.
Therefore one could expect that LEP II would either discover A° or disprove the MMSM.
However, the radiative corrections can push myo above mz and h° may be outside the
discovery limit of LEP II. Therefore more powerful ete™ colliders will be necessary to test

completely the MSSM.

5.2 pp colliders

There are two dominant production processes: gluon-gluon fusion gg — ¢ and associated
production with b-quarks gg — bb, where ¢ = %, H°, A°. For LHC they have been
recently analysed by Kunszt and Zwirner [27]. The production cross sections for 2° in the
whole mass range and for A° up to 250-300 GeV assuming tan 8 > 3 are larger than for the
SM Higgs. On the other hand for the heavier neutral Higgs boson the enhancement of the
production cross section is observed only at low values of mpgo. In order to overcome the
severe background the 4y decay modes have been investigated in detail. The results are
summarized in fig.7. Discovery regions in (m 4, tan 3) plane are divided into ’standard’,
‘good’ and 'difficult’. The ’standard’ regions (grey) are those where only one Higgs boson
can be found in v decay mode with SM properties. The ’good’ (hatched) are where the
heavier Higgs boson can be found at LHC. In the ’difficult’ (empty) region no measurable
physics signal was found. Fortunately this region will be well covered by LEP II, and

therefore pp machines appear as complementary to ete™ colliders.

Our discussion of the strategies for SUSY Higgs searches is far from complete. For
more details we refer to proceedings of many workshops devoted to detailed studies of

physics potentials of LEP, HERA, LHC and SSC colliders.

6 Conclusions

It has been obvious for many years that the Higgs sector of the SM is most sensitive to
interactions at mass scales higher than actually probed experimentally. Therefore many
theoretical problems concerning the Higgs sector have emerged. Only SUSY models are
completely consistent internally, suffer no known phenomenological problems and allow
to solve the naturalness/hierarchy problems with elementary Higgs bosons. We have
reviewed the motivation for and properties of the MSSM. Supersymmetry requires the in-
troduction of new degrees of freedom. Every particle of the SM receives a supersymmetric
partner and at least two Higgs doublets are required to give masses to fermions. Simulta-
neously SUSY imposes severe constraints on the otherwise enormously model-dependent

self-couplings of the two-Higgs doublet model. At the tree level the Higgs sector is fully
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determined in terms of only two parameters. With the heavy top quark new parameters
make the Higgs sector more complicated. Nevertheless the MSSM suggest that some of
the Higgs bosons are accesible to future colliders. If Higgs boson(s) are found their cou-
plings have to be analysed to understand their origin. Thus, the Higgs sector may play a
crucial role in revealing the nature of new physics as well as the secrets of the spontaneous

symmetry breaking.
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ABSTRACT

In this lecture we analyze the Minimal Supersymmetric Standard Model
with radiatively induced breaking of SU(2)r, X U(1)y. An underlying Grand
Unification of the strong and electroweak symmetries is assumed. The mass
spectra of the supersymmetric particles are studied also in the case of heavy
top quark masses and large values of v3/v;. In addltlon, a comparison with
some of the existing lower bounds on these masses is given.

1. Introduction

The topic of this lecture is the analysis of the low-energy spectrum of an explicitly
broken globally supersymmetric theory, as obtained after the spontaneous breaking of
a local (N=1) Supersymmetry (SUSY) [1].

There is no need to give a motivation for the introduction of such a theory, already
ireated in great detail in the first two lectures of this workshop. It is enough only to
recall that this theory fulfills the requirement of protecting the scalar fields from jumping
to higher scales, like the Planck scale Mp or a possible Grand Unification scale My.
The local Supersymmetry is able to cure the problem of quadratic divergences [2], and
the spontaneous breaking of this symmetry [3] guarantees that this feature is not lost
after the breaking. After decoupling of gravity, i.e. once the limit Mp — oo is taken,
we are left with a globally supersymmetric theory plus some terms of “soft breaking”
of this symmetry. There is a very precise technical meaning of these words [4], which
we will not investigate here.

The theory we are dealing with is the supersymmetrized version of the most
minimal extension of the Standard Model (SM) compatible with Supersymmetry. That
is, a two Higgs doublet model (2HDM) considered as embedded in an underlying Grand
Unified Theory (GUT).

One of the reasons for the success of this theory is the observation that if the effec-
tive SUSY breaking is O(Mz), then the logarithmic corrections to the mass parameters
of the scalar field potential are able to induce the breaking of the electroweak gauge
symmetry. The problem of the SU(2)y, x U(1)y symmetry breaking is then “solved” by
being linked to the mechanism of breaking of the local Supersymmetry at the Planck
scale. The dynamic of this mechanism is unknown, but it can be parametrized by a finite

tSupported by the Bundesministerium fiir Forschung und Technologie, 05 4HH 92P/3, Bonn, FRG.
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number of soft breaking terms, resulting in a finite number of new free parameters to
be added to the ones already present in the globally supersymmetric Lagrangian, i.e. 4
plus the usual SM parameters. The minimal choice of only three new parameters, m,
A and M, can be justified by a criterion of economy and makes this model, called then
Minimal Supersymmetric Standard Model, particularly suitable for phenomenological
studies. ‘

The rich range of possibilities offered by the supersymmetric mass spectrum has
made this a vital model capable of evading experimental detection to date. Only a
relatively small restriction of the allowed SUSY parameter space has been achieved so
far through experimental searches. The recent precision measurements at LEP of the
electroweak gauge coupling constants and the observation of their compatibility with
the supersymmetric Grand Unification scenario [5], are far from providing any evidence
for this model. Nevertheless, they may be suggestive that there is more to it than just
theoretical speculation.

In this lecture we shall analyse in detail the mass spectrum of this model and
we shall compare it, in a few cases, to the existing experimental lower bounds on
supersymmetric masses. We shall give particular emphasis to the unification of the
SU(3)c x SU(2), x U(1)y gauge interactions, to the corrections of the mass parameters
during the evolution from the GUT scale § to the electroweak scale and finally to the
mechanism of breaking of SU(2)L, x U(1)y.

Several analyses of these issues exist in the literature. In the earlier papers [6,7],
not very high values of the top mass were considered and the supersymmetric parameter
p was taken to be small. In a more recent series of papers [8-12], the higher constraints
on squark and gluino masses are implemented and the possibility of heavy top masses
is considered. As a consequence, the increase of the value of tan 3 no longer allows the
neglect of the Yukawa couplings of the bottom quark, h;, and of the tau lepton, h..
In some of these papers the correct constraints on the GUT scale Yukawa couplings
imposed by Grand Unified Theories are also implemented [10-12] and some uncertainty
in the on-shell value of the bottom quark mass is allowed [11]. In some cases also the
consequences of high values of tan 3 are studied [10,12]. In others, particular care is
taken in the correct trading of low-energy parameters with high-energy ones when the
radiative breaking of the electroweak sector is imposed [11,12]. The correspondence
between high- and low-energy parameters is in general not one-to-one.

We shall discuss these issues in the following sections. The numerical results
presented are taken from different sources in the literature and may be, at times, not
in complete agreement because of different choices of ag, sin? @y or m;. They have
therefore to be taken as indicative and some variation has to be considered possible due
to changes of these input parameters.

The lecture is organized as follows. In section 2 we present the Lagrangian for
this model. Section 3 explains the procedure followed in selecting from between all the
possible points of the supersymmetric parameter space the ones allowing a radiatively
induced breaking of SU(2)y, X U(1)y. In sections 4, 5 and 6, a detailed description of the
one-loop renormalization effects on different sectors of the model is given. Sections 7, 8

SRenormalization effects between Mp and Mx are neglected here as well as in the existing literature.
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and 9 deal with the theoretical predictions for the allowed range of supersymmetric
masses and their comparison to the existing experimental lower bounds. Some conclu-
sions will be finally drawn in section 10.

2. Lagrangian

The request of minimality mentioned in the introduction, strongly constrains the
structure of the Lagrangian of our model. The requirements that only the fields due
to the supersymmetrization of the SM are present and that matter parity is preserved,
immediately dictate the expression of the SU(3)c x SU(2)L x U(1)y invariant superpo-
tential: . . N

where the chiral matter superfields Q, U¢, D¢, L, E°, H; and H, transform as follows
under SU(3)c x SU(2)L x U(1)y:

Q = (3,2,1/6); U = (3,1,-2/3); D° = (3,1,1/3)
L = (L2-1/2) B = (LL1) (2)
H1 = (1,2,—'1/2), H2 = (1,2,1/2) .

Isospin and colour indices are contracted in the usual way. The couplings hy, hp and
hy are 3 X 3 matrices in the generation space (z,7 = 1,2, 3).

The expression for the soft Supersymmetry breaking terms turns out to be quite
simplified by the assumption of having a flat Kahler metric. At the Grand Unified scale
My, they appear as:

¢ A cubic gauge invariant polynomial in the complex scalar fields:
S =mA [hyQUH, + hpQD°H, + hgLEH| + BmpH, Hy + hee.  (3)

where the tilde denotes the scalar component of the chiral matter superfields
Q,U¢, D°,L and E°, while for simplicity we denote by H; and H, also the scalar
components of the nggs superfields H; and H,. Later on, we shall often indicate
with Gy, (i, dy, .. tL,bL) the components of the three sca.lar SU(2)L, doublets Q
and similarly, w1th gz, or gr the components of the three scalar SU(2)L singlets
Ue and D°. We shall also (improperly) refer to §r, and dg as the “left-handed”and
“right-handed” component of the squark §. A similar convention will be adopted
for the scalar leptons. The coefficients A and B in (3) are c-numbers and, in the
presence of a flat Kahler metric, the equality B = A — 1 holds.

¢ A universal mass term for the scalar components y; of the chiral superfields:
M? = m?%;|y)? . , (4)
¢ Gaugino Majorana mass terms:

-~ M
M= 7()\1)\1 + X222 + AsA3) + he.c. (5)
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where A;,A; and A; denote the two-component gaugino fields of U(1)y, SU(2)y
and SU(3)c, respectively. Notice that in (5), the Grand Unification constraint of
equal gaugino masses at Mx is added to the usual requirement of minimality.

Hence, the Minimal Supersymmetric Standard Model considered here is described
at the Grand Unification scale by the Lagrangian

L=W+S+ M?+ M + kinetic terms . (6)

In order to discuss the physical implications of this Lagrangian at low-energy (i.e.
at the electroweak scale), we need to renormalize the relevant parameters from My
down to Mz. A detailed discussion of this procedure will be given in the following
sections. For the time being, for the sake of setting our notation, we shall focus on the
expression of the scalar potential at Mz. The correct SU(2)L x U(1)y breaking down
to U(1)em is achieved by the vacuum

v 0 _ -
@)= (7)s = ()) @=@=o Q
V2
where the last two equalities have to be satisfied by all the scalar quarks and leptons of
the model. It is possible to redefine the phases of H; and H; so that v; and v, turn out
to be real and non-negative. The low-energy Higgs potential along the neutral direction
is then

1
V=i |H ] + 3| By — p3(HDH + hee) + 2(6" + o) (IELI - |H; P, (8)

where g and ¢’ denote the SU(2)y and U(1)y gauge coupling constants, respectively,
and 12,3 are running mass parameters. At My they read

pi=ps = mP4pu (9)
W = —Bmu. (10)

The minimization of the Higgs potential (8) yields the two constraints

o2 o = 23— pd — (i p)eos2h] (11)
1T (g2 + g'*)cos 28
. 2030, 2p3
sin2f = ——5 = 53— . (12)
vi +v3 Bi+ p3

By recalling that 2M% = (g + g")(v? + v3), one obtains for (11) the more convenient
form ) R R

tan? = (3’-3> = ,L_;_M , (13)
v pi+ M%/2

For the above desired minimum (7) to occur we must enforce a stability condition which
ensures that the potential is bounded from below together with the condition that the
origin (H;) = (H;) = 0 is a local maximum. They read:

S = pi+u;—2ul >0 (14)
B = pi-uj—us<o0, (15)

It
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respectively. From these last two conditions it is clear :that the tree-level potential,
where p1, p2, pa take the GUT scale values provided in (9) and (10), cannot yield
the desired minimum. The renormalization effects are however big enough to ensure
that the stability and breaking conditions (14) and (15) can be simultaneously satisfied
together with the two minimization conditions (12) and (13).

3. Numerical Procedure

The Lagrangian described in the previous section has still to undergo renormal-
ization down to the weak scale. These evolution effects will be analysed in the following
sections for each sector of the theory. In this section, following the analysis of [11], we
shall present the kind of procedure one uses to restrict the SUSY parameter space to
those regions where the requirement of radiative breaking of the electroweak sector can
be correctly implemented.

The free parameters present in the Lagrangian (6) are the SUSY breaking param-
eters m, M, A plus the supersymmetric parameter u. Gauge couplings and Yukawa
couplings appear also in (6). The former ones are quite well known at low energy. As
far as the latter ones are concerned, only the third generation fermions are considered
here as massive and we take the limit of Cabibbo-Kobayashi-Maskawa matrix as being
equal to the unit matrix 1 9. The matrices hy, hp and hy are diagonal and reduce at
low-energy to the elements hy(Mz), hy(Mz) and h,(Mz) which can be linked to m:(Mz),
my(Mz) and m.(Mz) through the vacuum expectation values v; and v;. The low-energy
unknowns are then m;(Mz) and tan (3. In principle, there is some uncertainty also in
the value of m;. As we shall see in section 5, the limited freedom for this parameter is
partially cancelled by a further Grand Unification condition which also simultaneously
reduces the range of allowed values of m; and tan 8. For the time being, in this section,
we shall neglect this complication and consider m; as known.

Contact has to be made between the low-energy and high-energy parameters of
the theory. This will be achieved through the renormalization group equations (RGE)
and the two minimization conditions (12) and (13). These two conditions will enable
us to fix two of the high-energy parameters, for example A and p !l.

In practice we shall proceed as follows. We shall evolve the low-energy gauge
couplings as(Mz), sin? O and am(Mz) to higher values of energy until a unification
point is found. For an effective SUSY mass at the weak scale (Msysy = Mz) and for

as(Mz) =0.114,  sin’ Oy = 0.233,  qem(Mz)=1/128 (16)

we obtain the following values for the unification mass and for the common gauge
coupling constant at the unification point:

Mx =15x 10", o3 (Mx)=244. (17)

T The results presented in Fig. 1 include also some generational mixing. This and some of the following
figures were obtained in [11] with the aim of studying the effects of flavour change induced by SUSY.
These results are obviously still valid in the approximation considered here. The values of the squark
masses used for these figures, in fact, are not sizeably affected by the small inter-generational mixing
elements in the squark mass matrices.

A different procedure of choosing the value of A and solving for tan 3 is used in [12].



70

m, = 100 GeV m, = 180 GeV
125 | v /v, = 1.2 t v /v, = 2 i

-125 1 ]
125

M (GeV)

—125
1256

0 125 250 0 125 250
m (GeV)

Figure 1: Possible configurations in the (m, M) space allowed by the conditions of radiative breaking
of the electroweak sector, for different values of m; and tanB. The range considered here is |m| and
m < 150 GeV. Each allowed point in this plot can have up to a fourfold degeneracy in (4, ).

A change of Msysy up to the TeV range affects mﬂdly these results. For Msusy > Mgz,
the gauge couplings have to be evolved in two steps, according to the 2HDM-RGE up to
the Msysy scale and then up again according to the SUSY-RGE. This type of analysis is
obviously a simplified one since a sharp transition between the two regions is assumed.
No threshold effects are included when the energy becomes high enough to allow the
appearence of a new degree of freedom in the evolution of the gauge coupling constants
and of all the other parameters in the Lagrangian (6). The same kind of sharp transition
is assumed at the scale My.

Once Mx and ax are known, for a fixed choice of (m;,tan 3), the Yukawa cou-
plings can be evolved up to Mx in the same way. The values obtained will be used as
high-scale input in the RGE for the remaining parameters whose high-scale boundary

conditions are given by (10) and by:
2 _ .02 _ o2 o2 o3
My =mg, =mp =mi=mg =m

A.t:AbzA-,-:A. (18)

2
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A formal solution for all the low-energy parameters, in terms of m, 4, M and p
and their products, can be easily obtained by inspection of the relevant RGE. Once a pair
(m, M) is chosen, the two minimization conditions (12) and (13) will provide solutions
for A and y. These are in general not unique solutions. Therefore a choice of the
four parameters (m, M, m;,tan 8) can correspond to different possible supersymmetric
realizations as observed in [11] and [12].

Now, among the “multiple” points of the four-dimensional space (m, M, m,,
tan 8) the ones giving the correct realization of SUSY have to be selected. For each
point, it has to be checked for example, that the conditions (14) and (15) are verified,
that no parameter of the theory is growing too much during the evolution from Mz to
My, and so on. Moreover, it has especially to be checked that no further unphysical
vacua breaking charge and/or colour are accidentally generated. This can still happen,
even after the removal of the points (m, M, m;, tan 3) where negative values for the
squared masses of squarks and sleptons are obtained. The minimization of the Higgs
potential (8) is, in fact, not sufficient to guarantee that the vacuum (7) is the absolute
minimum of the full scalar low-energy potential. In practice, the minimization of the
full potential cannot be achieved through simple means. In order to avoid dangerous
charge and colour breaking absolute minima, one imposes further constraints on the
allowed range of the SUSY parameters [13-15]. These conditions are only necessary to
avoid such minima [14]. They are given by:

A < 3(md + i, + ud) (19)
Ay < 3, +md + ) (20)
Am® < 3(mi, +mi +pl) (21)

In [15] one finds a detailed discussion on the conditions for which (19)-(21) may become
sufficient. In general, no necessary and sufficient conditions can be derived analytically,
and the absence of stable colour and charge breaking vacua has to be checked numerically
point by point in the parameter space. The unphysical vacua become stable in the
direction of those charged and/or coloured scalars whose fermion partners have small
Yukawa couplings (compared to the SU(2)L, gauge constant). This is certainly the case
for the bottom and tau fields, when one considers not too large values of tan3. On
the other hand, precisely in the limit of small Yukawa couplings, (19)-(21) become also
sufficient. This does not apply to (19), which remains only necessary. However, for large

enough Yukawa couplings it is possible to show that the unwanted minima lie above the
“correct” ones.

Finally, the existing experimental lower bounds on the supersymmetric masses
have to be considered and an analysis of the cuts that these impose on the SUSY pa-
rameter space has to be made. Care has to be taken to use bounds as model independent
as possible not conflicting with the main assumptions of the model we consider. These
bounds are not taken into account in Figs. 1, 6, 7 and 8. The aim there is mainly
to show the kind of restrictions imposed by the condition of radiatively induced elec-
troweak breaking in the region m < 300 GeV and |M| < 150 GeV for several values of
m; and tan .

We close this section with a comment. It has been observed that one-loop cor-
rections to the Higgs potential can unexpectedly play a major role [16-18]. Only for
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certain ranges of the scale at which one stops the renormalization of the parameters
are we allowed to neglect the one-loop corrections and use the RG improved tree-level
potential [16]. For the results presented here we have not tried to determine, case by
case, the correct range of the renormalization scale. We have, however, a posteriori
verified the stability of our results for different choices of the effective low-energy scale
in the Mz — 2Mz range. A more careful procedure was followed only in the particular
case of m; = 150 GeV and tan 8 = 40 described in section 6.

4. Gauge Couplings

We shall verify in this section that SUSY does allow the unification of the three
gauge interactions without predicting too short a lifetime for the proton. To this end,
we start by normalizing the hypercharge Y, in order to guarantee that the generators
of SU(3)c, SU(2)L and U(1)y have the same normalization once embedded in a Grand
Unifying group. The one-loop evolution equations for coupling constants, g3, g2, g1 (or

gs, g and 1/5/3 gy) look like [19]

do;

dt
where &; is defined as &; = a;/(47) = g2/(16n?), the variable £ is given by ¢ = log(u/M3z)
and b; are the coefficients of the beta function of the couplings g;. These equations can
be easily integrated to give, in terms of the low-energy parameters as(Mz), dem(Mz)
and the Weinberg angle 6w, the following relations:

ag'(Mz) = a3'(p)—bst

= —b; &2 (22)

sin? Oy Go(Mz) = a;'(p)—bat
3
5 cos’Ow as(Mz) = a;'(p)—bit. (23)

The unification of the three interactions is then possible if there exists a scale
i = Mx, such that

Gs(Mx) = @y(Mx) = a2(Mx) = ax(Mx) . (24)

The system (23) is a system of three equations and two unknowns, a&x(Mx) and
tx = log(Mx/M7z) which may not necessarily be solvable. Moreover, even if a solution
is found, one still has to verify that it is not in conflict with the existing lower bound
for the proton lifetime. It is easy to see from (23) that a unifying point for the three
couplings can be found if as(Mz), cem(Mz) and sin® fw satisfy the consistency condition

E sin? bwas(Mz) — aem(Mz) _ba—bs
3 (1 — %sin2 HW) as(Mz) by — by

(25)

The SM does not fulfill this requirement. We recall that the one-loop expression
for the coefficients b; is given by

4 22 4 1 4 1
(b3,b2,bl) = (—11+§NG, —3—|-§NG+ENH, §NG+ENH) (26)
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where Ng is the number of generations and Ny is the number of light Higgs doublets.
For Ng = 3 and Ny = 1, the right hand side of (25) gives a value which is not possible to
match on the left hand side, not even when the experimental uncertainty on as(Mz) and
sin’ Oy is taken into account. A careful analysis of these issues is contained in[20] and
in [5] from where the Fig. 2 is borrowed. The results shown in Fig. 2a are based on the
two-loop evolution equations for the running coupling constants. The same qualitative
features can be obtained also by simply using the coefficients in (26).

A quick inspection of (26) shows that the unification of the electroweak and strong
couplings cannot be achieved in the two simplest possible extensions of the SM:

e An increase in the number of generations, for example, gives the same result as
the SM with Ng = 3. The reason is that Ng enters with the same weight in all
the coefficients b; and cancels on the right hand side of (25).

e An increase in the number of Higgs doublets is in principle enough to achieve
unification. By plugging (26) in (25) one gets in fact a solvable equation in Ny
with possible solution Ng = 7. The two-loop analysis lowers this value to Ny = 6
[5]. Unfortunately these values do not give viable unification points, as it can be
seen in Fig. 2b. A generic increase of Ny, in fact, while not touching the slope of
the strong coupling, slows down the increase of a;' more than it speeds up the
falling of a7'. If one keeps increasing the value of Ny, eventually the unification
becomes possible, but for values of energy which give too fast a proton decay.

In contrast, SUSY introduces a drastic change in the values of the coefficients b;,
here compared with the ones for the SM and the two Higgs doublet model (2HDM):

(-7, —19/6, 41/10) SM
(bg,bz,bl) = (—7, —3, 21/5) ZHDM (27)
(-3, 1, 33/5) SUSY.

In particular, it manages to slow down the strong coupling constant evolution and to
achieve unification at the scale given in (17) if Msysy = Mz and the input values (16)
are used. The results obtained in [5] are displayed in Fig. 2c.

Before closing this session, we should mention that there still exist other non-
supersymmetric possibilities to achieve unification, by allowing larger groups than SU(5)
to break to the SM in at least two stages [20]. An ordinary SO(10), for example, can
break first to a left-right symmetric SU(3)c x SU(2), x SU(2)r x Up_y, at a scale My
and then to the SM at Mg. The unification cannot be achieved tﬁough if one tries to fix
Mp, in the TeV range. On the contrary, by leaving My as a free parameter, one obtains
solvable equations with viable unification point for Mz = 10 GeV. While SUSY still
allows a one-step unification and can fill the so called desert between My and My in
the lower corner, these models seem to be offering a complementary alternative.

5. Yukawa Couplings

The Yukawa couplings form the other sector of the model where the influence of
SUSY is simply felt through the increased number of degrees of freedom and the value
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Figure 2: Evolution of the strong and electroweak gauge couplings in the Standard Model, an extension
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of Msysy. The evolution equations for these couplings are
2h. = [(GY),— 6k — ], (GY), = Fas+3&+ &
2hs [(GY)b - 6’72 - ’:f - 77'3—] hy, with (GY), 13—6&3 + 3az + 1—75&1 (28)
2h, [(6Y), — 4h2 — 3RE] R, (GY), = 3&;+ &

I
i

fl
Ii

and with h; = h;/4r. The convention h; = dh;/dt has been adopted in order to
have a more compact form of the equations. Since the 2HDM-RGE have exactly the
same structure as the supersymmetric ones, we give for comparison only the evolution
equations for the Yukawa couplings in the SM

2he = [(GY),~ 2712 — 2h2 — huau?] B, (GY), = 8+ 38+ 1
2hy = [(GY)b -3 %7'12 - ’:3—] ks with (GY), = 8as+} 102 +
2"-7"" = [(GY)r - 3ht2 - 37)’? - %7",2—] 711' (GY)T = Zag +3 Zal .

(29)
Due to the presence of only one Higgs doublet, the equations (29) differ from (28) in
the contribution of the top quark to the renormalization of the tau Yukawa coupling.

The nonlinearity of the equations (28) makes the increase of the Yukawa couplings
with energy quite fast. This feature, present also in the SM and the 2HDM equations,
is in (28) quantitatively enhanced by the presence of new degrees of freedom. Given
the value of the coefficients of @; and h; in (28), the Yukawa coupling relative to the
existing lower bound on the top mass of 89 GeV [21],

he=—>—~05 (30)

is still not quite competitive with the strong coupling g3, but it becomes dangerously
so as soon as m; approaches 180 — 190 GeV. The requirement of applicability of (28)
throughout the evolution of the low-energy parameters up to the GUT scale, is then the
origin of the existence of an upper bound on the top mass in supersymmetric models.
The approximate value of 196 GeV is obtained in the limit tan 8 > 1, but lower upper
bounds are obtained for intermediate values of tan 5. The too fast growth of h; while
approaching the GUT scale My is also the reason why sufficiently high values of m,
may not give acceptable solutions of the equations (28) for tan 8 too close to 1 **.

A few more observations are in order regarding the boundary conditions of the
evolution equations (28):

e The Yukawa couplings entering in (28) are related to the third generation fermion
masses and to tan 8 by

m(Mz) _ h(Mg) o m(Mg) _ h(M)
my(Mz) — hy(Mz) T ome(Mz)  h(Mgz)

(31)

**We restrict ourselves here to values of tan3 > 1 as predicted by SUSY before the introduction of
radiative corrections to the Higgs potential. This modification, while allowing smaller values of tan 3
would not modify the discussion for values greater than 1.
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Figure 3: Restrictions imposed upon the values of m;, my and tan 3 by the condition hy(Mx) = h,(Mx)
and the request of validity of perturbative calculations.

Besides m; and tan G being unknown, also the value of m; is plagued by uncer-
tainties. We can only restrict ourselves to a range of values 4.2 — 5.2 for my(2m,).
The values of m;(Mz) can then be obtained by QCD evolution.

¢ The GUT scale values of the Yukawa couplings, while unknown, are nevertheless
linked to each other by relations depending on the particular Grand Unified model
considered. For an underlying SU(5) and SO(10) symmetry we have respectively

hy(Mx) = h(Mx) (sU(5)) (32)

he(Mx) = hy(Mx) = h(Myx) (50(10)) . (33)

Both conditions reduce the region of parameter space, tan 8, m:, m; [11,22,23].

We choose to impose the condition (32). For fixed values of m;, for the input
parameters (16) and for the GUT scale parameters (17), we scan the allowed values of
mp and tan § until solutions of the evolution equations (28) satisfying the unification
conditions (32) are found. The results shown in Fig. 3 (taken from [22]) are quite

obvious:

e For fixed values of tan 8 an increase in the top mass favours smaller values of m; in
the phenomenologically allowed range. Higher values of Aj; would further increase
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the growth of h¢, as it can be seen from (28), spoiling (32) first and then giving
values of h; not acceptable in the perturbative regime. This explains why in Fig. 3
the curves with smaller values of m; are always above the ones with higher m;.

e On the other hand, for fixed values of m; and for small values of tan 3, an increase
in tan § gives naturally higher values of h; and of my, for by < h;. Further increases
of tan B require still higher values of h; without influencing very much m;. All
the curves display in fact a central plateau. Moreover, smaller values of h; have
to be used in order to mantain m; unchanged. Eventually, the region hy ~ h;
is approached. Further increases of tan3 can start affecting the condition (32)
explaining therefore the sharp drop of the curves for high values of tan 3.

e The lower possible value of my(Mz), compatible with a fixed value of m(Mz)
gives a top dependent upper bound of tan 8

my(Mz)

(tanﬂ)m‘x ~ —T;L;(—]M_—Z) .

(34)

This value is obviously obtained in the limit h; ~ hy . It was also shown in a
different context [12] that values exceeding this bound would be in disagreement
with (14).

These features are also implicitly studied in [11] and used for Figs. 1, 6, 7 and 8.
It can be observed in Fig. 1, for example, that for m; = 100 GeV, a numerical solution
of (28) is found for tan 8 as small as 1.2, while for m; = 180 GeV, a solution is obtained
only for tan @ > 2. For this same m;, values of tan 3 in the range 2 — 2.5 violate the
condition (32).

We conclude this section by observing that it is quite hard to satisfy the condition
(32) in the SM. The presence of the top Yukawa coupling in the evolution equation for
h, and the lack of a3, makes the ratio hy/h, too big for a top mass ~ 140 GeV [24].

6. Higgs Potential Parameters and SU(2)y, x U(1)y Breaking

As already mentioned, one of the reasons for the success of this theory was due to
the realization that the logarithmic radiative corrections to the mass parameters of the
scalar potential were big enough to induce the breaking of the electroweak sector. This
result, initially obtained for an effective SUSY breaking of O(Mz), remains unchanged
if the SUSY breaking scale moves up to the TeV range. This mechanism, besides being
appealing, has the clear advantage of avoiding additional Higgs fields and therefore of
keeping the number of new free parameters of the theory quite small.

It was observed in section 2 that the GUT scale values of uy, pa, ps are quite
far from satisfying the stability and breaking conditions (14) and (15) and the two

tSome attempts have been made in the past to obtain an absolute upper bound on tanB. It was
argued in [6] and [8] that for increasing values of h¢(mz) ~ hs(Mz), hy would eventually evolve to non-
perturbative values. Some non-admissible value of hy(Mz) was then used to constrain the value of tan g3
independently of m;.
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minimization conditions (12) and (13). Their low-energy values can be obtained from
the evolution equations

(Iﬁ) = (GH)g - 3hs (55), — R (55),

(B) = (GH)g—3hi(SS), (35)
(k) = [(GH),— (3h?+ 3R} +hk2)| uk
mBp = —[(GH)p — (3h?4, + 3R 4, + B2 4,) m] (36)

where the definition i3, = p}, — ph has been used. The subscript R in p} and Br
distinguishes these renormalized parameters from the high-scale ones 4 and B. The
relation (10) at low-energy then reads py2 = —Brmpug: From this and (36) one can
easily obain the evolution equation for u2. The gaugino and scalar masses contribution
to (35) and (36) are

(GH)y = 3a,M} + 3a, M} (88), = (m}+m})ss + aj+ Aim?
(GH)“ = 3&2 + %&1 and (SS)b = (mz + m%)33 + I“_l"i + Agmz
(GH)y, = 3a:M; + §&1M1 (88), = (m% + m%)ss + i3 + Aim?

(37)

It is easy to see from the previous equations that u2 decreases faster than u? since
its evolution is driven by the top quark, and both pu? and p? decrease faster than pl.
These three quantities start evolving down from the initial conditions (9) and (10) to a
situation where

2)? 2\2 _ 2 2 i+ pd)’ 2\?
(Ns) < (IJ*z) <Py Mg < 2 < (I~'*1) . (38)

It is still B > 0, which also implies § > 0. Afterwards, p2 decreases even further,
while evolving down to lower energies and eventually equals p2. The SU(2), x U(1)y
breaking becomes possible when p2 is located between the geometrical and arithmetical
mean of y? and p2 without y? and p? having necessarily to be negative. An example is
given in Fig. 4 where suitable values of A and p are taken after having tested that they
do satisfy the correct breaking pattern.

A few more considerations can be drawn here on the possible values of tan 8 with
respect to the SUSY parameters:

¢ If no correction to the Higgs potential (8) are added, at the electroweak scale one
generally has 2 < p?. The minimization condition (13) then implies tan 8 > 1.

e For top masses above the existing experimental lower bound, values of tan 3 too
close to one (i.e. h: > hy) but still compatible with the requirements of pertur-
bation theory, may admit only a very limited region of SUSY parameters. This is
the case of tan 8 = 1.2 for m; = 100 GeV depicted in Fig. 1. We see there in fact,
that too big values of the gaugino parameter M would bring p? too far from p?
through the indirect effect of the term (SS5), in (35).
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Figure 4: Evolution of p?, pf and 43, from the unification scale to the weak scale. The two figures
correspond to the same value (m, M), but different solutions of A and .

o Heavy enough values of m, cannot allow an arbitrary increase of tan 3. Since it

is in this case hy ~ h;, the evolution of u? and u2 becomes more and more similar
limiting therefore the value of tan in (13). As already mentioned, the upper
bound (34) was also derived in [12] making use of the boundedness of the Higgs
potential and the conditions imposed by radiative breaking.

For hy ~ h; the value of u2 giving the correct electroweak breaking, forced to lie
between u? and p2, becomes smaller and smaller the more h; approaches h;. A
small value of u? implies either a small value of ur or a small value of Br. We
find this second possibility for m; = 150 GeV and tan 3 = 40 throughout the full
range (m, M) considered, i.e. 0 < m < 250GeV and 0 < M < 470GeV. This
solution is shown in Fig. 5 where for each point in the two-dimensional space
(m, M), also the values of ur and Bgr compatible with the radiative breaking of
SU(2)L x U(1)y are displayed. Negative values of M, also allowed, are not shown
for simplicity. This situation is quite “extreme” since it requires a value of m;
at the lower limit of the range we allow. It is nevertheless quite instructive. The
narrow distribution of the values of By around zero shows, however, that some
fine-tuning among all the parameters is needed. For this reason, the approximation
Msusy = O(M3z) is not possible here. This solution was obtained by stopping the
downward renormalization of squarks and gluinos at the average value of their
masses obtained for each pair (m, M).
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Figure 5: Possible supersymmetric realizations for the “extreme” choice of m; = 150 GeV and tan 8 = 40.
For simplicity, only positive values of M are plotted here.
7. Gaugino Masses

Starting from this section we shall discuss the type of supersymmetric particle
spectra one can obtain in the Minimal Supersymmetric Standard Model. We start here
with the gaugino masses determined by the parameter M. This common parameter
equations

in (5) renormalizes down to three distinct values M;, M, and M; according to the

dM;

a1 = -—b, CtiM,' (39)
with the coefficients b; already given in (27). For Msysy = Mz and the usual input pa-
rameters (16), the ratios M3/M, Ma/M and My/M are 2.79, 0.82 and 0.42, respectively.
M; and M; enter in the chargino and neutralino mass matrices. Mj; gives the gluino

mass g, once a possible negative sign allowed for the parameter M is removed. Except
for some particular values of m; and tan 8 and only in a limited region of m (see the

cases m; = 100 GeV and tan = 1.2 and 8), no lower limit on my can be inferred in this
model. A comparison with the experimental lower bound for my is given in section 9.
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8. Chargino, Neutralino and Higgs Masses

The chargino and neutralino sector is entirely determined by M, the value of pa-
rameter i at the weak scale, which we indicate with ug, tan 3, the Yukawa couplings
and the electroweak gauge couplings. We shall examine these three sectors in the fol-
lowing. The results are shown in Figs. 6 and 7.

Chargino Masses:
The relevant terms in the low-energy Lagrangian are [25]

1 = = wt . | Mz gv,
5 {(W HI) Mo (E;' ) + h.c.} with Mg = ( v un (40)

where Wt = —i)\t = —i(M F Z.Az)/\/i. We denote by )21",2 the mass eigenstates for the
Lagrangian terms in (40). By using the relation 2M% = ¢*(v? + v}) and by assuming

M and p to be real, it is easy to see that the chargino mass eigenvalues can be written
as

M? 24+ o2M2 1
m?, =2 tHRt2Wy | V(MG + i+ 2M3 ) — 4 (Maun — Mysin2B) . (41)

X1,2 2

For tan 5 >> 1 one may expect to obtain the characteristic gaugino-higgsino spec-
trum. In this limit and for small g in fact, the two eigenvalues are:

M2 2

mi, ~ 2HR

X~ W oD m;r ~ M +2M3; . (42)

It was argued that high values of tan 3, favoured by a heavy top mass, should
have led to the detection of a light chargino at LEP. In practice the situation is far from
being so simple. High values of tan3 do imply small values of 2, but this does not
allow us to draw a definite conclusion on y (see Fig. 5). The interplay between g, M;,
tan § and indirectly also of all the other independent parameters of the theory, is more
complex for tan 8 > 1. In principle, the full range of masses from approximately zero

up to the rough upper bound given by the chosen value of M is allowed for the lightest
chargino %7 .

Neutralino Masses:

A similar situation holds also for the neutralino masses. The relevant term of the
low-energy Lagrangian is in this case:

M, 0 —g'v1/v/2 g'v2/ V2 B

1~ = — — 0 M v/vV2  —gun/v2 || W

—B,W,HO,HO 2 an gvs Y3
2( 3 1 2) _glvl/\/i gvl/\/i 0 —UR H](.] + h.C.

gv/vV2 —gvi/V2  —pr 0 H?

(43)

We indicate by % the four-component (Majorana) spinors obtained in terms of

the two-components mass eigenstates x? (z = 1,4), (%! = (x?,%?))- As shown in Fig. 6,
the lightest of these states, X? can have a mass from zero up to a maximum value in
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Figure 7: Charged Higgs masses obtained for the same values of the SUSY parameter space considered
in Fig. 1.

general quite smaller than the corresponding maximum value allowed for Mgt in the
same region of SUSY parameter space.

Higgs Masses:

The Higgs sector is the one which has received the greatest attention lately. Five
physical scalars appear in this sector after the spontaneous breaking of SU(2); x U(1)y.
We denote by HY, the two CP-even mass eigenstates, by Hy the CP-odd state, and by
H#* the two charged ones. The tree-level effective potential (8) allows the following mass
spectrum for these scalars:

mie = ul4pl = 2u3 (44)
H = KTy = sin28
mys = My +mp, (45)
and
1
m%,i;,Hg=§[ fqg+M§:l:\/(qug+M§)2—4qugM§cos22ﬂ] . (46)

At the tree-level then, the following relations hold independently of the value of tan 3
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Until recently, the second of these two relations was considered the main test of
SUSY. The lack of observation of a Higgs particle below the Z mass was considered
enough to completely rule out the model. The situation has changed drastically after
the radiative corrections to the potential (8) have been added (more details will be
given in the following lectures). The most affected of all the five Higgs is of course HY
whose mass can be as small as zero if no corrections to the potential (8) are considered.
Smaller is the effect on the remaining four scalars. Of these, the pseudoscalar is the
one which sets the scale for mpy and mpg+. We have already observed that in the limit
he ~ hy, p2 can be quite small while tan 3 approaches the maximum value allowed by
my and m; (34) ie.tanf ., ~ myMz)/my(Mz). In this case, mye can be very light
or nearly massless bringing therefore the values of mgy and mpg+ down to Mz and
Myw, respectively. The decrease of mg+ with increasing values of tan 8 can already be
observed in Fig. 7, even for not so high values of tan 8.

We conclude this section by observing that for average values of tan 3, as shown
in Fig. 6 and Fig. 7, this model indicates that the neutralino has the lightest possible
spectrum among the particles considered in this section. For the same choice of SUSY
parameters, the charged Higgs is on average heavier than the lightest chargino, although
the situation may be different for tanf > 1.

From the experimental point of view the possibility of imposing lower bounds on
the masses of these particles is far from being obvious or assumption-free. Absolute
lower bounds exist only for the charged particles, i.e. chargino [26] and charged Higgs
[27]. They come from LEP and they are about 45 GeV.

As for the neutral Higgses HZ and HJ, the situation has been considerably com-
plicated by the addition of the one-loop corrections to the potential (8). The prediction
mpy < mpyp is not valid anymore and the new decay H? — H2H? becomes possible.
Moreover, the search for neutral Higgses at LEP in the two channels ete™ — Z — H?Z*
and ete” — Z — HJHY is now sensitive to the top mass and the scalar quark masses,
in particular the scalar partner of the top quark. The regions mpgy < 41 GeV and
mps < 31 GeV have been excluded at 95% CL (28] for m, = 140 GeV, m; = 1TeV and
under the assumption that no mixing exists between the left-handed and right-handed
component of the stop. As we shall see in the next section, the scalar partner of the
top quark plays a particular role in the model we discuss here and these assumptions
are quite far from being theoretically justified in this particular framework.

9. Scalar —Quark and —Lepton Masses
We start by considering the squark mass matrices. The 6 x6 matrix of the @ = 2/3

sector is formally written in terms of the 3x3 submatrices M, M _ and Mj _ as
follows:

—~ MtszL Ml?]LR
M= : (48)
Mpn My,

M and Mf__ are the mass matrices of the left- and right-handed component of the

up-type squarks, while Mj__ contains the mass terms mixing the two components. It
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holds that:
2 . 2 2 2 2 L
My, = diag (mé- mz mg, + mt) — |DTy| 1
Mp,, = diag(m} ,m} mp +mi) -~ |DTJ| 1
Mf,—m = diag(0,0,(Asm + pr cot B)m,) (49)

where DTI’;—"R are the so-called “D-term” contributions given by
DTER — MZcos2p (Tg- — Qusin BW) . (50)

Similarly, the corresponding 3x3 submatrices Mp,,, Mp,, and Mf;m for the
Q = —1/3 sector are

2 2 2 2 L
Mp,, = diag ( ms %n,ma“ + mb) +|DTp| 1
My = d1ag( % ,mD",m% + mg) + |DTE| 1
M} = diag(0,0,(4m + pr tan ) m;) . (51)

The “D-term” contributions for the down-sector can be obtained from (50), once
the correct quantum numbers are substituted for the ones for the up-sector. The same
rules apply for building up the mass matrices of the lepton superpartners. The scalar
neutrino mass matrix is only a 3x3 matrix, since neutrinos are here considered massless
and do not have right-handed components.

A simple reshuffling of rows and columns in the matrices (49) and (51) gives a
block-diagonal matrix with 2x 2 diagonal submatrices for the first and second generation
and 2 X 2 non-diagonal ones for the third generation. Moreover, since we neglect here
the masses of the first two generations of quarks and leptons, the evolution of the masses
of the first two generations of sfermions is determined by the same equations. Once we

introduce the notation mg- =mi =mi =mi mi =mi =mi , mi =m%t =ml

UL dy, Uy, Uz ur’ Dy D,y dr
and similar definitions for the leptonlc sector, these equations have the simple form

16

(m3,) = (m%) = (GG)g = M} +38,M} + &M}
, 16, ., 16_
(m;‘R = (GG)U = ?a3M3+—1—5-a1M1
, 16 4_
(m}) = (GG)p = 3a3M2+Ea1Mf
(mf,)=(m},) = (GG), = &2M3+-5¢1Mf
- 12
(mi) = (GG)p = ?ale (52)

The evolution of the first two generations of sfermion masses is driven only by the
gaugino masses and their low-energy value can be expressed as m2 = m? + Cy(§)M? +
DT(§). In particular, for the input values (16) and for Mgysy = Mz, it holds that:

m;z‘-L = m®+6.51 M? — 0.35 M2 |cos 20|
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m%R = m?+6.09 M* —0.16 M3 |cos 28|
m%L = m?+6.51 M® +0.42 M2 |cos 20|
m%R = m®+6.04 M? +0.08 M2 |cos 28|
m%L = m®+0.52 M? +0.27 M2 |cos 28|
mi = m’40.15 M?+0.23 M} |cos 26|
mi = m?40.52 M*—0.50 M} |cos 28] . (53)

We observe here:

2

o The corrections to the initial value m? are quite substantial.

o The values of the coefficients Cy(§) have to be considered as indicative. A change
of ag and sin’ @y in (16), within the experimental error, induces small changes in
in the gauge couplings contribution to the equations (52) which are only partially
neutralized by the variations also induced in the unification scale My. Moreover,
a change in Mgysy from Mz to 2Mz can affect these coefficients up to a factor
of 15%. Notice that for the same variation of the SUSY scale and for the initial
value of as given in (16), the ratio m;/M changes from 2.79 to 2.61.

¢ The “D-term” contributions tend to increase the values of the down-type squarks
and slepton masses, but to decrease the value of up-type ones. The effect is not
very big for squarks, but is quite sizeable for sleptons. For m ~ M ~ My in fact,
the decrease/increase for up/down squarks is about 5%, but the correction can be
up to 20 and 30 % for scalar electrons and sneutrinos.

The spectrum of the third generation of squarks and sleptons is more complicated.
To begin with, the 2 X 2 submatrices which can be obtained for this generation from
(48), (49) and (51), are not diagonal. We give explicitly the ones for the squarks of the
third generation
m%” +mi —|DTF| 1 (Aem+ preotB)m,
M2 = ‘ (54)
\ (Asm + pg cot B) m; m%” +m?— |DTE| 1
m%” +mj —|DTE| 1 (Asm + pg tanB)my
M: = ) (55)
(Asm + pr tan 8) me m:] +m? — |DTE| 1
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As we can see, the non-diagonal pieces can have a quite substantial size. Moreover,

the renormalization group equations for the diagonal terms are also different from the
equations (52). Ag.ain, by using the notation mg ,=mi :mgL, m%” =mi, m%” =m§R
and similar definitions for the leptonic sector, we can write them as

(m})=(m}) = (GG)g— RI(SS),— hi(SS),

tr



(m3) = (GG)y—2h}(55),
(m?) = (GG)p—2hi(SS),
(mh) = (mh,) = (€6~ R(sS),
(m) = (6G)5—2 R (S5), (56)
The gauge terms (GG); are given in (52) and the scalar field terms (S5S),, (SS), and

(85), in (37). The evolution down to the weak scale is driven not only by the gaugino
masses, but also by the third generation’s Yukawa couplings, i.e. mainly by the top mass
and the value of tan 3. The effect is that the values of the coeficients Cum(g) for the
third generation’s sfermion masses are smaller than the ones listed in (53). We shall
distinguish here the two situations hy < h; and hy ~ h,.

hy < by
In the specific case of m; = 150GeV and tanS = 3 (the condition hy < h; is
here certainly verified), the decrease of the coefficients Ci(§) with respect to the ones
for the first two generations is about 15 % and 30 % for m% = mtgL = mgL and m?R,
33
respectively. It is negligible for m X m. and m- . The conclusions which can be drawn
for the stop, sbottom and stau mass elgenstates are therefore the following:

o Both left-handed and right-handed diagonal terms in the stop matrix (54), are
below the corresponding values of the up-type squarks of the first two generations.
As already observed, the decrease of the coefficient CM(fR) is twice as much as
the decrease of CM(fL) (notice the factor of two multiplying A? in the evolution
equation for m} ) Moreover, the off-diagonal terms in (54) are in this case quite

big. The eﬂ'ect is that one of the two stop mass eigenstates, which we call #;
has a mass smaller than the entry m;, in (54). On the contrary, a partial/full
compensation of the difference between the value of m;, in (54) and the masses
of the remaining four up-type squarks is obtained for the second mass eigenstate

- One mass eigenstate is then either comparable to the almost degenerate four
up type squarks, or moderately below them, according to the value of m, and
the region of SUSY parameter space considered. The second one #;, can have a
much smaller mass, in principle even compatible with zero as shown in Fig. 8 for

= 100. For some of the points already excluded in Fig. 8, the off-diagonal
terms of the matrix (54) can be big enough to drive mtgl ta negative values. The
contribution of m, to the diagonal entries of (54), up until now neglected, has
the effect of reducing the splitting between the two stop mass eigenstates. For
increasing values of m;, but still such that hy < h;, the diagonal terms in the
matrix (54) grow faster than the off-diagonal ones. Notice in fact, that no values
close to zero are present in Fig. 8 for m, = 180.

¢ As far as the sbottom mass matrix is concerned, practically no splitting is intro-
duced by the off-diagonal terms in the matrix (55). Since hy < hy, the heavier
of the two mass eigenstates, by, is roughly the right-handed component b5, nearly
degenerate with the other four down-type squarks of the first two generations.
The other one, which we indicate with b;, is smaller. The size of the splitting of
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Figure 8: Masses of the lightest stop and sbottom quark mass eigenstates, here indicated as %; and dy
obtained for the same values of the SUSY parameter space considered in Fig. 1.
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these two eigenstates depends of course on the value of m and M. By inspection
of Fig. 8a and 8b, we can conclude that as far as hy < hy, t1 is on average lighter
than b]_. l

e The third generation of sleptons is a replica of the first two. The effect of the
Yukawa coupling h, in the RGE for m% and m%, is in fact almost negligible com-
pared to the gaugino contribution. The lightest mass eigenstate 7, is practically

the SU(2)L-singlet component 7g.

hy ~ hy

In this case, the. decrease of all diagonal entries of both stop and sbottom mass
matrices is similar. For m; = 150 and tan 8 = 40, the gaugino contribution to these
masses decreases with respect to the contribution it gives to the first two generation’s
squarks masses of about 25-30 %. In the leptonic case this decrease is sizeable only for
mﬁR (roughly 20 %) but negligible for mﬁL. The observations one can make in this case

are:

¢ The off-diagonal terms are now quite relevant in both stop and sbottom mass
matrices, either for the presence of m; or for the presence of tan 3. The same
considerations made before for the £ hold here also for 5. Moreover, since the
sbottom matrix does not have a direct dependence on m; in the diagonal terms,
b, can be in principle smaller than #; for heavy top masses and for big enough

tan .

e Also in the case of ¥, a large splitting between the two mass eigenstates can be
introduced by big off-diagonal terms in the mass matrix. The different renormal-
ization pattern present in this case can further enlarge this splitting. Moreover,
due to the smaller sensitivity to the value of M, the lightest stop 7y, can be lighter
than #; and b, [12] in some regions of the SUSY parameter space

Some interesting phenomenological implications which can be obtained for large
values of tan 3, are discussed in [12].

As for the case of chargino, neutralino and Higgs bosons, no experimental search
has brought so far any evidence for the existence of squarks and sleptons. The best lower
limits on the slepton masses coming from LEP [26] exclude values of about 43 GeV for
photino masses up to 20 — 30 GeV. The assumption made in these searches that the
sleptons decay directly to the lightest supersymmetric particle (LSP), assumed to be
the photino, are obviously acceptable for these values of masses. Moreover, a possible
splitting between the left- and right-handed components Iz, and [ is also considered in
these analyses. The situation is more complex as far as the bounds on squarks and gluino
masses are concerned. The recent CDF limits [29] mj > 150 GeV (independently of my)
and my > 150 GeV (for my < 400 GeV), rely on at least two assumptions not supported
by the Minimal Supersymmetric Standar Model. One of them is that all the squarks
are considered as degenerate, the second is that squarks and gluinos are supposed to
decay directly to the LSP withouth intermediate decays to charginos or neutralinos [30].
Obviously a more complete analysis which is able to relax these two assumptions, cannot
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be performed without specifying a particular theoretical framework. An attempt in this
direction is made in [31] where the study of these cascade decays, as predicted by the
Minimal Supersymmetric Standard Model, allows one to estimate that the CDF limits
should be lowered by about 30 GeV.

10. Conclusions

In closing this lecture we would like to point out that the predictive power of
this model strongly relies on the minimal choice of parameters made at some high-
scale and on the fact the electroweak breaking can be induced by radiative effects. The
possibility of reducing to only four the number of new parameters to be introduced in the
theory, is certainly not theoretically motivated and may be considered as a drawback
of this model. On the other hand, we have shown through a few examples that the
experimental searches for supersymmetric particles are far from being assumption-free
and are in many cases already inspired by this model. It might also become harder and
harder to perform searches of supersymmetric particles heavier than the ones excluded
up to now in a model-independent way. Moreover, in spite of its small number of
parameters, this model still offers a very rich spectrum of masses and only a serious
threat from experimental side could convince us to dismiss it.
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Abstract

Supersymmetric models with R-symmetry predict a stable lightest super-
symmetric particle (LSP). The relic mass density of the LSP in the standard
big bang model is discussed. For the minimal supersymmetric model the
constraints on the mass spectrum from the new LEP data imply that this
density is negligible, unless the LSP would be heavy.

1 Introduction

The main achievements of the standard big bang model of cosmology (see [1-2]
for reviews) are the explanation of the microwave background radiation and the
abundances of the light elements. The theoretical description of both phenomena
starts with an equilibrium state in an energy range where the particle spectrum
and the interactions are well understood and traces the development of the particle
densities in the expanding and cooling universe by rate equations. It is quite natural
to extend this method in order to find the cosmological implications of hypothetical
particles and interactions. If the strength of the latter one are comparable at least
with the weak interaction, the particles will be in equilibrium down to temperatures
of O(1 MeV)-O(1 GeV). The initial conditions for the calculations are therefore not
affected by earlier cosmological events, such as the weak phase transition or details
of inflationary scenarios, which are less understood. The bounds obtained by these
calculations are therefore reliable. The main uncertainty in the above mentioned
temperature interval is due to the unknown details of the presumed quark-hadron
transition at temperatures between (150 — 400) MeV.

Such investigations have especially been carried out for supersymmetric theo-
ries since they predict a particle spectrum and interactions which are sufficiently
constrained by the symmetry.
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In the minimal supersymmetric extension of the standard model MSSM [3] it is
the most economical way to introduce an R-parity in order to rule out baryon and
lepton number violating dimension-four operators which would lead to an unac-
ceptably high proton decay rate. The particles of the MSSM have a multiplicative
quantum number -R under this discrete symmetry, which can be written in terms
of the baryon number B, the lepton number L and the spin J as

R= (_1)2J+BB+L. (1.1)

Since all supersymmetric partner particles have R = —1 and all standard model
particles have R = 1, R parity forbids the decay of the lightest supersymmetric
particle (LSP). In the standard big bang scenario, the LSP was in equilibrium in
early epochs of our cosmos. A reduction of the number of LSPs can only proceed
via pair annihilation, which however becomes more and more unlikely in the ex-
panding universe. The calculation of the present energy density can be performed
by integrating the detailed rate equation for the LSP [5-8]. Since this energy den-
sity is constraint by the lower bounds on the age of the universe, which come e.g.
from radioactive dating methods, we can get constraints on the supersymmetric
model. On the other hand, a neutral LSP with a sensible contribution to the en-
ergy density of the universe could account for the so called dark matter problem.
Also galaxy formation models with weakly interacting massive particles (WIMPs)
are nowadays preferred. '

If the LSP would be charged or strongly interacting it would condensate with
ordinary matter and super-heavy isotopes should be found. The constraints on the
latter ones [15] exclude this possibility. Unbroken R parity therefore implies that
the LSP is weakly interacting and should be detected in collider experiments by
missing energy signatures. One should keep in mind that the introduction of R
parity 1s not compelling. Other discrete symmetries which avoid too fast proton
decays do not imply a LSP [4]. Relaxing R symmetry would invalidate the above
chain of argumentation.

Also the gravitinos can have cosmological implications even if they are not the
LSPs. Since they couple only gravitationally, they went out of equilibrium at a
very early time when the temperature (cf. sec. 3.4) was of order O(10'7 GeV),
i.e. without being suppressed by a Boltzmann factor like in (4.3). Most likely the
gravitino number density was in the following diluted by an inflationary expansion
and recreated hereinafter during the reheating period, which is caused by the ther-
malisation of the vacuum energy. That is the initial abundance of the gravitino
density depends on the reheating temperature of the assumed inflationary scenario.
Because of this uncertainty in the contraints coming from the gravitino, we like to
sketch the corresponding arguments only briefly in the following and devote the
main part of the time to the contraint on the relic density of the WIMP.
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Due to its relatively long lifetime 7 = 4.2 x 10% (1 TeV/rn3/2)3 sec the en-
ergy density of the gravitino or its decay products, respectively, can invalidate the
successful nucleosynthesis predictions and/or distort the distribution of the back-
ground radiation, if the gravitinos where copiously reproduced after the inflation.

One possibility to avoid these difficulties is to make the gravitino so heavy that
it decays before nucleosynthesis, which implies mz;; > O(10 TeV) [9]. The first
effect of the presence of the gravitino mass density on nucleosynthesis is to en-
hance the Hubble expansion roughly at the cosmic time t ~ .7 sec, which leads
to a higher ‘freeze out’ temperature (cf. sec 3.4) of the neutron to proton ratio
(Nn/Np) = exp(—(mn — m,)/T). This will lead to more neutrons at the decou-
pling temperature. Since practically all neutrons which did not freely decay in the
following are incorporated into *He this leads to an higher *He abundance. In [7]
the restriction on the latter one was used in order to refine the bound of [9] to
mgsz > 19 TeV. In this scenario the gravitino decays when it dominates the energy
density as a non-relativistic particle. The corresponding entropy increase will wash
out any baryon asymmetry, which was produced before.

If the gravitinos are lighter m3/;, = O(10 GeV) — O(1 TeV) they will survive
until the synthesis of the light elements starts roughly at ¢ ~ 150 sec and beyond
that. In this case the authors of [10] have found that the strongest bound on the
gravitino number density comes from the photo-dissociation of of *He into deu-
terium and ®He, by cascades of energetic photons triggered by the decay products
of the gravitino. This bound implies that the reheating temperature has to be less

then T < 2.5 x 108 GeV (m3/2/100 GeV)_l. This low reheating temperature did
not allow for the production of a sufficient baryon asymmetry in the framework of
the corresponding supersymmetric GUT. However since it was noticed that non-
perturbative baryon, lepton and CP violating processes can generate the baryon
asymmetry below the weak phase transition ([11] and ref. therein), this bound on
Tr became doubtful.

Finally there exists the possibility that the gravitino is the LSP. If there were
no suppression by inflation the gravitinos would have to be rather light ms/; <
1 KeV [12], otherwise they would contribute to much to the present day energy
density. The next lightest SUSY particle will decay into the gravitino with a
lifetime comparable to the one above. But this causes not as serious problems
with nucleosynthesis and background radiation because the number density of this
WIMP is sufficiently Boltzmann suppressed (cf. sec. 4.1).

Problems similar to the gravitino problem but harder to avoid occur in super-
gravity theories, where the supersymmetry breaking is performed spontaneously in
the hidden sector. This is because the hidden sector contains light fields which cou-
ple only through gravity. When the latter one become non-relativistic they develop
coherent field oscillations like the ‘invisible axion’ [13]. Their energy density then
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falls like p o R=3. This occurs when the energy density of the matter is still radia-
tion dominated p,, « R™*, such that the energy density of the ‘hidden field(s)’ will
overcome the one of the ordinary matter and contribute too much to the present
day density. This so called Polonyi problem has up to now no convincing solution
see ([14] and ref. therein).

We begin our discussion with a short review of the dark matter problem. Es-
pecially we will see whether a weakly interacting particle WIMP can play a role
as a dark matter constituent in the universe. In section three we explain the basic
ingredients of the standard big bang cosmology. We will discuss in some detail the
age constraint on the density of the LSP. The methods to calculate the relic density
of the LSP are described in section four. Recent results on the relic density of the
LSP in view of the new LEP data are given at the end of section three.

2 Dark matter in the Universe

When astronomers study the dynamics of systems on scales greater then a few
hundred pc’s they are regularly led to the conclusion that either Newtons law of
gravitation is violated in the regime of low acceleration [16] or that there must be
a large amount of matter, which is not associated with light [17]. Adopting the
latter interpretation one observes that the larger the amounts of dark matter is the
larger the scale of the investigated system, see figure 1.

Oort reported in 1932 [18] that roughly half of the matter in the galactic disk
in the vicinity (kpc) of the sun must be hidden. This fact was obtained by fitting
gravitational potentials in order to explain the observed density distribution and
the velocity dispersion perpendicular to the galactic disk of so-called tracer stars.
More recent investigations [19] along the same lines confirm that within layers of
scale heights less than 0.7 kpc above the galactic plane the ratio between visible
and dark matter is 0.5 < pagrk/puis < 1.5. Estimates for the dark matter in the
elliptical galaxies and the bulges of spiral galaxies using stellar dynamics have also
been performed [20] and references therein.

On the scale of tens of kpc’s one observes [21] that the orbital velocities V,
of radial motions around spiral galaxies are roughly constant from the edges of
the galaxies, where the light effectively ceases, up to the far outer regions, where
the brightness is only one percent of the central region. These rotation curves
suggest by applying simply Keplers 3rd law GM(r) = v?r that the galaxies are
surrounded by a roughly spherical halo of dark matter with a radial mass density
distribution M(r) o r. To calculate the total mass contribution of the dark matter
one has to estimate the radius of the halo. This can be done using the upper
observational bound on the the local escape velocity. Likewise the kinematics of
the Magellanic cloud, local group timing or the kinematics of satellite galaxies [20]
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can be used to estimate this radius, see figure 1. Using an averaged number density
for the galaxies one gets for the mass contribution of the dark matter in the whole
universe (; = p;/perit), cf. (3.8) and (3.7),

Qdark ~ 0.1 210 Qvi5,

i.e. its mass represents 10 % of the critical mass of the universe, while the visible
mass contributes only one percent to the critical mass.

On the next scale, 100 kpc’s to 1 Mpc, one estimates the mass of groups of
galaxies using the virial theorem [22], which states that one has for the time aver-
age of the kinetic energy K and the potential energy W : 2(K)time + (W )time = 0.
In practice one can measure by blue-red-shift determination only the momentary
velocity in the line of sight. If the system is well relaxed one can use 2K + W = 0.
Assuming the masses of galaxies in groups are typical, one gets from this observa-
tions mass contributions from the galaxies in the range of

0.1<02<03. (2.1)

On the scales of ten’s of Mpc’s, distortions of the Hubble flow [24], e.g. due to
the mass of the Virgo cluster, can be measured and used to determine the averaged
mass to light ratio of the system (see Figure 1).

On cosmological scales one uses the relation between the number of galaxies

Nyat and the red-shift (z = (A(to)/(A(t1)) — 1, cf. (3.11))

1 nga,l _ -3 Qo
zzm_(ﬂoRo) no(?) [1~2( - +1)z+...], (2.2)

in order to determine €. This way Loh and Spillar [42] have obtained € = 0. 9+
The problem here are the assumptions about the galaxy development at very large
red-shifts. In [42] n.(t) ~ const. was used, but see [43].

Likewise the relation between true luminosity distance d, and the red-shift [1]

1. 0
dp = H;'z + S - 39)22 +..] (2.3)

could in principle be used to determine! y. However the size of the errors here
allow only to state that g is roughly of order 1.

Equation (2.3) is used to determine the present value of the Hubble constant
Ho := (R(t)/R(t))|e=t,- Due to the difficulties in fixing the true luminosity distance
dr of the cosmological objects it is likewise badly known [30]

Hp =100 A km sec™! Mpc™?, : (2.4)

'Here and in the following the subscript o indicates the present value of the corresponding
quantity.
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Figure 1: A survey of dark matter in the universe at different scales. The mass
to light ratio M/L is normalized to the mass to light ratio of the sun. Using the
averaged luminosity density in the visible spectrum jo = 1.7 X 103A( LyunMpc™>)uis,
the present density can be expressed as Qo = (M/L)(jo/pc) = (1/1600h)(M/L).

The different systems are sketched in the text.
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where

0.4 < h < 1.0. (2.5)

The baryon to photon ratio 5 is a crucial parameter for the formation of the
light nuclei. From the comparison [25] between the theoretical nucleosynthesis
calculations [33] and the observed abundance [27] of light nuclei one can infer a
constraint on the baryon contribution to {o:

0.015 < Qph? < 0.026. (2.6)

The bounds for the various contributions to the density of the universe on
different scales are depicted in figure 1.

As far as baryonic matter is concerned we see two things. There must be some
amount of baryonic dark matter in order to explain the difference between the
lower bound of (2.6) and the amount of visible matter. At the scales of galaxies
all the dark matter can be baryonic. However there exist arguments pro [28] and
contra [29] this possibility. If we follow [29], then the LSP would be an interesting
candidate for halo dark matter. It has also turned out that structure formation
models can better explain small structures in presence of massive weakly interacting
particles so called cold dark matter {31].

A weakly interacting massive particle like the LSP would cluster at scales less
then 10 Mpc, where it could explain the halo dark matter, if it’s energy density is
roughly one quarter of the critical density. It can not make up for the mass differ-
ence between the mass estimates below this scale and higher mass estimates on the
cosmological scale. Especially if one believes for theoretical reasons that 1o =1
one needs rather so called hot dark matter like light m, ~ 90A? eV neutrinos which
are relativistic during structure formation and do not cluster with galaxies. Alter-
natively one could introduce a cosmological constant, which may also be attractive
in order to solve the age constraint, see section (3.2).

If the LSP particles were present in our galaxy there would be indirect methods
to detect them. The most common scenario is that LSP’s annihilate in the sun,
which would lead to an significant 250 MeV neutrino flux [32]. If the s—neutrino
would make the halo mass then the limits on this flux from proton decay detectors
imply m < O(3 — 5) GeV.

Furthermore, direct detection experiments which limit neutrinos also limit s —
neutrinos to be lighter then O(12 GeV) [34]. The LEP data on the decay width
of the Z imply for s—neutrinos m > O(30) GeV which rules out the s—neutrino as
a dark matter candidate.
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3 Basics of the theoretical description of big
bang cosmology

3.1 The Einstein equations

The cosmological principle is an assumption — the validity of which is confirmed
by the highly isotropic microwave background radiation and the radio galaxy dis-
tribution on very large scales — that the three dimensional spatial subspace of our
cosmos is at all times homogeneous and isotropic, i. e. it has the maximal number
(6 = 3(3 + 1)/2) of possible isometries. These symmetries restrict the freedom of
the metric which determines the intrinsic geometry of our cosmos. So one can write
it e.g. in the Robertson-Walker form?

dr?
1 —kr?

Here the only free parameters are the time dependent scale factor R(t) and k,
which take the values (—1,0,1), indicating whether the scalar curvature of the
spatial three space R(®) = 6k/R?(t) (constant all over the spatial subspace) is
negative, vanishing or positive, respectively.

The Einstein equations can be written in the form

ds* = g,,dzdz” = dt* — R:(t) { + r2df? + r?sin? 0d¢2} . (3.1)

1
Gu =Ry — Eg,“,’R, = 87GT,, + Agu., (3.2)

where R, is the Ricci tensor, R is the scalar curvature, T}, is the energy momen-
tum tensor for the matter, and we have allowed for a cosmological constant A. A
natural candidate for the energy momentum tensor of the matter which is compat-
ible with the symmetries of the metric is the one of an incompressible, frictionless
fluid. In comoving coordinates it reads T, = diag(p™,p™,p™,p™). Here p™ is the
energy density and p™ is the pressure of the matter, respectively. Inserting this
into (3.2) one obtains for the (timme,time), (space, space) components

Rk _8G, A

Etm =37ty (@3)
R R k m
2-__R-+__§5+ﬁ .—:——87er +A, (34)

while the other components vanish identically. We may also use the conservation
of the full stress energy tensor, including the vacuum contribution, T/ = 0, which
reads

d(pR®) = —pd(R?). (3.5)

2We use the signature of the metric g, = diag(+,—,—,—). In the book of S. Weinberg [1]
the signature is g, = diag(—, +,+, +).
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Only two equations among (3.3),(3.4) and (3.5) are independent, because contract-
ing two times (\,v and &, ) the second Bianchi identity Y cyctic(uvp) Barpio = 0
yields G#., = 0, i.e. the energy momentum conservation is a consequence of (3.2)
and the Bianchi identity. Usually one chooses the energy conservation (3.5) and
the so-called Friedman equation (3.3) as the independent equations. We define the
critical density by requiring k = 0 in (3.3) this yielding®

pe = 3Hy _ 0.81 x 107474? GeV* = 1.88 x 10~2p2-E_, (3.7)
‘&G cm?
where we have used (2.4). Introducing the ratio
Q=L (3.8)
Pe
(3.3) is often rewritten as
k A
—_— =014 —. 3.9
7ET T (3.9)
A useful auxiliary equation is obtained by solving (3.3) and (3.4) for R:
-g- — —4xG(p™ +3p™) + A. (3.10)

The scale factor R(t) is positive by definition. Also the energy density and the pres-
sure of the matter is positive. Neglecting the cosmological constant for the moment,
we learn from (3.10) that R(¢) is a convex function. Considering the kinematics of
particle motion in the background of (3.1) one obtains [37] for massless particles
emitted at time ¢; and detected at time to that the wavelength behaves like
Ath) _ B(h) (3.11)
Nto) — i)
Since today we observe a red shifted (A(o) > A(f1)) spectrum in the light of distant
galaxies we have R(t) > 0. So R(t) is a convex curve with a nowadays positive
slope, which means that the age to — t; of the Universe counted from the initial
singularity R(¢1) = 0 (one defines ¢; = 0) is finite and bounded from above by

s
R(t) t=to  Hy
3Here we use so called natural units by setting kpoitzmann = h/(27) = ¢ = 1 and keeping

as fundamental unit only the energy in GeV,MeV,... Conventional units can be restored by
remembering

(3.12)

1 GeV #1.1605 x 10!*3Kelvin

1 GeV =1.7827 x 10~%g
1 GeV-1 265822 x 10~sec (36)
1GeV~l £1.9733 x 10*3cm.
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3.2 Matter and vacuum contribution to the energy mo-
mentum tensor

An epoch of thermodynamic equilibrium can establish an equation of state p = p(p),
by which one can solve (3.5) for p(R). Explicit solutions R(¢) can then be obtained
by integrating (3.3). E. g. for ideal gases of bosons (—) or fermions (+) in kinetic
equilibrium the Bose-Einstein or Fermi-Dirac phase distributions

1
exp[(E — p)/T] +1

f(E)= (3.13)

provides us with explicit expressions [38] for the number density n(T'), the energy
density p(T'), the pressure p(T') and the entropy density s(T):

n(T) =35 [~ F(E)ABdE, (3.14)
o(1) =55 [ fB)AEE, (3.15)
p0) =2 [ (B aE, (3.16)

p(T) + p(T) = pn(T)
T

Here p is the chemical potential. The necessary conditions for such an epoch to
occur is that the interaction rates T' driving the particles towards equilibrium are
large compared with the Hubble expansion rate H = %. Whether this is a realistic
assumption will be discussed in some detail in section (3.4).

Simple examples of matter content can be obtained by using the high relativistic
and non-relativistic limits of (3.15) and (3.16):

s(T) = (3.17)

Radiation pr = (1/3)pr =  prx R™, (3.18)
Non — relativistic Matter p,, =10 = ppr x R73, (3.19)
Vacuum €Nergy pPuac = —Pvac = -8-1_?5 = Pyac X const. (320)

The last case corresponds to an universe without matter but a non-vanishing cosmo-
logical constant. Inserting (3.20) into (3.3) leads to H = (87Gpyac/3)1/? = const
and hence an exponential growth of the scale factor R(t) o exp(Ht). The space de-
fined by (3.1) with this scale factor has a ten-parameter group of isometries which
is the maximal number in four dimensions (10 = 4(4 + 1)/2). It is called de Sitter
space. Such an epoch with a large value of A is probably realised during inflation
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[39]. It solves the horizon problem and leads in a natural way to a flat universe [39].
This explanation for 2 = 1 is especially desired, because the present day universe
seems to rather flat |Q — 1| = O(1), while @ =1 is an unstable fix point of (3.9).

Today we live as far as the known contribution to the energy momentum tensor
is concerned in an universe which is dominated by non-relativistic matter, i.e.
p™ = 0. The original motivation for introducing the cosmological constant was to
obtain a static solution in the case of a matter dominated universe with £ = 1.
This is done by adjusting the cosmological constant such that the right-hand-side
of (3.10) vanishes p™ = (A/(47G)) = 2pyec and by adjusting the radius so that
(3.3) states that (R/R) = 0 vanishes, i.e. R = (1/+/A), one gets the desired static
solution.

The observed Hubble expansion contradicts a static solution. Nevertheless a
small cosmological constant can be tolerated. See (Weinberg 89) [40] for a review
of the cosmological constant problem. From direct observations in the solar system
the strictest bound comes from the observed advance of Mercury’s perihelion [41).
It states pyac 1= (A/87G) = 2.31 x 107%¢ GeV* or Qyee = h~? 2.8 x 10'°. Bounds
from the global dynamics are ten orders of magnitudes more restrictive. By relating
the number of faint galaxies to their redshift Loh and Spillar [42] have found a very
stringent bound Q... < 0.1. This was reconsidered in [43], proposing new models
for the galaxy evolution at very high redshifts with the result that the best fit
to the data was at Quatter < .1 and Qyee =2 0.5 — 1; Qo = 0 is also consistent
with their data. In [44] Durrer and Straumann concluded from the development
of fluctuations in a k = 0 cold dark matter universe that Q... < .7. From the
statistics of gravitational lenses the authors of [45] inferred that Q0,4 < .9.

3.3 The age constraint on

As mentioned in the introduction, the upper bound on the relic density comes from
a lower constraint on the age of the universe. The dating methods which concern us
here come from estimating the age of the oldest stars by stellar evolution models and
from radioactive dating methods. The initial conditions for the  He and metallicity
abundances are predicted by nucleosynthesis calculations. These methods predict
an age bound of the universe ranging from 10 x 10° yrs < t, < 20 x 10° yrs
[46], which has to be compared with the dynamical age of the universe in order to
constraint 1.

Using p/po = (R/Ro)™® for non-relativistic matter (3.19) or p/po = (R/Ro)™*
for radiation (3.18), respectively, we can rewrite (3.3) as

k _ )3 R Ro/ 3
R} 8rG (52)2
3 P\R

2
E\? & 87er0 (-R-g) + (-E—) A Non-relativistic matter
(%) *

(3.21)

radiation.
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Here we include the possiblity of a cosmological constant only in the matter domi-
nated area, since in the radiation dominated phase the energy densities are anyway
so high that one can neglect A. Using now the definition of the critical density p.
(3.7) and of Qo = (po/p.) We can rewrite this as

( R ) | Ho/1 = Q0 — Quac + Qo(Ro/R) + Quac(R/Ro)? Non-relativistic matter
R Ho\/l — Qo + Qo(Ro/ R)? radiation,

(3.22)
where Q... = A/(3HZ). The equation for the non-relativistic matter case for Qyse =
0 can be intergrated in a closed form from R =0 to R = Ry

Q 2
-1___70 -1 _ 1) 2 -
H; @ = 1) [arccos(Z Q-1 o Qo 1], W<,
2
to =14 =H', Q=1 (3.23)

3
Qo 2
H; TSOEE [QO\/I o — arccosh(2 Qg 1)], Qo > 1.

The same calculation for a radiation dominated universe yields

o —1

to=Hy' "1

(3.24)
For fixed Hy the present age of the universe decreases in all cases as {}o increases.
A conservative lower bound is t; > 12 x 10° yrs. The one which is favoured by star
development models states to > 15 x 10° yrs. Assuming both theoretical prejudices
2 =1 and A = 0 to hold, these age contraints imply A < 0.54 and A < 0.43,
respectively (cf. (2.5)). Reconciling larger values of h with a flat universe seems
only possible if one introduces a cosmological constant. In table 1 we list constraints
on Y assuming these bounds for the actual range of the Hubble parameter h,
taking into account the possibility of a nonvanishing cosmological constant with
values which were discussed at the end of section (3.2). The latter cases are known
as Lemaitre models.

Integrating the matter dominated case in (3.22) from R(0) = 0 to R(¢) and
expanding the result for (Ro/R(t)) >> 5! one obtains '

2 (R\*2 i
t o~ 5 (E) HO 190 / . (325)
Today the energy contribution of the radiation, assuming the photons and three
massless neutrino species to contribute, can be calculated from the temperature
of the microwave background radiation Ty, = 2.75 K to be p? = (x%/30)g, T =
8.09 x 107** g cm™® (compare (3.35) for g.). Parameterizing the non-relativistic
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> 12 x 10° yrs and
to > 15x10? yrs for different values of ,4.. The — sign means that age constraint

Table 1: Bounds on  from the age constraint for ¢, >

cannot be fullfilled.

[ ] to > 12 x 10° yrs | to > 15 x 10° yrs |

Q'ua.c =0 Quac =.7 Q'ua.c =.9 Q'ua.c =0 Q'ua.c =.7 Q'ua.c =.9

4100 <351 10<412[9<430 Q<148 | Q<201 | QL2116

S0 <148 | 92<2.00(9<216{0Q<045 | Q<087 | Q< 1.00

6|0 <058 | Qo <1.02| 0 <1.16 | o < 0.068 | 2 <0.38 | 2 <0.49

T1Q0<017 |00 <053 Q<0.65 | — 0 <0.16 | Q<0.25

S| — Q<027 [ Q<037 | — 0 <0.05 | Qp<0.12

9 — Q<013 | Q<0.21 | — Qo <0.007 | Qo <0.06

1| — Q<005 | Q<013 | — — Qo <0.027

matter contribution as p%,,; = 1.88 x 107% Q4 A% g cm™>, we get using (3.18)

and (3.19) (pnrm/pr) = (R/Ro) x (2.32 x 10*Qoh?). The time tgg when the non-
relativistic matter contribution and the radiation contribution were equal follows
from (3.25) to be

2 3/2 _
too = 2 (_I?E-Q) H105Y? = 1.4 x 10%(Qo h2)~2 yrs. (3.26)

3\ Ry
Comparing this time for all sensible Qg and k values with the age constraint to =
12 x 10° yrs we see that the duration of the radiation dominated area can be
neglected.

3.4 The early radiation dominated epoch

We want now to investigate very early epochs of the universe. From (3.18) and
(3.19) we have already seen that the radiation contribution dominates the energy
density as one goes back in time towards the initial singularity R — 0. Inserting the
energy density of the radiation pg in (3.3) and neglecting k/ R? against (87G)/(3R*)
at early epochs we learn that

R(t) < V. (3.27)

Now we use the high relativistic expansion of the equilibrium expression for the en-
ergy density (3.15). For a radiation gas with several species of bosons and fermions

we get
T’i 4
= ()

i=fermion

> w(F) +

i=boson

ool ~

2
T
PR = _g*T47

30 where g, =

(3.28)
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Here the g; are the degrees of freedom of species i. The factor (Z)* (cf. (3.35)) is
appropriate for species which are dropped out of equilibrium. These may still have
the equilibrium distributions but their ‘temperature’ can differ from that of the
termalized species, as it is explained in some detail below for the neutrino. Using

(3.27) and (3.31) in (3.3) we get

m -2
t= 0.301g;1/2T—’;’ ~ ( T ﬁev) sec. (3.29)
The approximate sign is valid in the 100 MeV > T > 1 MeV range, where
the photon, the three neutrino species and electrons-positrons can be considered
as relativistic particles in equilibrium. Hence we have for ¢.(100 MeV > T >
1 MeV) = 2+ Z[(3 x 2) + 4] = 10.75. Above temperatures of 300 GeV according
to the standard model, we would have the following spectrum: the Gauge bosons

v, Zo, W*, 8 Gluons, the Higgs douplett (g:) and three Matter generations

(%), en, (%), un, dp such that g. = 106.75.

According to (3.29) we have at the initial singularity ¢ — 0, R — 0 but
T — oo. Note that in the nonrelativistic range the two-point interaction rate
ie. T = neg(Vrelatived) , increases with the temperature as I' = neg(Vrelatived)

(m/T)% exp(—m /T )(vrelativec), while the Hubble expansion (3.3) goes like

T2
H = 1.66g2*—, (3.30)

mpl

such that the interaction rate will generally overcome the Hubble expansion rate.

For relativistic particles we have n o« 7°. By dimensional considerations we have
Neq (VrelativeT) T3-§-92(T‘2‘2‘ﬁm‘5). E. g. for gravitational interactions or Fermi
interactions (below the weak scale) the dimension of the coupling is dimg = —2
such that T' o< T®. Comparing the weak interaction rate neq(Vreiatived) = G&T° with
(3.30) one gets as the temperature when the neutrinos just went out of equilibrium
T =1 MeV.

For dimension-less couplings we have I' o« T', but for reasonable temperatures
(T < my, where these considerations make sense at all) I is greater than H because
of the suppression by m, in (3.30). Hence we assume that a generic particle species
start with its equilibrium value of the energy density at early times. Comparing the
interaction rates with the Hubble expansion rate one can calculate the development
of ¢.(T) assuming the standard model spectrum and interactions. The result is
depicted in figure 2.

The sudden fall at 200 MeV is due to the quark-hadron transition. The exact
shape in this range is not known. Since it can be sensible for the freeze out of the
LSP, different possibilities have to be considered. Figure 3 shows the behaviour of
gx(T) with two hypotheses about the quark-hadron transition temperature.
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Figure 2: The evolution of g.(T') as a function of temperature in

SU(2); ® U(1)y standard model, from [2]
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Figure 3: The evolution of g.(T") according to two assumptions about the quark-
hadron transition temperature (150 MeV and 400 MeV, respectively). The dashed
lines indicate the curve for free quarks using current algebra masses and the corre-
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If the interaction rates are great enough to maintain equilibrium, the Hubble ex-
pansion can be considered as adiabatic. Let S = sR> be the entropy in a comoving
volume, then one has dS = 0. Furthermore one sees from (3.17), the relativistic and
non-relativistic expressions for p(T'), p(T') and n(T), that the radiation contribition
dominates the entropy density, which is therefore given by

27 T\® 7 T:\*
s = 22 _ ()3 = N =2 = Y =i I .
° 45 9 T ’ where g z':%s:on g (T) * 8 izfgrgu'on % (T) (3 31)
By the conservation of entropy we have
gT3R? = const., (3.32)

where we understand by g the wheigted degrees of freedom ¢ = 3 ;_pos0n 9i +
%Zi= fermion §i for particles which are in equilibrium. This statement can easily be
used in order to relate the present day number density of a particle, which went
out of equilibrium at a temperature T eeze to the present day number density of
photons, which is related to the measured temperature of the background radiation.
Let us explain the mechanism with the neutrinos as an example. For T'> 1 MeV
the three species of neutrinos were kept in chemical and kinetical equilibrium with
the photons, electrons and positrons by the weak interaction, especially we have
T, = T.x = T,. Below the ‘freeze out’ temperature of Tyree;e ~ 1 MeV the weak
interaction rates compared with the Hubble expansion are not fast enough to keep
the neutrinos in equilibrium, so they decouple and the effective degrees of freedom
for interacting radiation drop to from 10.75 (see above) to g(1 MeV > T > m,) =
2+4 x(7/8) = 11/2. As long as g = const. the photon temperature cools down
like the neutrino temperature since we have T, < R~ by (3.32) and T, o« R™! by
(3.11). Since the number density of radiation is n o< T3, the latter fact simply states
that the total amount of neutrinos in a comoving volume N = nR3 is constant.
This is trivially also true for any non interacting particle.

When T' drops below T' = m,, the e pairs become nonrelativistic and do no
longer contribute to g such that g(T* << m.) = 2. The corresponding domination
of pair-annihilation will heat the photons but not the decoupled neutrinos. The
photon temperature before and after e* annihilation is according to (3.32) related
by

(R*T2) _ g(T® > m,) _ H’ (3.33)
(RPTE)® — g(Te <<me) 4
while for the neutrinos we have from (3.11) (R*T2)® = (R’T})® = (R°T:). Since
g = 2 has not passed any further threshold we have from (3.33)

T,/T, = (11/4)/° (3.34)



109

still today. Note the spreading of gss) and g, in figure 1 due the difference between
photon temperature and neutrino temperature after pair-annihilation starts. The
effective degree of freedom g, after the decoupling is given by

7 4\
g =2+ =-%x2x3x (——) ~ 3.36. (3.35)
8 11 :

In order to calculate the number density of the LSP (the particle is denoted by x
in the following) it is convenient to normalize the number density ny to the number
density of the equilibrium radiation, i.e. to introduce f := (ny/ qu). Having
obtained the value for f at a temperature where x is out of chemical equilibrium,
say f(Tfreeze), by solving the rate equation (4.2) the present day density can readily
related to the present day photon temperature. As ni’eezem,eeze = n?(Rg, we have

from (3.32)
9(To)

n?( = f(Tfreeze) (

T )T,fo. (3.36)
reeze

4 The freeze out of the LSP

4.1 Rate equation for the decoupling of the LSP

In this section we want to discuss the freeze out of the LSP. An up to date detailed
technical treatment can be found in [8]. The developement of the number density
of the LSP is governed by the rate equation*

— = —3—n, — (ov,el);r(ni — neq). : (4.1)

Here v,; is the relative velocity of two particles, o is the cross section and { )7 indi-
cates thermal weighting. The first term on the right-handside of (4.1) describes the
dilution of the number density due to the Hubble expansion. The term —(v,elo);rni
comes from the pair-annihilation of the x’s. Note that —(v,¢;0)1ny-dt is the number
dN of antiparticles which can be reached by x in a unit time intervall dt. Likewise
the term (v,e;0)rn2, describes the pair-production rate of x’s by particles which
are in equilibrium. In describing by (4.1) the decouple from chemical equilibrium
one assumes that the particles are still in kinetical equilibrium, hence the same
(vreio)T for both processes. It is suitable to introduce new variables & := Tey/m,
and f(z):=n, /T to get the rescaled equation

df  my (4n%g,G\
-(-1;- = k—3x (T) <vrelo')T(f)% - ezq)’ (42)

4Here one makes the natural assumption that no particle anti-particle asymmetry is present.
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Here we have used (3.29). Furthermore (3.32) was used in order to replace —%

by %, which of course is only true as long as g(T') is constant. If the temperature

depence of g(T') is taken into account, as it is done in [8], one has —% = -;—+ ;—gg%fi’.
For most purposes, especially our qualitative discussion (4.2) is sufficient.

For particles y which are high relativistic n oc T3, so f = const. is a solution of
(4.2). Here const. = g, /2 for bosons and const. = (7/4)gy /2 for fermions, as can
be seen from the T' >> m,, limit of (3.14). If these particles decouple before they
become non-relativistic, their present number density can be related to the present
photon temperature by (3.36) i.e. nd = const.(g(To)/9(Ttrecze)) TS o-

If the particles remain in equilibrium when z drops below 1 their normalized
number density will start to fall like

f o< exp(—my/T) (4.3)

according to the non-relativitic limit of (3.14). The longer a heavy particle will
stay in equilibrium the stronger will its number density be Boltzmann suppressed
against the photon number density. v

The elementary particle physics input is encoded in (Gvre)r. Let p; and p2 be
the incoming momenta of the two x particles. Then the quantity (ov,.)r is given

by
1 [ 3 4 1
o | CrrS (B (B (o)

where f(E) is given by (3.13), n., is given by by (3.14) and one has defined

(ovra)T = (4.4)

w(s) = %/ |M|*(2x*)6* (p1 +ps— ij) H %p_‘?' (4.5)

Here M is the reduced transition matrix element for the annihilation of the two x
particles, summed over the final spins and averaged over the initial spins. Since for
the couplings of the LSP one has typically z ~ ;—0, at the decoupling temperature
one can use the non-relativistic limit of (3.13) f(E) = k(27) 2 exp (—E/T) (x =
4,2 for Dirac, Majorana particles respectively) and expand (ov,a)r in a power
series in . See [8] for the explicite expressions up to O(z*). The corresponding
rate equation can be easily integrated numerically with the equilibrium value as
initial conditions in order to get f(Z freeze), Where & freeze is the rescaled temperature
at which the x particles are out of chemical equilibrium. By (3.36) this is readily
converted in the present energy density of the LSP.

Heavy neutrinos were the first particles which were investigated along these
lines [5]. Generally, for particles which couple to heavy vector mesons one gets the
following picture. As mentioned in the last section the weak interaction went out of
equilibrium at 1 MeV. If the mass of the neutrino is below this value the neutrinos
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Figure 4: The relic density Qxh2 for weakly interacting particles of mass My
shows three crossings with A2 = 1. Also indicated are densities for particles
which interact more strongly or weakly then the neutrino via the Z°. Extreme
strong couplings reach the unitarity bound at Mx = 340 Tev, from [35].

'lllllllllllll—l

+«+= Stronger
. = Weak
—~~— Weaker -

. Unitarity
Bound -

eV KeV MeV Gev  Tev
My —

decouple as relativistic particles so the present day density rises with the mass in
this region. At m, = 1 MeV this curve turns over and falls since the Boltzmann
suppression (4.3) will become significant. However for mass values larger then the
vector boson mass the cross section falls as (1/E?), so the decoupling temperature
rises as the mass rises, which leads again to higher relic densities. These trends are
depicted in figure 4.

4.2 The relic density for the LSP

As argued in the introduction the LSP has to be among the neutral states of the
minimal supersymmetric standard model. Since the s—neutrinos are already ruled
out by the combination of LEP results and cosmic neutrino experiments cf. section
2, we concentrate on the neutralino as LSP candidate. The latter one is in general
a mass eigenstate combination of the Higgsinos Hy 4, superpartners of the Higgses
as well as of the wino W2 and the bino B which are superpartners of the 3rd SU (2)
gauge boson and the U(1) gauge boson, respectively.

The masses depend on the soft supersymmetry breaking gaugino masses M;, M,
as well as on the higgs mixing e which is introduced in order to avoid a phenomeno-
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logical unaccepatible axion
Lomaas = ey T — MoWiW' — My BB, (46)

If one assumes a grand unification scenario one has the following relation between
the gaugino masses M; = (5/3)(a1/a2)M;. The ratio of the Higgs vacuum expec-
tation values tan # = (v;/v2) is a further free parameter. Recent LEP results imply
that tan 8 > 1.2.

Combined with the usual Higgs gauge field couplings one get the following mass
matrix for the charginos

PP M. v W~
+ g+ 2 922 Y
(W", H7) (gzvz —e > (H{ > ' (4.7)
Likewise one has in the neutral sector the following mass matrix
—g2U1 9202
M 0 =2
( 2 \/'2- \/'2- ;
3 70 \/i 2 B
(W3, B, Hy, HY) —gvi gin . ] | (4.8)
V2 V2 m
9202 —g1V2

The parameter space (e, My) is restricted from the new LEP results either because
of the bound on the charginos which have to be heavier then

Mehar > 45 GeV (4.9)
[47] or because the of the limit on the gluino mass [48]

Mgluino > 22 GeV (410)

Especially these bounds eliminate all the regions were the neutralinos contribuite
considerable to the present mass density of the universe in the analysis of [6].

The situation for the abundances for the LSP after LEP .can be inferred from
figures 5 and 6 which are taken from reference [49]. In figure 5 the contours in
the (¢, M;) plane are depicted were the neutralino is according to (4.8) a pure
(99%) photino 7 := sin @, W3 + cos O@w B, a pure higssino Hg) = (H? + HY)/V?,
Hpg o= (H?— HY)/+/2 a § state for ¢ — 0 or a pure bino. The plot is for tan § = 2.
The light shaded area is forbidden by (4.9) and the heavy shaded area is forbidden
by (4.10). '

The present mass density can be calculated along the lines of section (4.1). Of
course also the s—fermion masses, the higgs mass and the top quark mass must
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Figure 5: Mass contours for the neutralino in the (¢, Mz) plane with the bounds
from LEP on the charginos and the gluinos, from [50].
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be fixed to obtain {(o,¢)7. In figure 6 the present day relic density in fractions
of the critical density is plotted for tan8 = 2, my = 74 GeV, mo = 37 GeV
and my,, = 74 GeV. Detailed investigations exhausting sensible values of mj, mq
and my,, can be found in [50]. The conclusions are that by the LEP results the
photino can be the LSP only in a very tiny parameter region: 23 GeV > Mz >
50 GeV, le| < 300 GeV and tanf < 3. Here it is also possible to adjust mj to
obtain the preferred relic density about A% ~ 1/4. In the dominante part of
the parameter space the LSP is either a bino or a higgsino. One can get values
Qh? ~ 1/4 by adjusting the s-fermion masses in a rather broad mass range for the
bino 30 GeV < mgz < 350 GeV, which has therefore the best prospects as LSP
dark matter candidate.

The bino or at least one s—lepton or s — quark must be lighter then ~ 350 GeV
in order to obtain Qh? < 1/4. The corresponding number for the higgsinos is 1
TeV. This bound comes essentially from the the rising tail in figure 4. ’

5 Conclusions

Combined data from cosmic neutrino detectors and collider experiments have ruled
out the s—neutrino as dark matter candidate. The new data from LEP shrink the
parameter space (€, M) for the photino in the (MSSM) so strongly that this previ-
ously preferred dark matter candidate seems to be rather unlikely. The remaining
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Figure 6: The relic densities in fractions of k2 for the bino B and the higgsino
combination Hp 3}, from [50].
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possibilities are the bino or the higgsino with masses above 20—30 GeV. The latter
ones can be seen in dark matter detectors mainly by their spin dependent interac-
tions which lead to counting rates which are three orders of magnitude below the
current sensivity. For masses higher then the weak scale the relic density bounds
on the LSP can set useful upper bounds on the masses which are complementary
to the collider bounds.
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1 Introduction

Despite its impressive success it is generally believed that the Standard Model is still not
the final theory of fundamental particle interactions. At present, one of the most attractive
possibilities of extending the Standard Model is provided by supersymmetry (SUSY). A
supersymmetric extension of the Standard Model allows us to incorporate in a natural
way elementary scalar particles such as the Higgs boson into a quantum field theoretical
framework. Moreover, it may enable us to relate the weak symmetry breaking scale to the
grand unification scale (1, 2, 3].

If these ideas about ‘low-energy’ supersymmetry are true, one expects the supersym-
metric particles to have masses below or about 1 TeV. The possibility that some of the
SUSY particles may have masses even much lower than this value has tremendously
stimulated the interest in experimental searches at the present accelerators (CERN-SppS-
Collider, FNAL-Tevatron, TRISTAN, LEP100). The search for supersymmetry will also
play an important réle in the future, when experiments at higher energies can be per-
formed.

In this paper we shall describe how supersymmetric particles could be detected at the
new colliders HERA, LEP200, LHC, SSC, and at a possible future linear e*e~ collider. We
shall present theoretical predictions for production cross sections and decay probabilities,
as well as for the important signatures. Qur calculations will be based on the Minimal
Supersymmetric Standard Model (MSSM) which is the simplest supersymmetric extension
of the Standard Model.

Like the Standard Model, the MSSM is based on the SU(3) x SU(2) x U(1) gauge
symmetry group, spontaneously broken down to SU(3) x U(1)em. It has the minimal
particle content, i.e. it contains the known partlcles the gauge boqons quarks and leptons,
plus their superpartners the gauginos (g, Wt Z ,7), squarks § and sleptons {. As is well
known, two Higgs doublets are necessary, H; = (H{, Hy ) and H; = (HF, HY), together
with their superpartners, the higgsinos (H?z, Hi)

The non-strongly interacting gauginos mix with the higgsinos to form corresponding
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mass eigenstates. There are two pairs of charginos ¥, 7 = 1,2, and four neutralinos
X2, ¢ = 1,...,4, in order of their mass eigenvalues. The masses and couplings of the
charginos and neutral-i'nos are determined by the corresponding mass matrices [2, 4]. These
depend on the parameters M, M’, y, and tan § = vy/v;. M and M’ are the SU(2) and
U(1) gaugino masses, sometimes also called Mz (or my ;) and M, respectively. p is the
mass parameter introduced in the superpotential term pHy H,. v, and v, are the vacuum
expectation values of the two Higgs doublets. In the following we shall use the relations
M/m; = (03/03) =~ 0.3 and, assuming GUT, M'/M = (5/3)tan? 0w ~ 0.5, where mj is
the gluino mass. Without loss of generality we take M > 0.

To the two chirality states of the charged leptons and quarks correspond the right
and left scalar particles £g, f;, and §r, §r. The masses of the scalar particles follow from
renormalization group equatlons [5]

f;L’R =m} +mg + C(f)M* £ m% cos 28(T4 — Q” sin® by) (1.1)
where Tg and @' are the third component of the weak isospin and charge of the corre-
sponding left- or right-handed fermion, my is the common scalar mass at the unification
point, and C(¢g) =~ 0.23, C({1) = C(¥) = 0.79, C(Gr) =~ 10.8, C(gr) ~ 10.1. Usually,
fr and fg are to a good approximation also mass eigenstates. An exception may be the
scalar top quark where there is {; — fg mixing proportional to the large top quark mass.

The MSSM contains five physical Higgs partlcles R®, H°, A°(0~) and H*. In lowest
order the masses of the Higgs particles are given in terrns of two parameters (commonly
used m4 and tan 3), implying the bounds mpe < mz < mpyo, mpo < my < Myo, mygz >
mw [6]. Radiative corrections can change these tree level masses appreciably due to the
large top quark mass [7, 8]. It is possible that my > myz and/or mpo > my.

Moreover, an analysis of the renormalization group equations based on radiative elec-
troweak symmetry breaking suggests tan 8 to be in the range 1 < tan 8 < my/my.

In the MSSM the multiplicative quantum number R-parity is conserved (R = +1
for standard model particles including Higgs bosons, R = —1 for the supersymmetric
particles). This implies that there is a lightest supersymmetric particle (LSP) which is
stable and into which all supersymmetric particles eventually decay. A further consequence
is that supersymmetric particles can only be produced in' pairs. Usually, the lightest
neutralino ¥9 is assumed to be the LSP.

To summarize, the following four basic parameters are necessary to specify the SUSY
particle sector of the MSSM: mg, M, i and tan §. For the description of the Higgs sector,
at least one further parameter is needed (apart from the top quark mass m;), for which
usually m 4 is taken. Production cross sections as well as decay rates depend in a charac-
teristic way on these parameters. Here a systematic study of this dependence in the whole
parameter space relevant for this energy will be performed.

In Sect. 2 we shortly review the present experimental bounds and give the expectations
for SUSY particle production at future colliders. In Sect. 3, 4, and 5 we treat SUSY
particle production and decay in e*e~, pp, and ep collisions, respectively. Sect. 6 contains
a summary. In the Appendix we give formulae for the e*e~ production cross sections and
for the three-body decays of charginos and neutralinos.

2 Present Experimental Bounds and Expectations

For the charged scalar partners of the fermions the LEP experiments have led to the bound
mj 2 45 GeV, and similarly for charginos mz+ 2 46 GeV [9]. From the invisible width
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Fig. 1: Parameter region of M,
i, for tanf = 4, explorable at
LEP200 by chargino and
neutralino searches. Shown are
border lines for: ¥9%9 (- -~ - - ),
)Z?X(z) ( """ )a )2-1'-)21- (_ - -)
production at /s = 190 GeV.
Also shown is the region
excluded by chargino searches at
the Z°.
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of the Z° one can derive m; > 42 GeV. An analysis [10] of the CDF data, taking into
account cascade decays, has given the lower bound m; > 135 GeV, whereas for squarks
the limits m; > 170 GeV (for mz < my) and m; > 130 GeV (for m; < m; < 400 GeV)
are obtained, assuming that all squark masses are equal. However, due to {;, — g mixing
the stop mass could be much smaller, even below 100 GeV [11]. With M ~ 0.3m; the
bound on the gluino mass implies M > 40 GeV. From this and the negative neutralino
searches at the Z° one can derive my > 19 GeV for the lightest neutralino.

The present experimental bounds on the neutral Higgs particles in the MSSM, includ-
ing one-loop radiative corrections are m; > 41 GeV and my > 20 GeV [9]. At present
the experimental data do not restrict tan 3.

In the LEP energy range (1/s < 190 GeV) charged sleptons and charginos can be ob-
served if their masses are below 90 GeV. The supersymmetry parameter region accessible
is very roughly mo < 90 GeV, and M < 90 GeV with || arbitrary, or |¢| < 90 GeV with
M arbitrary. At the LHC and SSC gluinos and squarks with masses up to around 1 TeV
can be detected. This implies that the region mo < 1 TeV and M < 300 GeV can be
explored.

An ete” collider at /s = 500 GeV allows chargino and selectron searches up to a
mass of approximately 250 GeV. This yields an accessible parameter region of roughly
mo < 250 GeV, and M < 250 GeV with |} arbitrary, or |¢| < 250 GeV with M arbitrary.

3 ete  Collisions

In e*e~ collisions the following SUSY particle processes are the most important ones
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and would give direct evidence for supersymmetry:

efe” - 4K, Li=1,2 (3.1)
ete™ - H+x0, 4i=1,...4 (3.2)
ete™ — & pt+érp (3.3)
efe” — pfr+iizr (3.4)
ete™ — 47 (3.5)
ete” — dLr+ (}”L'R. (3.6)

In order to work out suitable signatures it is also necessary to study the decays of these
particles.
The three-body decays of charginos and neutralinos are:
E o PR g gt i P Y 4l g+ 7+ 1 (3.7)
R o AR g g+ E Y 4L, o+ 7+ (3.5)
If kinematically allowed, the two-body decays will be the dominant ones:
XE - 2P+ %E (Ao HY) + %, WEH RS, HE+ 1) (3.9)
X — Z°+%%, WELRE, B°(A%or HY) + %%, H* + %7 (3.10)

The produced sfermions fz, g (slepton or squark) decay into a fermion f (lepton or quark)
and a neutralino ¥? or chargino x;:

ELr — e+ X L= VXD (3.11)
b= vtXi, "+ X : (3.12)
LR = ¢+ a -+ o d X, d o ut (3.13)

In this section we consider only squarks corresponding to light quark flavours. If the gluino
is lighter than the squark, then the squark would first decay into a gluino:

QL,R—’(I‘F.@- (314)

As the lightest neutralino X is supposed to be the LSP, all SUSY particles will even-
tually decay into ¥9. At high energies and masses in general cascade decays of SUSY
particles occur leading to a rather complex decay pattern. This has a strong influence
on the experimental signature of SUSY particles, in particular on the classical ‘missing
energy’ signature. (In the following missing momentum will be denoted by p.) According
to egs. (3.9) and (3.10) some of the SUSY particles may also decay into Higgs particles.
Therefore, the actual masses and couplings of the Higgs particles will influence some of
the signatures. As is well known radiative corrections may appreciably change the Higgs
masses compared with their tree level values [7, 8].

The formulae for the various cross sections and decays have been worked out by several
authors, see [12], where a rather complete list of references is given. In the Appendix we
present the formulae for the cross sections of the reactions (3.1 — 3.6), and for the three-
body decays (3.7) and (3.8). The formulae for the two-body decays (3.9) and (3.10) can
be found in [12, 13}, and for the sfermion decays (3.11 - 3.13) in [12].
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3.1 LEP 200

The predictions for cross sections will be given for /s = 190 GeV, assuming an integrated
luminosity of 500 pb™! per year. For earlier studies we refer to [14].

3.1.1 Chargino production

In Fig. 1 we show the region in the (M, ) plane (for tan 8 = 4) which can be explored
at LEP200 by searching for charginos and neutralinos. The region already excluded by
unsuccessful search at the Z° is also indicated. For other values of tan 3 similar plots are
obtained.

The production mechanism for ete™ — %f + X, 4,4 = 1,2, is 7, Z exchange in
the s channel and ¥ exchange in the ¢ channel. The total production cross section for
ete™ — %i{ + X1 is shown in Fig. 2 for m; = 300 GeV and tan3 = 4. It can reach
6 fb. If both M > 90 GeV and {u| > 90 GeV, the light chdrgino becomes too heavy to
be produced at this energy. If ju| > M then %§ is more gaugino-like, and if M > |y| it
is more higgsino-like. Therefore, sneutrino exchange can have a substantial influence for
|#| > M, especially if m; ~ mz. The tan 8 dependence is in general weak.

The decay of the chargino, ¥ — %3 + !+ v, X1 + ¢ + 7, lead to ‘two sided’ events
with acollinear, acoplanar hard leptons or jets and large missing energy: I* + 1~ + p or
[* + jets + P or jets + jets + p. For mz = my = mg = 300 GeV and tan § = 4 we obtain
for these signatures a rate of 0.07 pb, 0.5 pb, 3.5 pb, respectively. 5

A priori, it cannot be excluded that the sneutrino and/or the left slepton I, are lighter
than the chargino. In this unlikely case the chargino would first decay into o or I, This
would drastically enhance the leptonic signal.

A recent detailed study of chargino production at LEP200 is given in {15].

3.1.2 Neutralino production

As can be seen in Fig. 1 the SUSY parameter region for the reaction efe™ — %3%3 is
larger than that for chargino production. Here the reaction mechanism is Z exchange
in the s channel and €; g exchange in the £ and » channel. The Z° couples only to
the Higgsino components of the neutralinos, whereas the selectron couples only to the
gaugino-component. For M < |u| the %) is gaugino-like, whereas for M > || it has large
higgsino-components. Therefore, one expects sufficiently large cross sections for M > |u|.
Only if m; ~ mz we get sizeable cross sections also in the region M < |u|. The total cross
section can go up to 1.7 pb (for mz = 300 GeV).

The %3 has the following decay modes: X3 — %3 ff, and xi f f if kinematically allowed.
This leads to one-sided events. In Fig. 3 we show the cross section for ete™ — X% —
(ete™) + p as a function of M and g, for m; = m; = m; = 300 GeV and tan8 = 4. The
cross section for ete™ — (J%3 — (jet jet + P is approximately a factor 20 higher and can
reach 1.3 pb. '

If the sneutrino is lighter than the ¥3, and the ¥3 has a non-vanishing Z-ino component,
then the decay ¥3 — ¥ + 7 would dominate, where the sneutrino is invisible. Then the X3
would be produced undetectably.

In the case of a light slepton, m; < my, the X2 would first decay into I* 4+ I¥, yielding
strongly enhanced leptonic rates. :
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3.1.3 Selectron production

Here the reactions ete™ — &} + €5, eL +é eL, eL + €}, can occur. The reaction mechanism
for selectron pair production ete™ — éf + 61, éh+€g, is ('y, Z) exchange in the s channel
and %9 exchange in the ¢ channel. The process ete™ — éf + éf receives only ¢-channel
contributions.

The total cross section o(éLéL + érér + 2(€LéR)) varies between 0.75 and 1.75 pb for
mz = 80 GeV, depending mainly on the SUSY parameter M and only weakly on g and
tang .

¢ and ég decay differently: é; — ex?, ex3, vXi, ér — eX%,exy, where %3 and %7
further decay until ¥? is produced. The decay pattern of ég is simpler because the direct
decay into the LSP dominates. For illustration we show in Fig. 4 the branching ratios for
ér, decays as a function of p for mg, = 80 GeV, M = 80 GeV, tan 3 = 4. As can be seen,
cascade decays are possible if approximately M < mg, or || < me,.

In Fig. 5 we show the cross section for the ‘classical’ signature ete™ — et + e~ + p,
as a function of M and g, for mz; = 80 GeV, tan83 = 4. Notice that the parameter region
covered by LEP at the Z° is left out. The region |u| > 120 GeV for M > 160 GeV is
excluded because the selectron would be heavier than the LSP. The cross section for this
signature can reach a value of 1.5 pb. It can also be seen that the rate is much smaller
where cascade decays are possible.

In ete” — ﬁE,RﬁE,R there is only (Z,) exchange. Hence the total cross section is
smaller, 0 = 0.19 pb for m; = 80 GeV.

3.1.4 Sneutrino Production

In the MSSM there is only a left-sneutrino # = 7. The reaction ete~ — ¥, + U, has
contributions from Z° exchange in the s channel and ¥¥ exchange in the ¢ channel.

The total cross section can go up to 3 pb for m,, = 80 GeV. The sneutrino can however,
only be seen if it decays in a cascade, 7 — ¢ X1 — e X f, or 7 — vy — v,
because the direct decay into the LSP 7 — vx?, is invisible. Such visible decays can
occur only if M < m;, or |p| < ms,. Possible signatures are the one-sided events: ete”
(or e~pt) + p, e"jets + P, jets + P, and the two-sided events: (ejets) + (e jets) + p, etc.
Fig. 6 shows the rate for ete™ — 79 — (ete™) + p (one-sided), as a function of M and g,
for m; = 80 GeV und tanf = 4. The cross section for e*e~ — i — (ejet + p is roughly
a factor of 7 higher.

3.2 ete  collisions at 500 GeV

It is conceivable that SUSY particles only show up at energies of several 100 GeV. In this
case an ete~ collider with an energy well above 200 GeV would be well suited to test the
idea of supersymmetry. Presently, several options for a linear e*e™ collider in the energy
range /s = 0.5 — 2 TeV are being discussed [16]. Most recently, detailed studies on the
physics potential of such a collider at /s = 500 GeV were performed [17]. This step in
energy would considerably enlarge the explorable parameter range. Experiments at such
a collider would allow a crucial test of the MSSM. In particular, if no Higgs particles
were found, the MSSM would be ruled out [18]. It is therefore appropriate to study the
SUSY partlcle production reactions (3.1 — 3.6) and the decays of these particles also at
this energy. A detailed study is given in [19]. A new feature is that also the higher mass
states of the charginos and the neutralinos may be accessible, and .cascade decays play a
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Fig. 6: Cross section for

ete™ - v — (ete”) +
(one-sided), as a function of M
and p, for 4/s =190 GeV,

my = 80 GeV and tanf = 4.

M (GeV)

Fig. 7: Supersymmetry
parameter space (M, u) for
chargino production at

Vs =500 GeV, tan § = 4.
Shown are borderlines for

ete” = xT +x7 (---),

ete” = &+ %3 (- ),

ete™ = X3+ %3 (- -+ -). Also
shown the region explored by
LEP200.
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more important réle than at lower energies. For the following predictions of event rates
we shall assume an integrated luminosity of 20 fb~! per year.
A study of SUSY particle production in e*e~ collisions at /s = 2 TeV is given in [12].

3.2.1 Chargino production

Besides the pair production of the lightest chargino, ete™ — %7 X7, also the reactions
ete™ — xixT and ete~ — 3F %7 are possible The parameter region in the (M, u) plane
(for tan B = 4) accessible by these reactions is shown in Fig. 7. Notice that the contour
lines mg £ + mgt = const are straight lines in the (M, p) plane. If M > |u|, then xE

is more hlggsmo like and %3 more wino-like, and vice versa for M < |u|. The chargino
masses are approximately M and |u|.

In Fig. 8 we show the total cross section as a function of M and p for /s = 500 GeV,
tan B = 4, m; = 600 GeV. The cross section can go up to 550 fb. If both M 2 250 GeV
and |g| 2 250 GeV the light chargino becomes too heavy to be produced at this energy.
It should be noted that for M < 250 GeV there is a dependence on the sneutrino mass.
The cross section is smaller by 50 % for m; = 100 GeV than for m; = 600 GeV. This can
be explained by a destructive interference between the Z and # exchange and because the
U couples only to the gaugino component of the chargino which is dominant for M < |y].
The tan 3 dependence is in general weak.

In a restricted range of parameters the charglno X% can also decay first into X3 (see

q. (3.7), although the direct decay into X7 is stlll the domlnant one. In a certain region
of parameters the ¥¥ can decay into real W%, ¥ — 39 + W#.

The signatures are ‘two-sided’ events with acollinear, acoplanar, hard leptons or jets
and large missing energy. The rate for ete™ — %1 xi — et +e~ + can go up to 7 fb (for
m; = mg = m; = 600 GeV, tan 3 = 4) leading to 140 events/year, assuming an integrated
luminosity of 20 fb~'. The rates for the other signatures, ete™ — ¥ +x7 — e+jets+p and
ete™ — %+ +x1 — jets +jets + p are larger than the rate for electrons by approximately
a factor 14 and 50, respectively, if the masses of the exchanged scalar particles are much
larger than myy. If they are around myy, then these ratios are different for M < 250 GeV.

In the case that the sneutrino and/or the left-slepton are lighter than the chargino,
the leptonic decay rates would again be strongly enhanced.

A Monte Carlo study of ete™ — ¥ X1 taking into account beamstrahlung, background
processes, and detector simulation, has been performed in [20]. The most severe Standard
Model background is W* pair productlon which can be reduced by approprlate cuts.

We now discuss the production of a heavy chargino, ete™ — %f + ¥F. The production
cross section is shown in Fig. 9 as a function of M and p, for tan 8 = 4, and my = 600 GeV.
It can go up to 50 fb. The heavy chargino may have quite a complex decay pattern
because in general it decays in cascades until the LSP is produced. Two-body decays into
real W's, Z ’s and nggs particles, eq. (3.9), are possible in a large region of parameter
space. The xk and X1 then further decay. An interesting signature is therefore given by
ete™ — %xixF — Z + X. The corresponding rate can reach a value of 20 fb yielding 400
events per year. However, this rate depends more sensititvely on the SUSY parameters,
especially on the masses of the Higgs particles.

In a smaller region of the parameter space (see Fig. 7) pair production of the heavy
chargino is poss1ble, ete™ = x¥ +x37. Characterlstlc signatures would be given by the
decays of %¥F into real W’s and Z’s, ete” — Xix5 — Z+ Z + X, Z + W% + X,
WHt+Ww-+X.
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Fig. 8: Total cross section for
ete™ = x¥ + X7 as a function
of M and g, for my; = 600 GeV.
The parameter region explored
by LEP200 is cut out.

Cross Section (fb)

3.2.2 Neutralino production

At /s = 500 also higher neutralino states can be produced, ete™ — x? + )”(?.. The
parameter region in the (M, u) plane accessible by the reaction ete™ — x7%35 is again
larger than that by ete™ — x}x7. lf mz < M < |u|, then %9 is approximately B-
ino-like, X9 is W?3-ino-like, whereas X3 and xJ are higgsino-like. On the other hand, if
M > |u] > mz, X% and %9 have large higgsino components, whereas ¥3 and x? are B-ino
and W3-ino-like, respectively. The neutralino masses are approximately M/2, M, |u|, and
lul [13, 21].

[In the Laramter domain also accessible for pair production of light charginos, the cross
section for ete™ — Xx7%3 can go up to 200 fb (for m; = 600 GeV). Outside this domain
this cross section is, unfortunately at most a few fb, unless the mass of the exchanged
selectron is very small (~ 100 GeV).

Again, the most interesting signatures for x%%3 production are one-sided events. The
cross section for ete™ — x9%5 — ( jet jet + P can reach 130 fb (for m; = m; = m; =
600 GeV). The rate for ete™ — %9+ x5 — (e*e”) + p would be smaller by a factor of
approximately 20.

It turns out that some of the production cross sections for the higher neutralino states
are comparable to that of efe™ — x?%3. For the higher neutralino states more decay
channels are open, and, therefore, cascade decays are more likely. This will lead to a more
complex decay pattern and in general reduce the p signal. On the other hand, more decays
into Z’s and W’s are possible leading to multileptons and /or multijets in the final state.
In addition, the rates will depend more sensitively on the properties of the Higgs sector.
For a more detailed discussion we refer to [19].
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3.2.3 Selectron production

In the energy range considered the mass difference between ég and &, according to eq. (1.1)
can be quite sizeable. Therefore, in our calculations of selectron production cross sections
we shall always use eq. (1.1) to relate ms, and m;, to the SUSY parameters mo, M,
tan . Quite generally ég is lighter than ér..

Since the production cross sections depend only weakly on tan 3 and g (apart from
the region |u| < 100 GeV), we present in Fig. 10 the cross section for efe™ — &} + éx
as a function of M and mej, for p = —200 GeV and tan 8 = 4. For mz, = 200 GeV the
cross section varies between 50 and 150 fb depending on M. Notice that according to the
mass relations, eq. (1.1), there exists a maximal value of M for a given value of m;, and
Mg It is M = 410 GeV for m;, = 200 GeV, and M = 240 GeV for mz, = 200 GeV, for
tan 8 = 4.

The cross section for ete™ — &Fé; is similar in magnitude to that for égér production.
It should be noted that also the cross section for ete~ — &£+ &%, which has only ¢ channel
contributions, has a comparable cross section, depending on the SUSY parameters.

In the mass region considered, the difference in the decay pattern of é and &, is more
pronounced, and cascade decays are expected to play a more important role. We show
in Figs. 11a and b the branching ratios for the €z and &; decays into neutralinos and
charginos, eq. (3.11), as function of g for M = 150 GeV, tan 8 = 4, for mz, = 200 GeV
and m;, = 200 GeV.

It is noticeable that in a large region of p, more precisely |pu| > M, the ér decays
to 100 % into ¥3. This can be understood because the ér couples only to the B-ino
component of the neutralinos, and %7 is essentially a B-ino in this parameter region. For
|u| < M, the decays into X3 and ¥J are significant because here these particles have large
B-ino components.

Concerning the é;, decays, the direct decay into ¥? is not the most important one. For
|| 2 M the decay into the light chargino dominates, the branching ratio being between
40 % and 50 % . For |u| < M the decays into X3 and %3 can have large branching ratios
because in this region the heavy neutralinos have large gaugino components.

Despite the possibility of cascade decays the most interesting signature for pair pro-
duction of ég or €y, is again provided by the two-sided events with acollinear, acoplanar,
hard electrons plus missing energy. The rate for ete™ — éfeg — et + e~ + p can go
up to 180 fb for ms, = 200 GeV and tanB = 4, whereas the corresponding one for
ete” — éfef — et + e~ + p reaches 60 fb.

A Monte Carlo study of selectron production is given in [22].

3.2.4 Sneutrino production

The cross section for e*e™ — 7, + i’ is in general higher than that for selectron production
because the Z° and the charginos couple more strongly. For m;, = 200 GeV the cross
section can reach 700 fb.

The sneutrino can only be observed if it decays first into a chargino or a higher mass
neutralino (see eq. (3.12), which then decays into leptons or quarks. Only if M < m;,
or |u| < mj,, the sneutrino is visible. It turns out that in this region the decay into the
light chargino has the largest branching ratio. Therefore, the important signatures are
again one-sided and two-sided events with hard leptons and jets, as already discussed for
LEP200 (see Sect. 3.1.4). More details on pair production of sneutrinos as well as of the
other sfermions (fiy, g, ¥y, %r,R, dr,r etc.) can be found in [19]. A Monte Carlo study of
smuon production is given in [23].
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4 pp Collisions

In pp collisions one expects the strongly interacting SUSY particles, gluinos and squarks,
to be produced with the largest cross section of all supersymmetric particles [24, 25].
The basic processes for gluino and squark production in hadronic collisions are [26]

g+g — §+3§ (4.1)

g+q — §+3§ (4.2)

g+9 — §+q (4.3)

+ @ - 7 (4.4)
(=) . (=)

gt ¢ — G+ q. (4.5)

For example, for a gluino mass m; = 500 GeV one obtains at /s = 16 TeV, the design
c.m. energy of the LHC, a production cross section of ~ 50 pb for pp — §g+ X. Similarly,
for a squark mass M; = 500 GeV one gets a cross section of ~ 15 pb for pp — §4 + X.
Assuming an integrated luminosity of 10° pb~! this would mean a rate of 5 x 10® gluino
pairs and 1.5x 10° squark pairs per year. For the SSC one obtains a cross section o = 10 pb
for pp — §§ + X at /s =40 TeV and my = 1000 GeV. Taking an integrated luminosity
of 10* pb~! yields 10° such events per year.
If squarks are heavier than gluinos then the gluinos produced decay into

g - a+i+x (4.6)
— t+i+ % (4.7
- q+7 + % (4.8)
- t+b+ X7, b+ KT (4.9)
- g+xi (4.10)

Here we distinguish between decays into light quarks ¢ and those which involve the top
quark because they show a different decay pattern. This is due to the fact that in the
decays (4.7) and (4.9) the top Yukawa coupling and additional quark mass terms are
important. The decays (4.6 — 4.9) proceed via virtual squark exchange. The decay into a
gluon, eq. (4.10), is possible via quark-squark loops, the ¢ — contribution being the most
important one. It is not negligible in certain regions of the SUSY parameter space.

In the mass range for gluinos and squarks we shall consider, also the charginos and
neutralinos will be heavy. Therefore, in most cases they will decay into W#*, Z° or Higgs
particles and lower mass states of charginos or neutralinos according to eqgs. (3.9) and
(3.10). If these two-body decays are kinematically not allowed, the three-body decays,
egs. (3.7) and (3.8), may also become important. Thus in general one has cascade decays
of gluinos. They end when the lightest supersymmetrlc particle X7 is reached. The final
states can therefore contain Z%bosons, W#*-bosons, neutral and charged Higgs-bosons,
leptons and jets and missing momentum from the hghtest neutralino and the neutrinos.

If the gluinos are heavier than the squarks, then squark production will be more im-
portant. In the case of light quark flavours the squarks then decay according to eq. (3.13).
For the following decays of the top squark and the bottom squark

trp — t+%7 (4.11)
tn - b+xf (4.12)
b — t4+%7 (4.13)
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it is again necessary to take into account the top Yukawa coupling. (Notice that the
Yukawa coupling terms in i, — b+ ¥ and bp — t + X; are proportional to the bottom
quark mass which we shall neglect here.)

The neutralinos and charginos again decay as described above. Also here a variety of
cascade decays is possible until the lightest neutralino is produced.

For illustration we show in Fig. 12 the domains in the (M, x) plane (for tan g = 4)
where for a squark with a mass of 500 GeV cascade decays are kinematically possible
(domain I), or where only transitions into the lightest neutralino are allowed (domain
I1). For a gluino with a mass of 500 GeV the same picture as in Fig. 12 is valid taking
M ~0.3 mg.

In pp collisions sleptons, charginos and neutralinos could also be produced by the
Drell-Yan mechanism, but their cross sections are smaller [27] and are not considered
here.

4.1 Gluino decays and signatures

In order to understand the complex decay pattern of gluinos and squarks it is necessary
to consider the individual steps in the cascade. For the decays we have used the formulae
as given in [28] where a complete list of these is presented.

Cons1der1ng first only the gluino decays into light quarks, § — ¢+ 4+ x X, * and leaving
out the decay § — g + X?, the overall picture of gluino decays would be rather simple
[29] because then only the gaugino components of the neutralinos couple: For |u| £ mz/3
mainly the heavy chargino and the heaviest neutralino are produced, the light chargino
and the two lightest neutralinos being mainly higgsinos. For |¢| & mj/3 the decays into the
light chargino and the second lightest neutralino would dominate, because here the heavy
particles are higgsino like. This is illustrated in Fig. 13 for mz = 750 GeV and tan 8 = 4.
(Furthermore, we have taken Mj;, = MqR =2my, a, = 0.1, and sin 9W =0.23.)

This s1mple picture is changed if in the decays § — t +t+x,5 - t+ b+ %7,
§ — b+ 1+ X7 the top mass is taken into account [28, 30]. (We take m; = 150 GeV.)
In the parameter domain |p| & m;/3 the dominant transition of these decays is now that
into the light chargino, contrary to the simple picture described above. For |g| > m;/3 the
influence of the Yukawa coupling terms is smaller because the higgsino-like particles are
now heavy and, therefore, reduce the phase space, a feature which is even more pronounced
for smaller gluino masses.

The decays § — g + X7 play a minor rdle. In the cases considered the sum of the
branching ratios for § — g + %7 is a few percent. It can, however, be larger for smaller
gluino masses and smaller tan 8 [28 30]

The branching ratios for § — ¥? + ¢+ g (or ¢) and § — Xz + ¢ + ¢, summed over
all quark flavours including the top quark, are shown in Fig. 14 as a function of yx for
m; = 750 GeV, tan 8 = 4. For |u| £ m3/3 there are substantial transition rates into
the light chargino and the light neutralinos. For |p| > m;/3 the transitions into the light
chargino and the second lightest neutralino are the most important ones. Notice that the
branching ratio for the decay into the lightest neutralino is only about 15 percent. It is
smaller than that of the decay into X5 because for larger || the %9 is mainly a B ino
and the X2 a W3-ino. Notice that the decay into %3 appears due to § — ¢ + X3 and
got+i+x3

Next we discuss some interesting signatures for gluino production p+p — g+ §+ X
(assuming that the squarks are heavier than gluinos). The ‘classical’ signature would be
that both gluinos go directly into the lightest supersymmetric particle X3, leading to events
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with large missing energy. This is shown in Fig. 15 for mjz = 1000 GeV. The branching
ratio for both gluinos going directly into the LSP is at most a few percent. Thus with
an integrated luminosity of 10° pb~! one could expect ~ 10® such events at the LHC.
Similarly at the SSC one would have 2 x 10 such events. The probability that only one
gluino decays directly into xJ is higher and can go up to 30 percent, as also shown in
Fig. 15. The region in g which will be explored by LEP 200 is also indicated.

A further interesting signature would be two Z%s in the final state which originate
from the cascade decays. Fig. 16 shows the branching ratio for § + § — 22° + X for a
gluino mass of 1000 GeV. (We have taken the mass of the Higgs particle h%, mjo = 80 GeV,
and the masses of all other Higgs particles much heavier.) The branching ratio can go up
to 10 % , but there is a strong dependence on the SUSY parameter . ‘

Fig. 16 also shows the branching ratios for § +§ — 4 u’s, 5u’s, and 6 p’s. Here it is
summed over all events with muons coming from Z° W#, t-quark decays into 8 W, and
three-body decays of charginos and neutralinos. Over a large range of ¢ the four muon
rate is about 107%.

We want to emphas1ze that some deta.lls of the 2 Z° and multimuon rates depend on
the mass spectrum in the Higgs sector. If the decay of a chargino or a neutralino into a
Higgs particle is possible the other decay rates are reduced.

A more detailed discussion of gluino signatures is given in [31]. Monte Carlo studies
taking into account the standard model background (¢, Z°Z° production, etc.) were
performed and have shown that at the LHC gluinos in the mass range 300 GeV < m; <
1000 GeV can be detected [25, 27].

4.2 Squark decays and signatures

As to the squark decays, one has again to distinguish between those into light quarks and
heavy quarks, and of course between left and right squarks. All cases were discussed in
detail in [28] where also the corresponding formulae are given.

If the quark masses can be neglected the pattern of squark decays according to
eq. (3.13) is again rather simple. The branching ratios for right squarks are then the
same (independent of flavour) as for right selectrons of the same mass. These are already
shown in Fig. 11a. For || > M right squarks decay practically 100 % into %9, and for
lu] < M to more than 90 % into X3.

Left squarks decay dominantly into charginos as can be seen in Fig. 17 where we plot
the branching ratios of @if, — d+ %}, u+ X7, for M; = 1000 GeV. For || > M (|u| < M)
the transition into the lighter (heavier) chargino has the largest branching ratio due to
its gaugino nature in this region of y. Among the decays into neutralinos, for |u| > M
(J#] < M) the transitions into X3 (¥3) have also big rates as the ¥3 (x3) is mainly a
W3.-ino in this region of p. A qualitatively similar pattern holds for d, decays.

The influence of the top quark mass terms in the decays of fg is seen in Fig. 18
where we plot the branching ratios into charginos and neutralinos as a function of u for
M; = 1000 GeV, M = 500 GeV, tan 3 = 4. Now the decays into charginos become very
important, for |u|< M the decay into ¥ being the dominant one. In the ; decays the
top Yukawa coupling only changes the width of £, — ¢ + ¥?.

As to the by, decays, the main differences between these and the decays of d;, appear
again in the region |u|< M. Due to the top Yukawa coupling the width for i)L — t + X1
becomes the largest one.

Concerning the signatures for squark production p+p — § + q + X, one expects
the direct transition of a squark into the lightest supersymmetric particle ¥? to be more
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Fig. 16: The branching ratios for
G+§—o22°+ X (--~- - )

GG dp+ X (—),
G455+ X (---),
g+g—6u+X(----)for

mg = 1000 GeV, as a function of
the parameter p, for tan 8 = 4. We
have summed over all events with
muons coming from Z° W#, and
three body decays of charginos and
neutralinos, and from t — Wb. We
have taken m; = 150 GeV,

Mq'L = MqR = 2m§, Qg = 0.1,

sin? Oy = 0.23, mpe = 80 GeV and
all other Higgs particles heavy.
Also shown the region covered by
LEP200.

Fig. 17: Branching ratios for iy,
decays into charginos and
neutralinos for u, — d + x7,

u + X7, as a function of u, for
M; =1000 GeV, M = 500 GeV,
tan 4 = 4. We have taken

my = 150 GeV, a, = 0.1,

sin? Oy = 0.23. The curves
correspond to the following

transitions:

" into the light chargino x&
into the heavy chargino Y&
into ¥9
into X9
into X3
into X9.
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important than for gluinos because right squarks of light flavours decay into X§ to more
than 90 percent (for |u|X M). Fig. 19 exhibits the branching ratios for §+ ¢ — x? + X
and §+ ¢ — X%+ X2 + X, i.e. only one of the squarks or both directly decay into X7, for
M; = 1000 GeV, tan 8 = 4, and M = 500 GeV. We have averaged over left and right
squarks and all flavours. It is interesting to note that in a large range of ¢ the branching
ratio into two %¢ is an order of magnitude larger than that into one X3. As a consequence,
about 40 % of the events where a §g pair is produced will have the ‘classical’ signature of
large missing energy. This feature is quite independent of tan § and holds in a large range
of squark masses, provided |p|R M.

Other signatures would be §+§ — ZZ+ X,4p+ X, 51+ X, etc. They are discussed in
[31]. Monte Carlo studies [25, 27] have shown that also for squarks a mass reach of about
1 TeV is possible at LHC.

5 ep Collisions

The processes most favourable for finding supersymmetric particles in ep collisions are

the reactions [32, 33, 34]

e+p — éLr+qr+X (5.1)
e+p — UL+4q+X, (5.2)

The basic reaction mechanism is eq — €L r §rr or eq — 7§y, scattering via ¢ channel
neutralino or chargino exchange. The sea quarks and the antiquarks in the proton also
contribute, though their contribution is smaller.

The produced slepton or squark decays into the corresponding fermion and a neutralino
%? or chargino ¥F, egs. (3.11 - 3.13). (Here we assume that the gluino is heavier than the
squarks.) The higher mass neutralinos and charginos then further decay until the LSP is
reached, see egs. (3.7 — 3.10). Therefore, also here cascade decays are possible.

The production cross sections for both reactions (5.1 — 5.2) depend most strongly on
the sum of the masses of the slepton and squark produced, and of course on the centre of
mass energy.

5.1 HERA

At HERA ep collisions at /s = 314 GeV will be studied. The design luminosity is 1.5 x
10! cm~2%s7!. The reactions (5.1 - 5.2) have been studied for this energy in [33, 34]. Cross
sections larger than 0.1 pb have been found for m; ;+m; < 180 GeV. If cross sections down
to 5x10~% pb can be measured, the observable mass range extends to mss+mg < 200 GeV.
With the exisiting experimental bounds on the squark and selectron masses from CDF
and LEP (see Sect. 2) and within the MSSM, the possibilities of detecting SUSY particles
at HERA are therefore limited. At a higher c.m. energy, e.g. /s = 450 GeV, the mass
range mz + my < 300 GeV could be explored.

Relaxing the MSSM by including R-parity violating terms would allow single SUSY
particle production and thus extend the explorable mass region for SUSY particles. For
further studies we refer to [35].

5.2 LEP/LHC

The LHC will offer the unique possibility of being operated also in the ep collider mode
at /s = 1.4 TeV with a luminosity of about 103 cm~2s~!. Also here the search for SUSY
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Fig. 19: The branching ratios for
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particles will be an interesting subject. Such an ep collider will substantially extend the
explorable mass region, especially for selectrons and sneutrinos [36, 37].

In Fig. 20 we show the cross section for e~ p — €L r+ §r,r + X as a function of the
sfermion mass, summed over all possible pairs of selectrons and squarks, taking mz = my;,
for p = —200 GeV and various values of M. These cross sections are larger than 0.1 pb
for m ;< 300 GeV. More generally, the cross section is larger than 0.1 pb for mz + my <
600 GeV. Therefore, sfermions in this mass range would give between 50 and 1000 events
per year (assuming an integrated luminosity of 500 pb~'). The production cross section
for sneutrinos is in general larger than that for selectrons because the chargino couplings
are stronger than the neutralino couplings.

In Fig. 20 also the dependence on the SUSY paramter M can be seen. The cross section
varies approximately within a factor of 2 for mz; = m; = 250 GeV and in the parameter
range 200 GeV < M < 800 GeV. The dependence on g and tan 8 is rather weak.

The individual production cross sections for different slepton and squark species are
very different from each other. o(e”p — 71, +dr+ X)) is in general the largest cross section
due to the larger couplings of charginos to sleptons and squarks. In selectron production
ep — € + @ + X has the largest cross section.

To find suitable signatures of SUSY particle production in ep collisions a proper treat-
ment of all the decays is necessary. Selectron, sneutrino and squark decays have already
been discussed in detail in Sect. 3.2 and 4.2.

The signatures substantially depend on the supersymmetry parameters M and g, or
more precisely, whether cascade decays are possible or not. A good signature for selectron
production is one isolated electron + missing energy on the lepton side. For m ; = 250 GeV
we get a rate of ~ 0.1 pb. A signature for sneutrino production is a lepton pair e*e™ (or
pte™) + missing energy on the lepton side. If cascade decays of the sneutrino are possible
the cross section for such events is ~ 0.01 pb. More details can be found in [38].

Monte Carlo studies taking into account the background have shown that detection of
selectron and squark production in the mass range mz+mg < 600 GeV should be possible

[39].

6 Summary

Here we have presented a systematic and rather complete study of supersymmetric parti-
cle production and decay within the Minimal Supersymmetric Standard Model in ete™,
pp, and ep collisions at high energies. The prospects of searching for supersymmetry in ex-
periments to be performed at HERA, LEP200, LHC, SSC, LEP/LHC and at a 500 GeV
ete collider are investigated in the corresponding supersymmetry parameter domain.
Production and in particular the decays of supersymmetric particles depend in a charac-
teristic way on the supersymmetry parameters. A general feature is that cascade decays
become more important with increasing particle mass, leading to a complex decay pattern.
Furthermore, this strongly influences the signatures for supersymmtry. Quite generally,
the "classical” signature, large missing momentum, will be weakened. Instead of it, new
signatures as W, Z° Higgs particles in the final state will appear.

Within the next years, experiments at FNAL will extend the mass range for gluinos and
squarks beyond 200 GeV. At HERA sleptons and squarks are detectable if approximately
mg; + my < 180 GeV. Non-strongly interacting supersymmetric particles, in particular
sleptons and charginos, will be observed at LEP200 if their mass is below 90 GeV.

A big step forward in the search for supersymmetry is possible by the pp colliders LHC
and SSC. A mass range for gluinos and squarks up to the TeV region will be explored.
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Missing momentum as well as Z%’s and multileptons in the final state serve as good signa-
tures. If LEP/LHC will also be operated in the ep collider mode, then it will be possible
to cover a mass range for selectrons and sneutrinos according to m;; + mz < 600 GeV. A
linear ete~ collider with c.m. energy of several hundred GeV up to 2 TeV would offer the
unique possibility of exploring the properties of the non-strongly supersymmetric parti-
cles. We have studied in detail supersymmetric particle production at a 500 GeV ete~
collider. Such a collider would allow us to rule out the Minimal Supersymmetric Standard
Model if no Higgs particle will be found. Moreover, it would extend the mass range of
charged supersymmetric particles up to almost 250 GeV.

Concerning the explorable SUSY parameter range, a 500 GeV ete™ collider is roughly
comparable to the LHC. Whereas at the LHC the strongly interacting SUSY particles up
to a high mass can be detected, an ete~ collider is best suited for a detailed study of
the non-strongly interacting SUSY particles. This would be necessary for fixing the SUSY
model and its parameters.

A Appendix

A.1 Chargino and neutralino mixing

The chargino mass matrix as defined in [2, 4] is diagonalized by two unitary 2 X 2 matrices
Uand V, :
X;IF = ‘/1]"7[’;7 Xi = Uij j—a 1=1,2 (Al)
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where :
O = (=ix"0y,),  ¥7 = (—id7, g, (A.2)
with )\i, and ¥y, , ¥}, the two-component spinors of the W-ino, and the charged hig-

gsinos Hj, H2 , respectlvely The two-component spinors x} and x; are combined to the
four-component Dirac spinors of the charginos:

+
X = (&_ ) i=1,2 (A.3)

Explicit formulae for the elements of U and V can be found in [15].
The 4 x 4 neutralino mass matrix as defined in [2, 4] is diagonalized by the 4 x 4
unitary matrix N,

Xi=Nygp;  j=1,4 (A4)

in the basis
¢? = (—i)y, —iAz, 1&}{1 cos 3 — ¢?{2 sin 3, 1&}{1 sin 3 + ¢?{2 cos f3) (A.5)
with A, Az, ¥}, and ¥}, denoting the two-component spinor-fields of the photino, Z-

ino, and the neutral higgsinos, respectively. The four-component Majorana spinors of the
neutralinos x? are then constructed from the two-component spinors x?.

A.2 Chargino production

The cross section for e*e™ — ¥} ¥; is given by [40]:

do d07 C_{Q doy; do,z do,; dog;

- ata et e e Ta (4.6)
T it (M7 =08 )+ (08 -0 =) +20M) (A
T Tty |1 BN O
(M2 = w)(0M? — w) + (M? — )} — )] +
4(L2 + RY)O4F 0Py M:Mys — (L2 — R2)((O,F)? — (047)?)
(] — ) (M7 —w) - (M2 — ) (M1} — t>]) (A8)
LA ﬂ%(t”—z(v PV (F - (M~ ) (A9)
[(Mz—u)(Mz—u)+( P t)(M] — t) +2M;M;s] — (A.10)

(e = B)(OlE = 0 [(MF = w)(M? — w) — (M2 — t)(M? — 1))
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channel dudy

s A

coeff. LL LR RR

AHK 36462! _ 36462!
¥ 8 8w

AHK 39*LI(LI+R2) B 3¢*RZ(LZ+R2)
Z 16 7 cost Gy 16 7 cost Gy

AHK 3626192L2!L=+Re! _ 3626292R21L=+Re!
vZ 87 cos? Gy 8 7 cos? Oy

Tab. 1: The coefficients as appearing in eqgs. (A.18 - A.23) for the cross section
ete™ — Guiy. Here e = gsinfw, e > 0, and e, is the charge of the quark in units of e.
The couplings are given in Appendix A.6. Notice that AXK = BIK = AHK = AHK = 0.

do; €22 D5 (t) (Vi )? ) )
a 16733 bij ((Mz - 1) (M; —t)+ MiMjS) (A.11)
dozs _ g*Re(D;(t)D3(s))
a 167 s2 cos? Oy LeVaVin
[O:'jL(Miz —t) (M} —t) + ijRf)if)jMiMjs] (A.12)

where Dz = (s — m} +1mzl'z)™Y, D; = (t — m2)~!. M; is the (positive valued) mass
of the chargino ¥, and n; = %1 is the sign of the corresponding mass eigenvalue. The

couplings L., R,, Osz'R are given in Appendix A.6.

A.3 Neutralino production
The cross section for ete™ — x?%7 is given by [40]:

do doz do: dogz:

dat = A.13
& @ @ a (A.13)
—*daz g4 27y L2/ 172 2
= T2 an "IN
dt Tors? cost oy D205 (Le + Be)
[(mF — w)(m} = w) + (mF — £)(m} ~ 1) ~ 2imymmys] (A.14)

do: 4 2
Tt o L) Do — -0+

|mmww%ww%m—ﬂwmmwmemm4+

(£212) [|Den(t)m? = om2 = 1)+
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D (W) (m? — )(m? — ) — 2 Re(DaR(t)D;rR(u))n.-n,-m,-mjs] } (A.15)

dozs 94 "L
= D "
dt 16752 cos? O Re( Z(s))o”

| {Le [D (1) ((m? = 1)(m? 1) - ninymimgs) +
Dz, (u) ((m? - u)(m? —u) - ﬂiﬂjﬁimjs)] -
RS [Da (&) ((m? = 1) — 1) — mngmimys) +

Deg(u) (2 = )0 = ) = mmymass) (A16)

where Dz = (s — m% +imzI'z)™, Dg; p(2) = (& —m2, )", m; is the (positive valued)
mass of the neutralino ¥?, and 5; = %1 is the sign of the corresponding mass eigenvalue.

The couplings O} R LR are given in Appendix A.6.

et

A.4 Sfermionproduction

The cross section for ete™ — foK, where f is a slepton or a squark (H, K = L or R),
is given by [40]:

do  do, doz dogy doyz doy dogg

- a T aTata Ya ta (A17)
do, gk (ut — M}HMJ%K)
= = A ~ (A.18)
d ut — M2 M?
= = A’Z’K————( LML 1 oy (A19)
S
dog ( M2 M2 ) HK ?
e e o O
minymim; BY D,( )D;(1)
2} - (A.20)
d; = AHME (—s—f———&f-)- Re(Dz(s)) (A.21)
do.; - M; M
Z’tYX - ( fK) ZAHKD (A22)
dO’Z' M2 M2
2 = e S )Re( Dy(s)) 3 AZE Di(t), (A.23)

where Dz = (s —m% +1mzlz)™", Di(t) = (t —m?)~. m; is the (positive valued) mass of

the exchanged neutralino ¥ or chargino %¥, and 7; = %1 is the sign of the corresponding

1
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oA ~ %
channel [ Uele
3 v, Z
t Xi Xi
coeff. LL LR RR LL
HK et _ et
A"/ 8 87 -
AHK | g'Li(LI+RZ) _ g RE(L4RZ) | gt(LI+R3)
z 16 7 cost B 16 7 cost G 64 7 cos? Oy
2 2
AHK gzlfeLil _ g fﬁ'l 2 (Va)?
X 8/« 8T 8/m
HK _ g* fR L fR ¢L
B)Z 647|-feifeifej eJ - -
AHK 8292 Le!Le‘l'Re! _ 6292R5§L5+Re) .
024 87 cos? Oy 87 cos?
2 2
AH]{ ezyzlfeli B ezgzlfg B
rX 167 167
ar2|eL|? ap2|¢R[2 .
AHK LR _ A 9*Le(Via)?
Zx 167 cos? iy . 16 7 cos? Gy 32 cos? Gy
P - T
channel G, [=0,7 iy
E Y, Z zZ
2 - _
coeff. LL LR RR LL
HK | . & _ Cl _
A"/ 8m 8x
AHK g*LZ(LI+R?) _ g*RULI4+RY) | o*(L2+R2)
zZ 16 1 cost 6w 16 7 cost Gy 64 1 cost Gy
AI_{K _ _ _ -
X
HK _ — = _
B)Z
AHK e2g2L11L5+Re! _ ezng,!Le+Re! _
vZ 87 cos? Oy & 7 cos? Oy
AH_K _ — — -
X
HK

Tab. 2: The coefficients as appearing in egs. (A.18 - A.23) for the cross sectio
ete™ — fufx, f =&, i, #, Ve, Dy, Ur. The couplings are given in Appendix A.6.



147

)~(;I- - X%uJ >Z'7{uﬂ iz-d(j
As 6(0%) 19 (L9 Cif(g’;uo'ﬁ)’ 2 (L0 Clz;l-gido:a)z
b | cofy | nbofmew | tetrmee
C. | -60ROF | —12URRZLOL | 1 CAtRZLOL
Af 3(fukVi1) 0 3 (Vi Vi )2
A 3(fiUa)? 3(UnUa)? 0
A | 3 ffiVaUa 0 0
AL | =3V2f5VaOF; 0 %
B; 3v2f5VaOF, 0 _6 %‘%’L_‘,
AL | 3VEfRULOR | —6Yulalul 0
BL | -3V3fhUaOk |  6Zuladile 0

Tab. 3: Coefficients in egs. (A.25 — A.30) for hadronic chargino decays. The couplings are
given in the Appendix A.6. Notice that AR = AR = AR = AR = AR = BR = BE = .

mass eigenvalue. My, is the mass of the produced sfermion fu. Here m ¢ = 0 has been
taken for the corresponding fermion f. The coeflicients A,’:I’K , AIg’K
and 2.

etc. are given in Tab. 1

A.5 Three-body decay

The width for the decay of a chargino or neutralino into a lighter chargino or neutralino
and a fermion pair is given by [34]:

2
F(Xz_’Xk+ff) e /d.sdtW+m+W + Wiw + Wo + Wa) (A24)

327 sin? fyym?

Wo = g (Admt = D) +
B.(m? — @)(@ — m?) +2Cymin km,-mkE) (A.25)
_ 4L (m? — 1)t —m}) r (mi = 8)(t — mj})
L ] ( s (A.26)
L (m}—a)(@—mj) r (m} —@)(a — m})
Wo = AP ESTE AT e (A.27)
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X — Xalty el Xtvi
A, | 2(0Rp |4GOEIHROR? | (OR"
B, | ofy |sGeligeenr| o
Cy ~2050F | —4 UHRNOROE | 04Ok
AtL (fukVil) (ViaVia)? 0
Al (flUn)? 0 ‘ UkUa)?
Al fEFEVaUy 0 0
AL | ~V2fLVqOF | 2Maladih 0
B, | VEfLVaOR | —2feighn 0
AL | VEfRULOF 0 gk
BL, | —v2fLU.O% 0 Bl

Tab. 4: Coeflicients in eqgs. (A.25 - A.30) for leptonic chargino decays. The couplings are
given in the Appendix A.6. Notice that AR = AR = AR = Aft AR = BR = BE —q,

2ninkmimys R __ Zmimkmimi3
Wa = Aug ATz A2
t T ME)(a— M) ™ (T = ME)(a — M) (A.28)
2 ¥ —
Wt (t— M})(5 — M2) (A’Lt(m? - (- mi) + Bfmmkmimw) +
(L & R) (A.29)
2 ] 17 —_
Wo = (u — M2)(s — M?) (Afu(m? —u)(u— m;‘:) + le;mnkmimks) +
(L « R). (A.30)

m; is the (positive valued) mass of the chargino or neutralino ¥;, and 7 = £1 is
the sign of the corresponding mass eigenvalue. M, is the mass of the W, Z, exchanged
in the § channel. My, Mg denote the masses of the left and right sfermlon exchanged
in the #- and @ channel. The range of integration for 5 and ¢ is given by the bounds,

Smin = 0, Smaz = (mi - mk)2, t_min,mam = 1/2(m12 + mz —8F V ’\(mzz,mlzca 5)), ’\(a,b, C) =
a® + b + ¢? — 2ab — 2bc — 2ca. The coefficients A,, B, etc. are given in Tab. 3 - 6.
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~ ~ - ~0. = ~0 .=
X5 — Xaltl Xavv X299
_ _ (O”’;)’(L,’+R’) (OUL_)2 (Ou)lcli)z(L?I'}'Rz)
A" - B" - C" 4 kcos‘ fw ! cos4%w 12 cos? Oy .
L _ AL __ 4L L L2 L rL\2 L rL\2
At - Au - Atu (flkfli) (fukfui) 3 (qufqi)
R _ AR _ AR R rR\2 R fR\2
At - Au - Atu ( lkfli) 0 3( qk qi)
L _ pL — AL _ RL skskotL, | fhsEO™ S5 S50 i Lq
Ag=By=Aq =B, | 20505 | “a¥n | 6 amn
R_ RR_ AR _ RR IRIEO"ER, IS §O0" R
Ast—Bst_Asu'—Bsu 2%'52_05_ 0 Gl}fs_zv

Tab. 5: Coefficients in eqs. (A.25 — A.30) for ¥? — ¥%ff. The couplings are given in the
Appendix A.6.

X§— Xil v xiud
A, 2(0})? 6(0f)*
B, 2(0f) 6(0f)”
Cs —-20%L0R -6 0L 0k
AL (R | 3(fEVa)
AL (fiUn)? 3(fiUn)?

Al | fERVaUs | 3 fLfEVMUa
AL | —V2fLVia Ok | =3v2f5V Ok
Bj | V2fiVaOk | 3V2fiVaOf
AL V2fEUGOR | 3v2fEUOF
Bl | —V2fUnOf | -3v2f5Un Ok

Tab. 6: Coefficients in egs. (A.25 - A.30) for ¥? — %} ff". The couplings are given in the
Appendix A.6. Notice that Af = AR = AR = AR = AR = BR = BE — .
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A.6 Couplings

1 . .
f;:k = -2 [cos o (T3f — e sin® 0W) Niz + egsin HWNM] (A.31)
fR = —V2essinfw (tan Ow Niy — Niy) (A.32)
Lf = T3f — €5 Sin2 0W (A.33)
Ry = —essin®fy (A.34)
O{‘j = —(Niscos 3 — Nizsin §) % + (N sinfw + NigcosOw) V;;  (A.35)
. U;
Og = (Ni4 sin 8 + N;3 cos ﬂ) —\/]_; + (N,'l sin Ow + N cos aw) Ui (A36)
1 .
Ot = —VaVi— EVanz +6;jsin’ (A.37)
1 .
Of = —UaUp— 3 2Ujz + 8;jsin’ Oy (A.38)
1
OQ’J.L = -3 (Niz cos B+ Nyysin ) (N;3 cos B+ Njysin )
1
+3 (—Nizsin B + Ny cos B) (—N;3sin f + Nj4 cos 3) (A.39)
oLf = —ork. (A.40)

Here T5¢ and ey are the third component of weak isospin and the charge (in units of €) of
the fermion f. We have used a convention where the matrices U, V, and N are real.
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1 Introduction

Bartl, Majerotto and MoBlacher [1] have presented a comprehensive study of supersym-
metry searches in pp, ete™ and ep collisions in the range of LEP and Tevatron energies
to LHC and SSC energies. For completeness, we briefly discuss the prospects of super-
symmetry searches with 200-1000 GeV photon beams. Such beams are expected to be
obtainable at linear e*e™ colliders through back-scattering of high intensity laser rays
on high energy electron beams [2]. The energy spectrum of the resulting beam of real
photons is very hard, and the conversion efficiency can reach almost 100%. Thus, in
addition to e*e~ collisions, linear colliders may provide ey and vy collisions with ener-
gies and luminosities similar to those obtained with e*e~ collisions. In the following,
we concentrate on a few particularly promising reactions involving the production of se-
lectrons and their decay into a single electron accompanied only by invisible particles.
More specifically, we compare the event rates which can be expected in ete™, e~ e™, e”y
and 77 collisions at linear colliders with e*e™ centre of mass energies /s, = 500 — 2000
GeV and luminosities of the order of £ = 1033 cm~2s~!. Furthermore, we consider the
same range of supersymmetry parameters as in Ref. 1.

2 Photon Energy Spectrum

The production of energetic photon beams by back-scattering laser rays on high energy

electron beams from linear colliders was proposed and is described in Ref. 2. The

distribution P(y) of the energy fraction y of an electron transferred to a photon, y =
E,/E., is given by

P(y):%(l—y+1 (1)

where

—z+1 | (2)
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Figure 1: Distribution of photon energies for laser Compton back-scattering (z = 2+2v/2)
and Bremsstrahlung in the Weizsacker-Williams approximation for a 250 GeV electron
beam.

and
4EeElaser
r= 7.

- mg (3)
The factor N normalizes [ dy P(y) to 1. The electron and laser beams are taken to be
aligned and their respective energies are E, and E)ase. In what follows, we assume a 100%
conversion efficiency and neglect the angular dispersion of the back-scattered photons.
When z reaches the value 2(1 + v/2) = 4.83, the back-scattered and laser photons have
enough relative energy to produce ete~ pairs. Since the conversion efficiency drops
considerably for larger values of z, we assume the laser energy to be tuned in such a
way as to obtain z = 2(1 +v/2). The corresponding energy spectrum (1) is displayed in
Fig. 1. It sharply contrasts with the energy spectrum of Bremsstrahlung photons, which
is much softer and, hence, less useful for heavy particle searches.

The cross sections of ey and 4y reactions involving such a back-scattered photon
beam have to be folded with the energy distribution (1). The laboratory frame is thus
not the centre of mass frame and the ey and vy centre of mass energies, /5y and /syy
respectively, are given by

Sey = YSee (4)
Sy = Y1Y25ee (5)
where /S.. = 2E. is the collider energy and the different y’s are the photon energy
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fractions. The convoluted cross sections are obtained from

o{see) = / "ty P)o(ser) (6)

min

Ymax Ymax
0(See) = / dyi / / dyz P(y1)P(y2)o(syy) ()
Ymin Ymin/Y1

where the upper integration limits ¥4, are given by Eq. 2 whereas the lower limits are
set by the kinematical threshold of the considered process, ymin = (ms + mﬂ:)z/see or

— 2
Ymin = 4mg/3ee .

3 Supersymmetric Processes

We concentrate here on the simplest possible signals: one or two high p, electrons and
otherwise only invisible particles giving rise to missing p; . This kind of signal is obtained
in minimal supersymmetric extensions of the standard model [3] where the lightest su-
persymmetric particle (LSP) is the lightest neutralino ¥?. A selectron pair &%é~ or
selectron-neutralino pair é~ %7 is produced with the selectron subsequently decaying into
an electron-neutralino pair e*¥}. This scenario assumes R-parity to be conserved, so
that the LSP is stable and remains unobserved.

We examine the following processes in the narrow width approximation:

etem — étem = etgle 0 (8)
eTe” — ee — e')Z? e‘)}? (9)

ey = EX = e (10)
1y — été — et e7xy . (11)

The corresponding lowest order Feynman diagrams are shown in Figs 2 and the
resulting first three differential cross sections! can be found in Refs 4,5,6. They depend
on four supersymmetry parameters [3]:

o the soft supersymmetry breaking mass parameters M3 and p associated with the
SU(2). gauginos and higgsinos, respectively (for the U(1)y gaugino mass parame-
ter M; we assume M; = M»5/3 tan? 0,,, where ,, is the weak mixing angle, in ac-
cordance with the renormalisation group evolution from a common value M; = M»
at the GUT scale);

e the mass of the selectron m; (for simplicity we assume the supersymmetric partners
of the left- and right-handed electrons to have equal masses: m;, = mgz,);

e the ratio tanf, = vz/v; of the Higgs vacuum expectation values (as long as |u| 2
M,/2, this is not an essential parameter).

1We have computed the cross sections to the processes (8) and (9) in the approximation where
mgo K mgo (i=2-4).
1]
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Figure 2: Feynman diagrams contributing to the supersymmetry signal in et e~ collisions
(top left), e~e™ (top right), e~y (bottom left) and vy (bottom right).

For arbitrary values of My and u the gauginos and higgsinos mix to form neutralino
and chargino mass eigenstates [3]. Roughly, for [u| 2 M3/2 the higgsino admixture
to the lightest neutralino is small [7]. For some of the processes studied here this is
an essential condition to obtain measurable cross sections since the higgsino-electron
Yukawa coupling is suppressed by the mass of the electron. In this region of parameter
space the dependence of the gaugino masses and couplings on 8, remains very small.
If, in addition, Mz 2 mgz, one finds roughly Mg ~ M3/2 and Mg N Mot & Ms.
For consistency with the assumption that ¥ is the LSP we must in this case require
My < 2m; . If the selectron is lighter than the second lightest chargino or neutralino,
the &= — e~ %) branching ratio [8] is 100%. If there are charginos or other neutralinos
which are lighter than the selectron, the € — e7 %} branching ratio can be considerably
less than 100%. The é; — exX} branching ratio, however, remains close to 100% over
most of the (u, M2) parameter space.
In what follows we have considered a typical scenario:

g = 375 GeV
My = 250 GeV
m; = 250 GeV (when it is not allowed to vary)
tanf, = 4.

As a result of this choice we have mgo = 120 GeV and the éf — ez X} branching ratio
is 53%.
4 Cross Sections .

The total cross sections for the processes (8-11) are plotted in Figs 3 as functions of the
selectron mass for two collider energies, 1/5ce = 500 and 1000 GeV. It appears that a
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Figure 3: Total cross sections times branching ratios to electron for the four production
mechanisms ete™ — €té~, e"e™ — €767, e™y — €} and yy — été~ for collider

energies /sce = 500 GeV (left) and 1000 GeV (right).

light selectron can be most efficiently produced in the vy mode, an intermediate mass
one in ete~, whereas the e~ channel allows one to probe heavier selectrons, beyond
the kinematical limit of pair production. The ¥y mode turns out to be a particularly
interesting option at higher energy accelerators, because away from threshold its cross
section depends very little on s,,. This is due to the absence of a propagator in the
diagram involving the four boson vertex. Note that the curves all start at 120 GeV, which
is the mass of the LSP (here the lightest neutralino) for the chosen set of parameters.
The kink in the curves at m; &~ 220 GeV (which is particularly visible for /5., = 1000
GeV and for the reactions involving two selectrons) is due to the fact that for this choice
of parameters the lightest chargino has a mass of 220 GeV. Heavier selectrons thus have
more decay channels open than the one leading to the single or two electron signal.
The question remains whether this signal is large enough to be separated from the
standard model background. Specializing on the e~ 7 process, Fig. 4 compares the be-
haviour of the total e~y — €~ x7 — e~ X}x{ cross section to those of the standard model
background processes €™y — e~ 2% — e"bv and e~y — W~ v — e~ bv, as functions of
the collider energy. In spite of a reasonable number of signal events (400 for 10 fb~!
at /sce = 500 GeV in the scenario considered in Fig. 4), it appears that the supersym-
metric signal is completely swamped. However, since most of the standard model cross
sections is due to the u-channel exchange in e™7 — e~ Z° and the t-channel exchange in
e~y — W~v (since me, mw < +/5c¢), these cross sections can be drastically reduced by
angular or rapidity cuts [9]. Moreover, the standard model background can be computed
with great precision. The accuracy of these calculations can even be checked in the case
of the W~ channel, by comparing with the e=y — u~bv signal. In principle, thus, any
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Figure 4: Total cross sections times branching ratios for obtaining a single high py
electron accompanied by invisible particles from é~ %] production (assuming the scenario
described in the text with m;- = 250 GeV) as compared to the standard model W~ v
and e~ Z° productlon

deviation from the predicted rates for the standard model processes can be a signal for
supersymmetry. For ms- = 250 GeV, My < 300 GeV and |u| 2 M2/2, it turns out that
one needs about 20 fb~! at a V/5ce = 500 GeV collider in order to establish a 3o effect.
This is well matched to the range projected for these colliders.

5 Conclusions

In summary, the e~ and 97 modes at et e~ colliders turn out to be competitive cptions
to discover or study selectrons. The e~ mode is particularly interesting for relatively
heavy selectrons with masses above the pair production limit ms = \/5cc/2. In contrast,
the 77 mode is favourable for relatively light selectrons with masses mz < /S¢¢/3. In
the mass range \/5¢¢/3 < mz < /5¢¢/2, the usual e* e~ modes are the most promising.
In addition, the process e~y — €~ X} can serve as probe of the lightest neutralino, an
elusive particle which is difficult to detect. Finally, the standard model backgrounds are
generally large, but can be handled in a sizable region of the supersymmetry parameter
space.
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1. INTRODUCTION

Flavour changing neutral current (FCNC) transitions can proceed in the standard
electroweak model (SM) only through loops induced by the exchange of the W* bosons
and quarks. The loop suppression and the heaviness of the W* and Z° gauge bosons
provide in first approximation a sensible explanation for the rarity of these processes.
Even so, the SM would not have had such a spectacular success in confronting experiments
without the presence of a further “process dependent” suppression mechanism related
to the field theoretical structure of the quark mixings: the unitarity of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1]. This property of the quark mixing matrix, residue
of the diagonalization of the up and down quark fields in the charged current, makes FCNC
transitions vanish identically if all quarks of the same isospin are degenerate in mass. This
effect, known as the Glashow-Iliopoulos-Maiani (GIM) [2] mechanism, is at the root of
the potential relevance of a heavy top quark for this class of processes.

When extensions of the standard model are considered, other new sources of FCNC
effects may arise. If neutrinos are massive, lepton flavour violating transitions appear as
well, in analogy with the quark sector. If the Higgs sector is extended, physical charged
scalars may replace the W boson in the loop and lead to additional or genuinely new
effects. Neutral Higgs induced flavour changing transitions may also arise at the tree level
and require these particles to be much heavier than the Fermi scale, in order to replace
the missing loop and GIM suppressions.

It is therefore important to carefully carry on and perfect the study of this sector of
the electroweak phenomenology because of its implications on the detailed structure of
the standard electroweak model and on the quest for the missing pieces (top quark and
Higgs sector). Also non-standard physics, which may still hyde from us in direct searches,
has a chance of being indirectly probed in this world of “low energy” phenomena.
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A plethora of FCNC processes is available to us for theoretical and experimental
studies. How to efficiently spend our efforts in trying to disentangle a specific effect? How
to look for processes that are most sensitive to the physical scenario that we want to test?
In this lecture we shall see that, just with the help of simple and general considerations, we
can recognize a systematic structure in FCNC transitions which provides us with simple
but effective criteria for dedicated searches. We will first try to analyze the relevance
of a heavy top quark for electroweak FCNC transitions and then study its impact on
some extension of the SM. In particular our present discussion will focus on the minimal
supersymmetric scenario.

2. RARE FLAVOUR VIOLATING TRANSITIONS

The world of loop-induced flavour changing transitions is populated by the so called
“penguin” and “box” diagrams. Some examples are given in fig. 1, where the quark
diagrams contributing to K+ — #tvi are shown. Since, quite independently on how we
name the various fermion lines, the structure of the Feynman diagrams is basically the
same, it is sensible to expect that there exist properties of these transition amplitudes
that are common to wide classes of processes. Qur goal is a systematic classification of
the many FC transitions that the theory allows, according to their specific sensitivity to
the nature and heaviness of the particles running in the loops.

To begin with, let us consider the effective electroweak vertex d(p')T,(q)A*(q)s(p),
where A* = A*T® represents the gauge field (7y, Z° or gluons) with fermions in the
representation 7%, and ¢ = p — p’ is the momentum transferred in the transition. With
the help of gauge and Lorentz invariance we can then write

I™(q) A (9" — ¢*¢") Fi(m}, ) 7(1 — 75)

+ Ay myq. F2(mz?’ q2) ia‘“’(l + 75)

+  Aj myq, Fy(m?,q?) ioc* (1 — 7s)
+ Ao miy Fo(mi,¢®) v*(1 —7s) » (1)

where the constant coefficients A; depend on the interaction strengths. The form factors
F} depend generally on the masses and momenta of the real and virtual particle involved
in the transition. If the gauge current is conserved (photon and gluon penguins) then
Fy = 0. The form factor Fp is therefore present only for Z° induced verteces. We will
refer to Fy and Fy as the charge and dipole form factors respectively. In the following we
will also neglect my compared to m, and therefore discard the third term in eq. (1).

Let us now consider for instance the semileptonic transition s — d ete™. The penguin
diagram contribution to this process, once the photon and Z° propagators and their
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Figure 1: Standard Penguin and Box diagrams contributing to Kt — ntviz.

couplings to to the lepton current are included, can be written as

2
Apeng(s = d eTe™) w GF“ZA {F( e )J LT
W W

qZ

+ —1——F(m—2) JPHTE } (@)
sin? Oy 0 m, V-ASV-d (o

where a is the electromagnetic coupling constant. The Lorentz properties of the quark and
lepton currents J9'L are explicitly indicated. The factors \; = K;;K}; denote the product
of the CKM angles involved in the transition and a sum over ¢ = u,¢,t is understood.
It is worth recalling that the form of eq. (2) follows from the conservation of the lepton
current 8,LJ‘[,‘” = 0. Before discussing some properties of the three form factors, we have
to consider also the contribution arising from box diagrams, as in fig. 1. One finds

msq” 14
+ Fy ( ) bR u
miy

Gr o

-Abox(s—»de"'e') ﬁmZ)\ B( W) J JV Ap- (3)

From the form of eq. (3) it is evident that the box contribution can be included
in eq. (2) together with the Z° penguin form factor to give Fy = Fy + B. In turn, the
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Z° contribution to the transition amplitude has been already split in two parts. The
component proportional to the electron weak isospin (73) contributes to Fyj, whereas that
proportional to the lepton electric charge (g2 sin® fy) contributes to F!, together with the
photon penguin form factor. The short-distance part of the process K — wete™ can then
be described by three gauge invariant functions Fy, F, and F}, whose specific dependence
on the quark masses and momenta we will discuss in the following. Although each of
the form factors does not correspond to an observable, they must be separately gauge
invariant since they are proportional to different interaction strenghts and/or different
currents in the amplitude.

These considerations, inferred from the discussion of a specific transition, depend in
fact very little on it. Changing the particles involved in the process may modify overall
factors in the amplitudes, as coupling strengths, select only some of the components and,
of course, modify their detailed functional form. However it does not affect, as we will
see, some characteristic behaviours of the form factors, which are related to the struc-
ture of the currents involved. One may be therefore tempted to systematize the study of
these loop-induced phenomena by constructing a basis of gauge invariant and, to some
extent, process independent functions which are common blocks of apparently unrelated
processes. Following this approach it may become easier to identify and isolate the effects
related to the presence of heavy quarks, or more exotic physics, and identify those pro-
cesses that are potentially promising for their search. The “Penguin-Box Expansion” of
ref. [3]is in fact an attempt toward a systematic study of FCNC processes based on these
considerations. We will not enter here the many technically subtle aspects of such an
analysis (for a review we refer the reader to ref. [4]). We will however show that even the
simple knowledge of some semiquantitative properties of the effective amplitudes, egs. (2-
3), gives us already enough information to justify such an investigation. The crucial point
rests in a remarkable property of the form factor Fy in the photon and gluon penguins.
Studying the “infrared” (m?/m?,, ¢*/m%, — 0) behaviour of the various contributions to
this term, one can in fact convince oneself that there exist a component which diverges
logarithmically. This shows that F; exhibits a genuine logarithmic dependence on the
internal quark masses, which is absent in the other form factors. One finds

2 2 2 2
Fy ~ const /1 dr z(1 —2) lnﬂi—_—w—(l{——:ﬂq— + F (%—,%—) , (4)
i miy miy,’ miy
where the coefficient of the logarithm is gauge invariant since no other pure logarithmic
terms arise in the amplitude. When the GIM mechanism is applied, the component
F vanishes quadratically in the limit m; — 0, analogously to Fy, Fo and B. These
contributions, unlike the first term in eq. (4), are dominated by the exchange of heavy
quarks and, for light quark decays, we may neglect their ¢* dependence altogether (see

egs. (2-3)).

This feature shows two different realizations of the GIM mechanism: a power-like
suppression (Am?Z/m}¥,) in the F,, Fy and B terms; a logarithmic “soft” suppression in
F). As a consequence, in a world of light quarks (m? < m},) the component F; dominates
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the amplitude, and a quite good estimate of the process is obtained by solely computing
the logarithmic term in eq. (4). Life was somewhat easier in the past, when the top quark
was still believed to be light! The presence of a heavy top makes the power terms in the
amplitude a priori no longer negligible, and calls also for a reanalysis of the QCD effects
in light quark transitions (for an extensive discussion see ref. [4]).

It is interesting to consider the question of the interplay between a heavy top and
light quark decays with more detail. Does the knowledge of this “anomalous” behaviour
of F tell us still something about the sensitivity of FCNC processes to physics scales
much heavier than the few GeV of the light quarks? In order to answer this question one
has to consider separately s — d (a) and b — s (b) transitions. In fact, it is well known
that in processes of the type (@) top exchange is disfavoured by CKM angles, namely

Aol _ K K|

~sin? 0o ~ 1072 5
o] = k] o 0o M 10 ©)
In spite of that, for m; > 90 GeV we have
m? m?  m} m?
| A ;;g; R I/\cl-ﬁln mv;’ > !f\cl'n% (6)

and therefore top and charm exchange in the form factors F,, Fy and B can be of com-
parable size. However, whenever F) is present we have

m2
|)\t|ln << [Ac|1n mv;, (7N
and light quark exchange largely dominates.

In conclusion top exchange is negligible whenever a soft GIM suppression is present.
This amounts to saying that a necessary condition (albeit not sufficient !) for sizeable
effects of the top quark in FCNC s — d transitions is to consider processes which cannot be
induced by electromagnetic and/or gluon penguins. Without much effort, we have reached
indeed a valuable result. This simple criterium is in fact quite selective and allows us to
focus our attention on a limited class of processes.

However, before proceeding to the discussion of two explicit examples, it is worthwhile
to remark that this criterium does not apply to CP violating s — d transitions. In fact,
at O(sin®#0c) the physical phase in the standard parametrization of the CKM matrix
appears only in the Ku and K;; entries. It is then obvious that a loop induced CP
violating transition involving virtual up-type quarks must include top exchange. In other
words, although the real part of the amplitude is dominated by the exchange of light
quarks (an example is K7, s — 77), the imaginary part is not, and we can roughly write

Irn.A At __3
Egz <0 ()\c) 10 (8)

The smallness of CP violating effects in the SM is therefore simply justified. Recalling
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our discussion of the relevance of the top quark for the various form factors, it follows
immediately that in the calculation of €/e one cannot neglect anymore Z° penguins and
box diagrams compared to the photon and gluon penguins, whose imaginary parts are
CKM suppressed. A re-evaluation of €'/€ in the presence of a heavy top has been performed
by different authors in the last few years [4]. However, what is still missing to make the
analysis complete (at least for what concerns the short-distance part) is the inclusion of
the dipole components (form factor F3) of the gluon and electromagnetic penguins.

Traditionally, only the component Fy of the gluon penguin has been included in the
evaluation of €'/¢, because of the soft GIM suppression. As we have seen, this is a good
approximation only when all the quarks are light on the weak scale. The same argument
that compels us to consider Z penguin and box diagrams applies a priori to the dipole
components of the photon and gluon penguins as well. Even more so for the latter which
contributes to the leading gluon diagram. The size of the effect depends however on the
complete analysis of the QCD renormalization and mixings of the new operators with
those up to now considered, and, more crucially, on the evaluation of the hadronic matrix
elements. At least two additional operators have to be included in the effective Lagrangian

for A(Kp s — 7r)

Oph il (

s
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Their Wilson coefficients at the weak scale read respectively (A = —(Gr/ \/5))\,5 C; 0))
z%(2 — 3z) z(82% — 322 — 12z + 7)

3z? z(z® — 62? + 3z + 2)
Cglue(mw) = 2(1: — 1)4 Inz + 4(1: — 1)4 . (12)

where z = m?/m},.

The absence of these operators in the existing analysis of €’/e was pointed out by
the present author about two years ago [5]. One attempt to estimate their effect has
recently appeared. The authors of ref. [6] study the effect of the operator in eq. (10)
and conclude that its contribution to € /e is about one order of magnitude smaller than
that induced by F} in the gluon penguin. The authors include the multiplicative QCD
renormalization neglecting any mixing effect, The QCD induced mixing of the operators
in egs. (9-10) with four-quark operators of the type (3rv*cr)(crY.dL) occurs in fact at
the two-loop level. However, if we are allowed to make an analogy with the case of the
b — sy decay, this effect can be large, since gluon renormalization may bring back a soft
GIM suppression, absent in egs. (11-12). Due to the presence of the charm quark, the
two-loop mixing can be competitive in size with the one-loop operators in egs. (9-10).
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A study of the renormalization of the complete set of effective operators, together with a
consistent estimate of the hadronic matrix elements (77| Opn, give |K) is required in order
to ascertain the relevance of these additional contributions to €'/e in the SM.

Coming back to CP conserving s — d transitions, we have learned that in order to
uncover possible effects due to heavy particles running in the loop {the importance of the
top quark is strictly related to the potential relevance of other non-standard physics, as
we will explicitly see for supersymmetric models) we have to search for processes which
cannot be induced by electromagnetic and /or gluon penguin diagrams. Two examples
of such processes are (i) Kz — ptp~ and (ii) KT — ntvp. Both decays can only occur
through Z° penguins and box diagrams. While for the second process this conclusion is
obvious, in the case (i) it follows from the conservation of the vector component of the
lepton current: (0] 34*vsd | K(q)) (Byup) ~ ¢*{Evup) = 0.

Experimentally, there exist two recent measurements of BR(K} — p*u~), namely
(8.4 +£1.1) x 107° (KEK) [7] and (7.0 £ 0.5) x 10~° (BNL) [8]. Since this transition is
measured, and since the short distance contributions are dominated by top exchange, we
would expect this process to be a good probe for indirect top searches. Unfortunately,
long-distance (LD) contributions turn out to be dominant. The transition can in fact occur
via a two photon intermediate state. The absorptive part of this long-distance effect can
be estimated by convoluting T'(/Kz, — 4v) and T'{yy — utu~). Using the measured value
of BR(K — ~v) [9] one obtains BR(Ky, — ptp™ )ans = (6.8 £0.3) x 107°. Since the
absorptive part of the short distance contributions is negligible (light quark exchange is
subleading), the value above is in fact a lower bound for the total branching ratio.

In order to use this information to bound the (dispersive) short-distance component,
we should get a handle on the dispersive part of the long-distance contribution (off-shell
photon form factor). This task would be made easier if we had data on the invariant
mass distributions for K; — ete~ete™, for which only recently the branching ratio has
been measured at the level of 5 x 107 [10], in agreement with the SM expectation. Using
the better experimental knowledge of K; — ete™y, one can nevertheless attempt an
extrapolation to the 2y off-shell form factor relevant for K; — ptpu~. With the help of
vector meson dominance the authors of ref. [11] estimate the dispersive part of the long
distance component to be at most a few percent of the absorptive part. Using this result
they study, as a function of the top quark mass, the range of values of BR(KL, — ptpu™)
allowed by our knowledge of the relevant electroweak parameters. By comparing the
results of KEK and BNL with fig. 2, taken from ref. [11], it is apparent that no definite
statement on the top quark mass can be presently made. In addition to the uncertainty
in the evaluation of the LD contribution, another source of uncertainty is related to our
poor knowledge of Re{K};K;;}. A more recent analysis of the short distance contributions
to Kz — ptp~, which takes into account the combined constraints coming from other
measured FCNC processes and CP violating transitions has been performed in ref. [3].
For m; = 100 GeV the branching ratio induced only by short distance contributions can
be as small as 3 x 1071, while for m; ~ 200 GeV, for which the preferred values of the
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Figure 2: The allowed range for BR(Kj, — p*p~) is shown as a function of the top mass,
for BRynit = 6.8 x 109, The figure is taken from ref. [11].

CKM phase lie in the first quadrant, it does not exceed 2 x 107°. It is clear that until
we obtain a precise evaluation of the LD contributions, this decay cannot help us in the
study of the subleading short-distance effects.

At variance with Kj, — ptp~, the decay K+ — 7tvv can be considered from the
point of view of the theory a “clean” process. In fact, a property of the latter decay which
is crucial for our short-distance analysis is that long-distance contributions have been
shown to be negligible [12]. Short-distance contributions exhibit also some nice features.
In addition to the hard GIM suppression, which makes top exchange competitive with
charm exchange, it turns out that QCD corrections suppress the leading logarithmic terms
(~ z”1n z.), thus further decreasing the charm contribution by about 30% [13]. Finally, a
partial cancellation of the subleading (~ ) terms, occurring between the Z° penguin and
the box diagram, makes this process less sensitive to next-to-leading QCD corrections.
Unfortunately, we do not have yet experimental evidence for this decay. When summing
over three light neutrinos, the expected branching ratio varies between 1.5 and 8 x 1071°,
for m; < 200 GeV (for a detailed discussion see ref. [3]). The highest values are reached
for the CKM phase in the second quadrant and m. & 150 GeV. The present experimental
bound is 4.4 x 107° [14], about one order of magnitude above the needed sensitivity. In
view of the interesting properties of this process, an experimental effort to cover the
present gap between measurement and theoretical expectations is more than justified.
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With the previous two examples we have seen that the Kaon system may offer the
possibility of testing physics at the Fermi scale, provided we choose processes in which
light quark exchange is strongly GIM suppressed. This amounts to disregarding FCNC
transition which can be induced by electromagnetic and/or gluon penguins. This criterium
is for the Kaon system quite selective. Is the distinction between softly and strongly GIM
suppressed transitions as effective when considering heavier meson systems ?

The preferred sector for investigating indirect effects of weak scale physics is that of
FCNC transitions involving the B mesons. If we consider loop-induced b — s transitions,
charm exchange is no longer favoured by CKM mixings. In connection to that and because
of the heaviness of the B meson long-distance contributions may be expected to play a
less relevant role than in the Kaon system. A further consequence of the heaviness of
the b-quark is that inclusive B-decays can be reliably modelled by quark decays (non-
spectator diagrams are wave-function suppressed: f3/m? = 1/400). Finally, when the top
quark exchange dominates the amplitude, then the SM prediction for the branching ratio
depends very little on the uncertainties related to our poor knowledge of the relevant CKM
angles. In fact, by normalizing the various transition to b — ce#, from the unitarity of the
three-generation CKM matrix one obtains |K},Ku|/|Kas| = 1 + O(sin? 6g). Therefore,
the short distance components of the transitions depend, including QCD corrections, only
on two parameters: m; and Agep.

On the other hand, if a soft GIM suppression is present (once again via electro-
magnetic and gluon penguins), the sensitivity to heavy scales may be hindered by the
relevance of the charm (or external momenta) contribution : |K2 K Inz.| 2 |K;, K| z:.
We expect therefore that , even in the B-sector, the processes that are most promising for
indirect searches of exotic heavy physics are those which cannot be induced by the form
factor F; in the effective b I',A* s vertex. To this class of processes belong B® — 77~
and B — X, v7, in analogy with the Kaon case. However, because of the combined effects
of low branching ratios and low detection efficiencies these two processes do not offer at
present concrete possibilities of experimental test. We would like instead to focus our
attention on the radiative B — X ++ transition, where a real photon is emitted together
with a strange hadronic “jet”. At the quark level, this decay is induced by the effective
b — s + « transition, which, because of the on-shell photon, can occur only through the
dipole form factor F, (non-spectator tree-level contributions, which would be dominant
for the analogous transition in the Kaon sector, are here negligible). As a consequence,
the genuine electroweak amplitude is strongly GIM suppressed, and therefore sensitive to
virtual top effects.

Surprisingly, QCD corrections turn out to play an important role. A soft GIM sup-
pression in fact appears when an additional gluon loop is present, mixing the renor-
malization of the original dipole operator with effective four-quark operators of the type
(bry*er)(Cryust) = O1. The presence of large logarithms involving the charm quark mass
enhances the two-loop contribution which turns out to be comparable to the one-loop
electroweak amplitude even for a heavy top [15]. This effect, confirmed by detailed renor-
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Figure 3: Standard model expectations for some b — s transitions as a function of the top
mass. Dotted lines do not include QCD corrections. The figure is taken from ref. [21].

malization group analysis [16], enhances the branching ratio for the inclusive b — s + v
transition above 3 X 10~* for m; > 90 GeV, although it smooths the original top depen-
dence (see fig. 3).

Although the photon signature is a welcome feature of this decay, comparison with
experiment is not straighforward. Assuming the dominance of two-body intermediate
state production via a Kaon resonance and a photon, the lightest exclusive final state
allowed is K*(892) + v, followed by K* — Kx. The theoretical estimates of the branch-
ing fraction Rg+ = I['(B — K*5)/T(B — X,v) vary between 5% and 40% [17,18]. The
difficulty in obtaining a reliable result rests on the fact that non-relativistic quark models
are unsuitable for describing the overlapping between the B meson and the K* wavefunc-
tions since the s-quark is relativistic. At the inclusive level, one may try to detect the
most energetic photons, having care to cut at photon energies E., < 2.25 GeV, in such
a way to exclude contamination from the background decay B — D*(2010) + 4. This
would nevertheless include the first few Kaon resonances and may amount to measuring
a substantial fraction of the inclusive transition [17] (compare also with the analysis of
ref. [18], based on the study of b — sy + gluon). As for the lightest exclusive mode,
assuming a phenomenological model for the B meson wavefunction Ali and Greub [18]
estimate 0.1 < Rx» < 0.2, for any value of m; in the 100 — 200 GeV range.
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These expectations have to be compared with the already close experimental bounds.
The best experimental limits on the 8 — s + v process come from the recent results of
CLEO II [19]. At the inclusive level, based on the analysis of ref. [18], they obtain
BR(b — s+v) < 8.4 x 10~*, whereas for the lightest exclusive mode they have reached
the limit BR(B — K*+v) < 0.92x10~*. If, somewhat conservatively, we take Rx+ = 10%
we see that the two bounds above are roughly equivalent and are only a factor 2-3 away
from the SM expectations, depending on m;. This can be seen from fig. 3 where we
report, as a function of the top quark mass, the SM expectations for various b — s
transitions. One can recognize the different sensitivities to the top mass and to the
leading QCD corrections, according to the discussion presented in this section. A more
detailed description of the processes shown in fig. 3 can be found in refs. [20] and [21].

After these introductory considerations, in the next section we will examine the
impact that these FCNC processes have on minimal supersymmetric extensions of the
standard scenario. In order to include the leading logarithmic QCD corrections in ex-
tended frameworks it is convenient to observe that, if (i) no new effective operators are
added to the basis relevant for the process considered (this is, for instance, the case if all
the additional particles exchanged in the loop are “heavy” with respect to the charac-
teristic scale of the process), (ii) possible additional tree level contributions to effective
four-fermion operators, like Oy, are suppressed (a typical case is when Yukawa couplings
are involved), and (iii) the newly exchanged particles can be integrated away together
with the W gauge boson (we will assume the same range of applicability as for the case
of the top quark), then, it follows that (a) the new contributions to the amplitude are
only multiplicatively renormalized (no new induced mixing effects), and (b) the QCD
correction factors are the same as for the SM amplitudes. Conditions (i) and (ii) are
generally satisfied in the models considered here. In addition, we are presently interested
in mass ranges for the new particles which satisfy (iii). In this case, the extension of QCD
corrections to non-standard contributions is straightforward and does not require further
work (for a more detailed discussion see ref. [20]).

3. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

In this section we examine a particularly simple supersymmetric (SUSY) extension of
the SM, derived from spontaneously broken minimal N=1 supergravity (for a review see
ref. [22]). Spontaneously broken N=1 supergravity theories with a residual N=1 global
supersymmetry (SUSY) preserved down to the Fermi scale represent the most attractive
possibility of solving the naturalness problem in the scalar sector of the SM, while incor-
porating gravity in a unified picture of all elementary interactions. If, unquestionably,
the direct searches for supersymmetric particles at LEP, CDF, LHC and SSC constitute
the primary tool in this effort of testing low-energy SUSY, nonetheless its manifestation
through virtual effects in FCNC rare processes is still of interest and, at any rate, com-
plementary to the other direction. We will show that some bounds on rare B decays
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reachable by CLEO II conceivably in the near future can be translated into limitations on
the available SUSY parameter space which are comparable to those obtainable at LEP.

Even limiting ourselves to low energy theories derived from spontaneously broken
N=1 supergravity, we are faced by a host of models which substantially differ in the
nature and number of their free parameters and, in particular, on their predictions for
the topic of interest for us here, i.e. heavy flavour physics. The first major distinction
concerns the way one avoids a fatally short proton decay lifetime. It is known that the
supersymmetrized version of the SM allows for the presence of baryon and lepton violating
terms in the superpotential. Here we take the most “conservative” attitude of forbidding
all these dangerous terms by imposing a discrete symmetry, known as R-parity, which
discriminates the ordinary particles from their SUSY partners. Even restricting ourselves
to SUSY models with conserved R-parity, we are left with a very large number of free
parameters in the sector which softly breaks the residual N=1 global SUSY. To further
reduce this arbitrariness we consider the simplest possible SUSY version of the SM where
one introduces the minimal number of superfields necessary to supersymmetrize the SM
and chooses a flat Kahler metric [22]. In this minimal SUSY version of the SM only four
additional new parameters appear. Moreover, it can be easily seen that the Higgs sector
of such a minimal SUSY model with two Higgs doublets, needed to provide a mass to both
the up- and down-quark sectors, is not large enough to allow for the required electroweak
symmetry breaking at the tree level. If one insists on the minimal prescription of only
two doublets in the Higgs sector, then the correct spontaneous breaking of SU(2) x U(1)
can be achieved radiatively, i.e. making use of the renormalization effects on the SUSY
parameters (in particular on the Higgs masses) when evolving them from the superlarge
scale of supergravity breaking down to ~ mw. Imposing such a radiative breaking creates
a functional relation between the four SUSY parameters, on one side, and the weak scale
on the other side. Hence, the number of independent free SUSY parameters in the MSSM
with electroweak radiative breaking (RMSSM) further reduces to three. Our analysis
will be performed in the context of the RMSSM. This is the SUSY model that offers
the highest degree of predictivity and correspondingly the scenario where we can put the
sharpest constraints on the parameter space.

Let us briefly survey the structure of the model. As previously mentioned, mini-
mality strongly constrains the structure of the Lagrangian which describes spontaneously
broken N=1 supergravity models. The requirements that only the fields due to the super-
symmetrization of the SM are present and that matter parity is preserved, immediately
dictate the expression of the SU(3)c X SU(2)r X U(1)y invariant superpotential:

W = hEQiUSHy + hiQiDSH, + hiL;ESH, + pH, H,y (13)

where the chiral matter superfields @, U¢, D¢, L, E¢, Hy and H, transform as follows under
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SU ( )C X SU(?)L X U(l)y:

Q (3,2,1/6); (3,1,-2/3); D°=(3,1,1/3);
L (1a2a_1/2); (171’1) (14)
o= (1,2,-1/2); H2 (1,2,1/2) .

|I| III

0w

Isospin and colour indices are contracted in the usual way. The couplings Ay, hp and hp
are 3X3 matrices in the generation space (¢, = 1,2,3).

The expression of the soft supersymmetry breaking operators turns out to be quite
simplified by the assumption of having a flat Kahler metric. At the grand unified scale
Mx they appear as:

i) a cubic gauge-invariant polynomial in the complex scalar fields:
S = mA [hU@ﬁcHg + hD@BCHl + hE.Z/EcHl + Bm[,l,Hle + h.c. (15)

The tilde denotes here the scalar component of the chiral matter superfields @, U¢,
D¢, L and E°, while, for simplicity, we denote by H; and H; also the scalar com-
ponents of the Higgs superfields H; and H;. A and B are c-numbers and, in the
presence of a flat Kahler metric, the equality B = A — 1 holds;

ii) a universal mass term for the scalar components y; of the chiral superfields:

M2 = m22;|y,-|2 N (16)
iii) gaugino Majorana mass terms:
.~ M

= '?2—(/\1/\1 + /\2/\2 + /\3/\3) + h.c. f (17)

where A1, Az and A3 denote the two-component gaugino fields of U(1)y, SU(2)r, and
SU(3)c, respectively. In eq. (17), the grand unification constraint of equal gaugino
masses at Mx has been added to the usual requirement of minimality.

Hence, the class of minimal theories which we consider here is described at the grand
unification scale by the Lagrangian:
Lyssu =W+ S+ M4 M + kinetic terms (18)

This Lagrangian contains four new parameters in addition to those which are already
present in the SM, i.e. A, u,m and M (for the present discussion we neglect CP viola-
tion effects and consider all parameters to be real). The correct electroweak breaking is
achieved on the vacuum:

= (3)s 1w = (1)@= =0, 19

where § and ¢ denote the scalar quark and lepton fields, respectively. The tree-level scalar
potential does not produce the correct vacuum. On the other hand, in order to discuss
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the physical implications of Lyrssar at low energy (i.e. at the electroweak scale), we need
to renormalize the relevant parameters in eq. (18) from My down to ~ mw. Imposing
that the renormalization group improved potential leads to the vacuum in eq. (19) at my
further reduces the number of genuinely new parameters introduced by SUSY to three.

Obviously, in addition to these parameters, our results will depend also on the mass
of the top quark, m;, as was already the case in the SM. The constraints we derive from
rare B physics will be reported on a two-dimensional SUSY parameter space for fixed
values of m; and of the third remaining SUSY free parameter that we choose to be the
ratio of the vacuum expectation values (VEV) of the two doublets H; and H,, i.e. vo/vs.

The whole SUSY mass spectrum can be expressed in terms of the three SUSY pa-
rameters and m;. We focus here only on the structure of the squark mass matrices, while
referring the interested reader to reviews on the subject for a study of the chargino and
neutralino mass matrices [23].

The 6x6 matrix of the = 2/3 sector is formally written in terms of the 3x3
submatrices My, , My, and M§__ as follows:
. My, My, Mg,
M = . (20)
MY My My,

Urr
The expression of the above 3x3 blocks is very simple at the superlarge scale Mx where,

roughly, the breaking of N = 1 supergravity takes place and where we start the running
of our parameters. At that scale (unbroken SU(2) x U(1)y):

MULM(BL = m21
Mz = 0.

The renormalization of M, % from Mx down to the electroweak scale produces relevant
effects. At the low-energy scale, the 3 x 3 blocks can be written as:

(MUL M(BL )z‘j = a,-jMZ + b;jmz + c;jmzAz + d,‘ijM

+ (MUM(B)ij + M2 cos 28 (% — gsilﬂ 9w> 8 (22)
(Mgyp)is = (M + fymA + p/tan f)(Mu):; (23)

(M}, Muy)s; pii M? + giym® + riym? A + s;y;mAM

+ (M} Mo)s; + M cos28 (3 sin* O ) 8 (24)

where 1, are generation indices, My denotes the up-quark mass matrix, tan 8 = vs/v:
and the dimensionless matrix coefficients a, ..., s depend only on the gauge and Yukawa
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couplings and are determined by numerical solution of the RG equations driving the
renormalization of the SUSY parameters from My down to My . Taking a look at the
expression of these equations (see, for instance, App. A of ref. [21]), one can see that
the various coefficients in eq. (22) receive contributions from both the up- and down-
quark Yukawa couplings, at variance with the coefficients in eq. (24) which are affected
by contributions only from the up-quark Yukawa couplings. Hence, when considering the
diagonal up-quark basis (i.e. the up-quark ba51s which diagonalizes My My;) one simulta-
neously obtains the diagonalization of the MU My, block in eq. (24), while MULMUL,
having contributions proportional to M, oM} 1, remains off-diagonal. The amount of this
“lack of diagonality” traces back to the difference in the rotation for the diagonalization
of the up- and down-quark mass matrices, i.e. the effect is roughly proportional to the
elements of the Cabibbo-Kobayashi-Maskawa mixing matrix. This is the key element to
understand a peculiarity of SUSY theories in the FCNC sector. If one considers a ver-
tex gluino-quark-squark (§ — ¢ — §), for instance § — u — @, the absence of simultaneous
diagonalization in the u and @ mass matrices leads to the possibility of a § converting a
u—quark into a ésquark at its vertex. Gluinos can mediate FCNC [24]. The same applies
to neutralino vertices in general. For the purpose of our analysis, there is a second rele-
vant observation on the § mass matrices to be made. The down squark (d) mass matrix
has a structure similar to that of My replacing My by Mp, with some new values of the
e, ...,s dimensionless coeflicients established by the RG equations (the coeflicients a, ..., d
remain unchanged) and with a different sign in front of the terms proportional to M% in
eqgs. (22-24), namely:

(MDLM{)L)ij = a,-]-M"’ + bijmz + CijmzAz + diijM
+ (MDMIT));]' - M% cos 28 (% - -;-sin2 Ow) 5,']' (25)
(M}, )i = (e;M + f;mA+ ptan B)(Mp)y; (26)

(M{)RMDR),-]- = p,]M2+q”m +ri;m*A* + simAM
+ (M} Mp)i; — M2 cos 2,6( sin’ 0W) 8ij (27)

There is a major difference in the structure of MU and M2: 7: the presence of terms
proportional to m; in the off-diagonal block (M7 ) of M% (eq. (23)). Given the large
value of m;, such #;fr mass entry tends to produce one light (resp. one heavy) mass
eigenstate #; (%) in the up squark sector, which is mainly a combination of ¢z, and .
Just requiring mg, to be positive forces the elements along the diagonal, and, hence, m
and/or M to be rather large. Consequently also the diagonal elements of Mf) tend to
become correspondingly large, thus preventing some eigenvalue to be light. In addition
to this effect, the presence of the D-term contributions, proportional to M% (which also
become relevant for large m; since vy # v, is favoured) increases the average values of mk

while decreasing mZ.
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Since the d-squark masses cluster about an average value determined by the size of the
elements along the diagonal (with the possible exception of one eigenstate, lighter, due the
off-diagonal renormalization effects induced by the top quark in the Mp, block), they turn
out to be substantially heavy for most of the parameter space. These considerations are
important, since the d-squarks eigenstates appear together with the gluinos, in potentially
relevant contributions to the loop B processes here discussed. This feature, together with
the rapidly growing bounds on gluino and squark masses from collider data, is at the root
of the general loss of relevance of FCNC gluino mediated amplitudes in the RMSSM for
rare B decays. As a consequence, a complete study of all the possible SUSY contributions
to a given process is required.

In the SM the b — s and b — d transitions are dominated by one-loop contributions
with the exchange of a virtual W and the top quark. When supersymmetry is considered
several competing sources of FCNC are present. To begin with, in SUSY models the
Higgs sector is richer than in the SM, since at least two Higgs doublets must be present.
Consequently, there exists at least one physical charged scalar H~ which can be exchanged
in the one-loop contributions to b — s or b — d, together with an up-quark. The second
obvious source of FCNC comes from the supersymmetrization of the W and the charged
Higgs contribution, where the up quark is replaced by an up-squark @ and W~ and H~
are respectively replaced by their SUSY partners, w-ino (W-) and higgsino (H~). To be
more precise, since W~ and H~ are only current eigenstate, the eigenstates of the 2 x 2
charged fermion mass matrix, the so-called charginos (X¥~) have actually to be considered.
A less obvious source of FCNC, typical of SUSY theories, comes from the FC vertices
g— ¢ — %" or ¢ — § — §, where X° is a neutralino and § is the gluino. This, as we have
previously mentioned, is. due to a characteristic renormalization effect of the quark and
squark mass matrices which arises when the effective low-energy Lagrangian is derived.

Thus, in SUSY there are five classes of one-loop diagrams which contribute to FCNC
b — s and b — d transitions. They can be distinguished according to the virtual particles
running in the loop:

1) W~ and up-quarks;
2) H~ and up-quarks;
3) X~ and up-squarks;
4) %° and down-squarks;
5) § and down-squarks.
As we said, the actual novelty of SUSY in the context of FCNC is the possibility for gluinos

and neutralinos to realize flavour changes at their vertices with quarks and squarks. Gluino
exchange in particular looks very promising for a possible SUSY enhancement in rare B
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physics. Indeed it was shown [25] that in the radiative decays b — s+ and b — s+ g the
SUSY-GIM mechanism realizes a suppression comparable to that present in the SM, so
that, taking into account the presence of the strong couplings in the case of § exchange,
one could correctly argue that such FCNC radiative b decays should be SUSY enhanced.
This may remain true in some low energy SUSY realizations, however this hope is not
fulfilled in the RMSSM [21]. The reason is twofold: on one hand, the search for § and §
at CDF has pushed up the lower bounds on their masses at a level of 100 GeV and, on
the other hand, in the RMSSM there is a general tendency for the down squarks to be
heavier than the up squarks, as we have previously discussed. Notice that for the other
class of superpenguins with virtual 4 or g exchange, producing b — s£¥£~ or b — sqq,
the standard GIM mechanism is soft whereas the corresponding SUSY-GIM suppression
produces effects comparable to those which are present in b — sy and b — sg. Hence,
in this case even the a priori hope of a substantial gluino enhancement is absent. In
conclusion, in the RMSSM the contributions with § and d exchanged in the loop do not
represent the leading contribution in FCNC b decays like b — s, b — séf and b — sqg.
Clearly the role of neutralinos is even more negligible given the smallness of the their
couplings in comparison with the strong coupling of the gluinos.

The chargino and charged Higgs exchanges constitute the dominant SUSY contribu-
tions to rare B decays [21]. The best lower bounds on their masses come from LEP and
amount roughly to 40 GeV. Notice that the lower bound of CDF on squark masses of
0O(100 GeV) refers to the case of degenerate squarks, but does not rule out the possibility
of a single squark much lighter than all the remaining squarks. In view of our previous
considerations on the large off-diagonal element {7 — {5 in 1\75 it is indeed conceivable
that one light stop (of, say, 25-30 GeV) may exist. Obviously, its exchange in a loop with
a light chargino represents a potentially important contribution in FCNC rare B decays.

We come now to a quantitative analysis of our results. It is useful to recall that, apart
from the implementation of the bounds on the SUSY particle masses, what makes a strict
selection of the points at disposal in the SUSY parameter space is the requirement of the
electroweak radiative breaking [26]. We shall show how much of the SUSY parameter
space is already ruled out by this request and which further reduction is obtained by
imposing the experimental bounds on rare B decays.

In our view b — s + 4 represents one of the most interesting FCNC rare B decays.
The presence of large QCD corrections in the SM has been previosuly discussed. In this
section we shall point out that this process offers the best chance in rare B physics to
constrain the SUSY parameter space in a way complementary to the results achievable in
direct accelerator searches. Most of the material presented in this section is taken from
ref. [21] and we refer the interested reader to that work for a more detailed discussion.

In fig. 4 we give a quantitative content to our previous considerations on the relative
importance of the various SUSY contributions. The individual components of the ampli-
tude for b — s + 7, corresponding to the exchange of the charged Higgs, the charginos,
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Figure 4: Ratios of SUSY to SM amplitudes contributing to b — s+ (leading QCD
corrections are included). The figure is taken from ref. [21].

the gluinos and the neutralinos, are compared to the value of the SM amplitude. QCD
corrections are included in these ratios. It is apparent from this figure that charged Higgs
and chargino contributions dominate over the gluino exchange contributions, at least for
charged Higgs masses below 300 GeV. A second remark concerns the size of the separate
SUSY amplitudes in comparison with the SM amplitude. Fig. 4 clearly shows that the
exchange of SUSY particles never prevails over the standard W exchange in A(b — s+7).
At this point it becomes crucial to determine whether there exists a definite pattern of
interference between the SUSY and the SM contributions. The answer is exhibited in
fig. 5. The figure shows the size of the various processes as a function of the soft break-
ing mass m. The other parameter, needed to determine completely the structure of the
model, is taken to be the gaugino mass M, which is varied between +200 GeV. The
solid lines refer to the SM expectations for m; = 130 GeV, with the inclusion of the
QCD corrections. The dotted areas denote the RMSSM predictions as a function of the
SUSY breaking parameter m for two different values of vy/vy, 2 and 8 (fig. 5a and 5b,
respectively). Remember that, having fixed vy/v1, two SUSY parameters remain free.
This explains why to a certain value of m, more values of BR(b — s + «) correspond.
The interesting feature of fig. 5 concerning BR(b — s 4 ) is that the RMSSM dotted
band lies almost entirely above the SM solid line. The SUSY contributions to b — s 4+~
interfere positively with the SM contribution (Higgs exchange generally dominates) and
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Figure 5: Expected branching ratios of various loop-induced b — s transitions in the
RMSSM for m; = 130 GeV and tanf = 2, 8, as a function of the soft breaking
scalar mass m. The horizontal solid lines represent the corresponding SM predictions

(fB, = 150 MeV). The figure is taken from ref. [27].

the conclusion is that in the RMSSM the BR(b — s + ) is expected to be larger than
the SM prediction, reaching a maximal enhancement of about a factor three.

As discussed in sect. 2, the SM prediction for BR(b — s+ ) varies between 3 x 10™*
and 4 x 10~ for 90 GeV < m; < 160 GeV when the large QCD corrections are included.
Hence the CLEQ II bounds are only roughly a factor three larger than the lowest predicted
value in the SM (a factor six when considering the very conservative value R* = 5% for
the lightest exclusive channel). Given that BR(b — s + ) is predicted to be even larger
in the RMSSM, we conclude that an improvement of the present CLEO II bound by a
factor 2-3 is of utmost importance in testing the SUSY contribution and the presence of
the large QCD corrections in SM.

To help clarifying the message concerning the RMSSM which should be drawn from
the results depicted in fig. 5, consider the case of the top mass being measured at 130 GeV
with an uncertainty of 10 GeV. The inclusive rate for b — s + # is then known in the
SM with an accuracy of 10 — 15% (the accuracy of the leading-log estimate of the QCD
corrections). In figs. 15-17 of ref. [21], we showed, for different combinations of the SUSY
parameters, the regions of the parameter space allowed when the radiative breaking of
SU(2) x U(1) is required, compared to the tiny regions which are left after imposing a
bound on BR(b — s + ) just above the SM prediction. In fig. 6 we extend further this
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Figure 6: The regions of the plane mj — p excluded by SUSY searches at LEP I (area
enclosed by the thick solid line), and the projected limits obtainable at LEP II (area below
the dashed line), as reported in ref. [28], are compared with the regions excluded by: i) the
sole requirement of radiative electroweak breaking (A); ii) a bound on BR(b — 3++v) 50%
above the SM prediction (A+ B); iii) 15% above the SM prediction (A+B+C). The latter
is equivalent to a measurement consistent with the SM expectation for m, = 130 GeV.
The figure is taken from ref. [27].

analysis by directly comparing the potentiality of the radiative b — s ++ decay with that
of SUSY searches at LEP I and II. As an indicative example, we consider the area of
parameter space which is excluded by a bound on BR(b — s++) at the level of 1.5 times
the SM prediction and that excluded by a measurement consistent with the SM estimate
(within 15%). For m; = 130 GeV the two cases correspond to inclusive branching ratios
of 5.6 and 4.3 times 10~ respectively (BRgy = 3.7 % 10~%). In fig. 6 we show the regions
of parameter space excluded in the two aforementioned cases (dark shaded areas A + B
and A + B+ C) confronted with those excluded by present SUSY searches at LEP I (light
shaded area) and by the projected searches at LEP II (area below the dashed lines). It is
apparent that an improvement of BR(b — s + %) by at least a factor of two may offer a
test of the SUSY parameter space which is comparable with what LEP II can produce.

We finally come to what was considered in the past a kind of benchmark for rare
FCNC b decays, i.e. b semileptonic decays with strangeness in the final products. In
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fig. 5 we have reported the results concerning b — svv b — sf+*{~, and B — 7F7~
in the RMSSM and, for comparison, in the SM. Although the last two decays exhibit
a quite clear experimental signature, their rates are too small for the present machines
and we must wait for the advent of B factories to exploit the information coming from
these rare processes. For b — sf*{~ we can repeat what we said for b — s + . The
SUSY contributions interfere constructively with the SM W-exchange contribution for
almost the entire available SUSY parameter space. This is due to the dominance of
Higgs exchange in the dipole component of the amplitude. In fact, all the Higgs-induced
contributions in which a helicity flip between b and s is not needed are suppressed by
tan~2 8. This is clearly shown by the snallness of the corrections to & — sv¥, where the
electromagnetic penguin, and therefore the dipole form factor, is missing. If the bound on
the inclusive BR(b — s£*£7) is pushed down to O(10~°) (which corresponds to bounds
on exclusive modes, as B — K £*¥{~, an order of magnitude lower [29]) a large area of
the SUSY parameter space (comparable to that excluded by & — s¥) could be ruled out.
This means that a significant result for SUSY can be achieved only by an improvement
of at least two orders of magnitude with respect to the present experimental bounds.

We conclude our analysis of SUSY contributions to FCNC processes in B physics with
the B® — B° oscillations. We address the following two questions: can the exchange of
SUSY particles in the box diagrams responsible for AM in the B — BY system produce
a significant enhancement over the value of AM(B;) predicted by SM ? Is the ratio
AM(B;)/AM(B;) in the RMSSM the same as in the SM ? A clear answer is provided by
fig. 7. The inclusion of SUSY particles in the AM box diagrams yields a quite moderate
enhancement of no more than 30% over the SM prediction. This result is merely a
consequence of the suppression of the charged Higgs induced diagrams for tan 8 > 1.
As for the second abovementioned question, the answer comes from a comparison of
AMsysy |AMsys for the B§ — BS and B® — B? cases. Their close resemblance indicates
that also in the RMSSM the usual SM scaling of AM by (Kis/K¢4)? remains true. This
result, which is obvious for the Higgs induced component, holds with large accuracy also
for the chargino, gluino and neutralino contributions. This shows, as one naively expects,
that the standard CKM elements K4y and K, play also a relevant role in the rotation of
the squark mass matrices.

It is important to recall that these results are obtained in the minimal framework, and
therefore do not exclude in general the possibility of measurable supersymmetric effects
in other contexts. At any rate, they can provide a useful guidance for further analysis.

An updated SUSY study of FCNC effects and CP violation in the Kaon sector is
missing. The authors of ref. [30] study the impact of supersymmetry on rare B decays,
mixings and related CP asymmetries. However, they do not perform a consistent numer-
ical study of the renormalization of the relevant low-energy parameters. In particular,
the splitting of the down-squark mass eigenstates is assumed to be simply of the form
¢ m?, with ¢ = 0.5. As we have seen in our present discussion, this amounts in most
cases to overestimating the real effect. In addition, it does not account for the crucial



182

m, = 130 GeV
T per—r—r—T—T—

12}

AMSI{SY/AMSH (Bd)

AMsysy/AMsy (B,)

v/, = 2

PRNSTING ST SUEr AT O B a U |

0 125~ 250 0 125 250
m (GeV) m (GeV)

vy/v, = B
!

"
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corresponding SM prediction is shown for m; = 130 GeV and tan 8 = 2, 8, as a function
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interplay between the renormalization of the up-squark and down-squark mass matrices,
which turns out to preclude any relevant role of the gluino induced contributions.

4. CONCLUSIONS

In this lecture we have discussed some aspects related to FCNC transitions in the K
and B meson systems in the standard electroweak scenario and beyond. We have tried to
individuate criteria for a systematic understanding of the sensitivity of these low energy
phenomena to a heavy top quark or exotic physics at the electroweak scale. We have
focussed our analysis on the minimal supersymmetric extension of the standard model.

The lesson we have learned is that, while the combined study of rare KX and B
processes is quite effective in limiting extensions of the standard scenario, theoretical and
experimental improvements are needed for a detailed search of heavy top effects. There
is certainly no competition with the precision tests of the standard model performed at

the high-energy colliders.

The evaluation of the hadronic matrix elements and long-distance contributions to
the various processes represent from the point of view of the theory the major source
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of uncertainty. The analysis of the short-distance components and of the leading QCD
corrections is instead, for m; < 200 GeV, well under control. In the B meson system,
short-distance contributions are known, for a given top mass, with a precision of 10%—
20%. Therefore, if the top quark is found (at CDF?) then the study of rare B phenomena
may provide very stringent tests on non-standard physics, and, what is perhaps more
important, give us precise information (0(10%)) on the long-distance components of the
transitions. Among else, this is a valuable input for the study of CP violation in the B
system, which is the preferred way of performing a redundant test of the structure of the
CKM matnx, and, ultimately, the motivation for building a B factory.
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ABSTRACT

I review the analysis of one-loop SUSY radiative corrections to the weak gauge
boson masses, W and Z, and to the low energy p parameter in the context
of a specific complete renormalization framework for electroweak interactions
based on neutral currents processes. 1 also discuss the prospects for detect-
ing SUSY radiative effects from the combined use of high energy and low
energy data to be obtained in the next generation of high precision exper-
iments. Details are provided of the electroweak renormalization framework
used throughout.

1. Introduction

The present day “burning” activity going on at the various fronts of experimental endeav-
our in Particle Physics, whether it be in electron-positron, proton-antiproton, neutrino-
nucleon or in neutrino-electron scattering experiments, is pushing day by day the precision
at which the Standard Model (SM) is being tested [1] to the very frontiers reached by the
most sophisticated theoretical calculations [2]-[9]. These calculations are able to account
for the 1-loop (and in some respects 2-loop [10]) quantum effects on the amplitudes of the
physical processes, evaluated in the field theory context of the SM with only one Higgs
doublet. Several schemes have been devised to face the complexity of these calculations
[2]-[7], but apart from minor numerical differences among them, due to unavoidable ef-
fects from truncation in the loop expansion, the convergence of the various approaches is
a most valuable piece of information to trust in practice the correcteness of the results as
well as the healthiness of the whole theoretical construct underlying the SM.

In view of these facts, one can hardly strengthen, for obvious, the conclusion that the
“golden age” of the radiative corrections is born in electroweak physics. The “old” days of
the first real production of the intermediate gauge bosons, with very rough determination
of their masses, are now superseded by impressively good accurate measurements of the
mass and width of the Z and fairly good, though still far not comparable, measurements
of the corresponding W parameters. We are presently living the LEP I era, the era of Z
physics, but the LEP II era, that of W physics, is not far away from us.

Above all, the ultimate endeavour for a physicist is to assess to which extension theory
matches experiment. Indeed we are now closer than ever to the very crucial confronta-
tion of theory with experiment at the level of the fine renormalization effects predicted
by our favourite quantum field theories. On the theoretical side, calculations of the ra-
diative shifts induced on the W and Z boson masses in the framework of the SM have
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been performed by several authors and in different schemes [2]-[9]. On the experimental
side, recent measurements of the W and Z boson masses and precise determinations of
sin%w and of the p-parameter patently show fairly good agreement between theory and
experiment at the level of quantum corrections [1].

The successfulness of this program reinforces to the fullest the necessity of testing
the predictions of the SM to the limit where hints of potential new physics may be
disentangled, or at least be severely constrained, once the remainder of ignorance on the
parameters of the SM (e.g., the top quark mass and the Higgs mass) will be pinned
down. There are still important gaps to fill in our descriptive knowledge of the pure
SM electroweak physics, such as the finding of the Higgs scalar and of the top quark [11],
not to mention our complete ignorance on deep theoretically rooted questions, such as the
whys and wherefores of having such a complicated structure for the strong and electroweak
interactions, with so many uncorrelated parameters, flavours, mixings, families etc., whose
precise values, or even their mere existence, looks fully divorced from the presence of the
feeblest, though ubiquitous and uttermost important- cosmic featuring!- force in nature:
gravity.

Since the old days of supersymmetry (SUSY) [12], the idea of using the new Fermi-
Bose paradigm to reconcile the gravitational force with the SU(3). x SU(2), x U(1)y
interactions has been cherished by theoretical physicists [13]. In modern days one expects
that the final unification may come from the realm of supersymmetric string theory,
i.e. Superstring Theory [14], although it is by no means clear to everybody that such a
theoretical creature will ever survive at all. Be as it may, the idea that supersymmetry
could play a significant role in the important issue of building a consistent grand unified
theory (GUT) of all interactions is worth exploring [15] and should not be abandoned,
despite all previous unsuccessfull efforts to tag a genuine SUSY signal, and still less in a
moment that highly precision data are being obtained to test the correcteness of the SM
to its ultimate consequences [1]. Perhaps the most fashionable motivation that can be
adduced at present to support SUSY is that the extrapolation of the LEP high precision
data, with the inclusion of supersymmetric matter contributions in the renormalization
group equations that govern the running of the three gauge coupling constants, displays
an spectacular coupling constant unification at Mx =~ 10'® GeV ( Cf. ref. [16]), provided
the sparticle masses lie in the range 100 GeV < Mgysy < 10 TeV. Of course, this is not
a proof that SUSY exists, but it is difficult not to be impressed by this result. It could
be a virtual manifestation of SUSY through quantum effects from the Fermi scale to the
GUT scale.

In these lectures I would like to elaborate on the complementary issue of the radiative
corrections on the basic electroweak parameters from SUSY, with special emphasis on the
comparison between (neutrino) low energy and (LEP) high energy data. There exist in
the literature various partial analyses of SUSY radiative corrections to the p parameter
and to the weak gauge boson masses, Mw,z, and in different renormalization schemes
[17]-[21]. Here I will develop a more detailed exposition of the analysis of the results pre-
sented schematically in references [20] and [21]. The main point raised in these references
was to show that for a large, phenomenologically relevant, region of SUSY parameter
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space (involving sparticle masses of order 100 GeV') only a fully-fledged calculation (i.e.
not just a two-point function estimate) can shed light on the answer to the final SUSY
corrections predicted in a given renormalization framework. This is in contradistinction
to the SM case, where the bulk of the radiative corrections just comes from the universal
two-point functions, i.e. from the so-called indirect or “oblique” [22] fermionic contri-
butions (quarks and leptons) to the self energies of the electroweak gauge bosons [3]-[5].
Whereas the “direct” (process-dependent) corrections ( namely: boxes, vertices and ex-
ternal wave function renormalization) corrections are comparatively negligible in the SM,
this is no longer the case in SUSY. All sources of SUSY quantum corrections may be
equally important in the aforementioned parameter range and for a given scheme.

The plan is the following. Section 2 develops the specific renormalization framework
used throughout. Section 3 introduces the necessary SUSY formalism. Section 4 presents
the analytical and numerical analysis of the SUSY radiative corrections. Finally, Section
5 is devoted to the conclusions and some speculations on 2-loop SUSY quantum effects
on the basic electroweak parameters. An appendix at the very end provides some useful
formulas.

2. Renormalization Framework

Our renormalization framework is based on the on-shell scheme developed in ref.[2], which
was extensively used for 1-loop SM calculations in refs. [3] and [5], and in 2-loop calcu-
lations in ref.[10]. The following three processes are used to define the basic electroweak
parameters: v,e and v,e elastic scattering is used to define the electroweak mixing angle
s3 = sin® f; muon decay to define the Fermi constant, G, and finally Coulomb scatter-
ing to define the fine structure constant o:(k* = 0). In many applications, it is convenient
to take the on-shell renormalization framework of ref.[4], where Mz is taken as an input
datum. In view of the present high precision measurements of this quantity, it proves
to be an extremely convenient choice [7}-[8]. But certainly not so interesting if one is
addressing the issue of the radiative corrections to Mz itself!.

Clearly, the source of largest error in our set-up comes from the first parameter men-
tioned. We shall comment later on about the uncertainty induced in our calculations
from the inherent error in the parameter s3, which is inputed from low energy neutrino-
electron scattering, and specially on the prospects to improve that error in the future (also
in deep inelastic scattering). But for the moment we take the point of view that such
a scheme can be useful to illustrate the kind of effects to be expected in the context of
a fully-fledged analysis involving the complete structure of the 1-loop SUSY corrections.
Needless to say, the calculations in this framework are purely electroweak (no uncertainty
from strong interactions), and although they are anyway quite cumbersome, they are at
least clean and straightforward. From the results obtained one can assess' whether facing
a similar, but still more complex analysis, namely an analysis in which v,e-scattering is
replaced by deep vN-scattering (with a corresponding error on s likely to be improved
substantially in the future), could be useful or not to unravel potential SUSY quantum
effects.
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Specifically, in our framework s2 is fixed through the ratio

_o(e—ue) E4+E+1

S ove—uye) 26417 (1)
where the parameter £ is given by
§=—a/b, 2)
with a and b the vector and axial coefficients in the neutral current interaction
Ls= -l a=bw)l Z, &)
Co
Here cg = cos §, and the values of a and b for the leptons are
a=—1+4s%, b= —1 forl =e,p, etc, 4)
and
a=>b=1 for | =v,v, etc, (5)
Therefore, the value of s? obtained from the measured parameter £ is given by
1
J0+8=5. ©)
This is our (to all orders) definition of the (physical) electroweak mixing angle.
The expressions for the cross sections used to compute the ratio R are:
ey 1
o = we) = GH (a4 b + 5(a~ b)) ("
and E 1
o™ = ve7) = Gpe{(@a— b + 5(a+b)7, ®)

where E, (E;) is the incident neutrino (antineutrino) energy in the laboratory. In these
formulas, a and b are those corresponding to the charged leptons (eq.(4)).

At the tree level, the bare values of the parameters are finite and given by a® = a
and b©@ = b. Therefore, in lowest order of perturbation theory

a®
§ = _W ) (9)

and so at this order the physical relation (6) remains true
1
11+ =5 (10)

But at higher orders the coefficients a and b in equations (3)-(8) are shifted from the bare
values by the radiative corrections. For example, let the 1-loop bare values be a(!) and
b®. The coefficients a and b are now given by

a=ad"=a®+68a, b=b0 =b" +6b (11)
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and the 1-loop bare value of s2 by

so. = 7(1-35) (12)
while the parameter £ reads o
a + 6a
=0 (13)

Eq.(12) is the model Lagrangian definition of the bare mixing angle and remains formally
true order by order in perturbation theory.
From eqs.(10-12) it is easy to see that

(1)2 (1 a® — 6a (0)2

W gp) = % b(")(a(o) b(O))' (14)

This equation shows that, in contradistinction to the tree level result (10), the radiative
corrections modify the relation between £ and the bare vector and axial coefficients; it is
no longer of the form (6). In fact, at 1-loop that relation gets shifted in the following way:

1
11+9=5"(1-8), (15)
where © 5
a aQ
5= % o m)’ (16)

as it follows from egs.(10), (14) and (15) [23].

Clearly, 83 acts as a counterterm in the definition of the electroweak mixing angle. Its
value follows after computing all possible (1-loop) radiative corrections to v,e-scattering.
Thus it is in general an ultraviolet (UV) divergent quantity, as it also is the bare value

(1)2 The UV-divergences must cancel on the RHS of eq.(15) in order that the LHS is
ﬁmte. In this way 03 takes care that eq.(6) be a consistent definition of the physical
mixing angle.

Concerning the definition of the Fermi constant, one has

2 2

M~ — v = P15 7%) (a7)

where it is understood that we have already subtracted from the experimental value, Te,p
the pure (i.e. the so-called “conventional”) electromagnetic radiative corrections, which
are well known to be finite:

G%mﬁ a 25
19278 2% * 4

T~ - e v,i) =Tepp — 7). (18)
At the tree level, the relation between Gr and the parameters of the charged-current
Lagrangian

Ly = \/_ V(1 = ys) u W, + h.c] (19)
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reads as follows:
Gr g2

V2 aMD?

We call £LO = £(s”? ¢, M) the bare Lagrangian at the tree-level, i.e. the classical
Lagrangian £ expressed in terms of the bare parameters in lowest order of perturbation
theory (or tree-level parameters). These are finite, but not physical.

As in eq.(15), the previous tree-level relation gets shifted when written in terms of the
1-loop bare parameters ¢ and MS

(20)

G g(1)2
Tg 8M(1)2(1 +6&) . (21)
w

Here 6, is the corresponding counterterm taking care that G is consistently defined
through the relation (17). Its value is to be obtained by explicitly computing all possible
radiative corrections to u-decay. ,

Finally, the fine structure constant, « = a(k? = 0), is defined as the residue of the
one-photon exchange pole at zero momentum transfer in a Coulomb scattering process,
say pe — pe. At lowest order, we obviously have

(0)2,(0)2
g'"%s
a= WB—, (22)
whilst at the 1-loop level
g(l)2 (1)2
__-—(1 + &), (23)

where 8, is the counterterm associated to our definition of the fine structure constant. It
follows upon computing all possible (1-loop) radiative corrections to Coulomb scattering.

By inverting the simultaneous set of fundamental relations (15), (21) and (23), we
obtain the bare 1-loop values of the Lagrangian fundamental parameters in terms of the
various counterterms and the physical parameters:

s = (1 +E)(1+65) =571+ 8) (24)
2 _ 16ma (©)2
g 1T (1 — 62 e 63) =g (1 - 62 63) ) (25)
Ara
My = mu bt =M -6 8). (@)
F

On the second RHS’s of these equations, I have replaced just for notational convenience the
physical parameters by the Lagrangian tree-level parameters. The latters are, of course,
of no physical significance, since their values depend on the particular renormalization
framework that one adheres to. However, I repeat, I am using them here just as a
bookkeeping device.

The bare 1-loop Lagrangian, i.e. the classical Lagrangian £ expressed in terms of the
bare 1-loop parameters (24)-(26), will be called £ = L£(s{"%, ¢, M$). To get the
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1-loop finite value of the W mas from the 1-loop bare value M;(,y, we just add the free
propagator obtained from £ plus a 1-loop correction (self-energy insertion) to it, and re-
quire the ensuing expression (call it the unrenormalized 1-loop propagator) to have a pole
at the physical mass. This is nothing else than the on-shell renormalization prescription,
well known from QED. If we call Il (k?) the vacuum polarization function associated to
the W-boson self-energy insertion, the 1-loop propagator reads

'—i.ql.w )
k2 — [M? + Tw (k2)]

I have disregarded the contribution from the k.k, terms in the W propagator. In
practice they would afford negligible contributions in our framework, since they would
be proportional to the external fermion masses squared. However, for our processes
mI/ME << 1;l=e,pu,v.

The physical (up to 1-loop) value of the W mass therefore is

(27)

Mg = M + Tw (k> = ME) = MPP(1+ 61 — 62 — 83)jac0 + W (MB) ,  (28)

where in the second equality I used eq.(26). The label k* = 0 means that the various
contributions to the & (i = 1,2, 3) are to be evaluated at low energies (k* << M%) (more
precisely, at low momentum transfers), in accordance to the processes I have chosen.

Although the contributions to the &; ‘s and Iy (M) are individually UV-divergent,
eq.(28) must be finite in a renormalizable theory, e.g. in the SM or in any (softly broken)
global SUSY version of it.

As for the bare Z-mass parameter, our model Lagrangian definition of it is Mz =
Mw /ce. This relation must be preserved by the bare parameters order by order in per-
turbation theory, in particular

MY =MP /e and MY = MY /c . (29)

Imposing on-shell renormalization as before, it is easy to see that the physical (up to
1-loop) value of the Z mass is

5

MZ=MP*1+6—6— 6+ 28) +Tz(M2), (30)

k=0
where the last term is the on-shell value of the vacuum polarization function associated
to the Z self-energy insertion. Eq.(30) must be finite in a renormalizable theory. Notice
that relation (29) does not hold for cs- as obtained from (6)- and the physical masses My,
and M3z- given by (28) and (30) -in contrast to the scheme of ref.[4], where ¢; is defined
that way. Of course, that ¢z could be computed in our scheme by simply performing the
quotient between the physical weak boson masses inferred from (28) and (30).

Let us specialize formulas (28) and (30) to include only the 1-loop self-energy (SE)
contributions to the §; ‘s (see Fig. 3, Secc. 4) from our basic three independent processes.
We can easily check that

My (k2 k?
6i9E=_ ]v&(sz) ) 6§9E=H7152 ) (31)
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As for the radiative shifts to the vector and axial coefficients, we have
6a°F = —4s con*Z( i) , =0, (32)

so that from eq.(16)
65E — ¢ Iz (K%)
3 Sg k2 '
Formulas (28) and (30) therefore boil down to

(33)

Co Il 7 (k? I, (k2
OM3)°* = (-1t (k?) - 2ame ) ag HE) o) e

and

My (k2 2 c3 LIz (k? k?
oup)* = (- G haE) ) amn), o9
20

where I1, is the vacuum polarization function of the photon (from Coulomb scattering)
and II,z is the mixed self-energy function (both from Coulomb and from v,e scattering).

In general, the full contribution to formulas (34)-(35) from a renormalizable theory
is not finite. For example, in the SM is not finite. However, if the various vacuum
polarization functions include only the contributions from fermions, then, it is finite and
as a matter of fact it yields the bulk of the radiative corrections to the weak gauge boson
masses in the pure SM context [3]-[5].

Let us now turn our attention to the p-parameter and its renormalization by higher
order quantum effects. The low energy p-parameter is defined as the ratio between the
weak neutral and charged-current Fermi constants at zero momentum transfer [24]. To
be more precise, let J5- and Jyo be the standard charged and neutral weak currents.
The low energy effective Lagrangian accounting for our weak processes may be written

Lops= %guzc(u) Thon(®) + pTc(€)Incu(¥) + hc) | (36)

Specifically, J5-(u or e) is the charged weak current for the muon or electron vertices in
p-decay, and Jio(e or v) is the neutral weak current for the electron or neutrino vertices
in v e-scattering .

Within the context of the SM, p can be easily identified. At the tree-level, i.e. using
£© to compute the currents, it simply reads

(0)2
© = ﬁﬂ&w =1, (37)
M,
where the second equality presumes a weak isodoublet structure in the Higgs sector of
the SM or of the SUSY SM, in accordance with eq.(29). Therefore, any departure of the
experimentally measured p-parameter from 1 has to be attributed, within this context, to
higher order quantum effects induced by SM, and potential non-SM, radiative corrections.
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To see that p is no longer 1 at higher orders, let us identify it from eq.(36) at 1-loop
order by using £ to compute the currents. Of course, the first term of €q.(36)-the
charged current interaction— remains unmodified, for that term is used to define Gr
through the counterterm 6; (see eq.(21)). It is the second term of (36), the one defining
the neutral-current Fermi constant G% = pGF, that gets renormalized with respect to the
first. One source of renormalization just comes from the aforementioned condition that the
charged-current Fermi constant remains untouched by radiative corrections. Therefore,
from eq.(21) we set Gr — Gr(1—6;) only on the second term of (36). On the other hand,
the coefficient p in eq.(36) will undergo on its own an over-all rescaling p — p(1 + 6,),
where &, is the shift induced on that parameter by those radiative corrections to v,e-
scattering for which d; = 0 identically. These are the subclass of radiative corrections to
vue-scattering that verify da/a — 6b/b = 0 (see eq.(16)). The net effect on the structure
of the Lagrangian (36), therefore, is

f(z})f \/_(ch(u)ch,,(e) + (1= 8)pO(1 + 60) T2 (€) Inou(v) + hoc.) . (38)

Here JGl(e) = Jhg(a® + 62,5 + 6b) is the weak neutral current associated to the

electron. It absorbs the subclass of renormalization effects on v,e-scattering that go into

the definition of s3. The other type of renormalization effects, those that go into J& Na(v) =

(14 64)Jyc(v) have been factored out explicitly and are responsible for p — p(1 + 64).
Hence the total renormalization of the p parameter is

PV =01-86)14+6)p@=1+6p, (39)
where the full 1-loop shift is
bp=—61+6, . (40)

If we only consider the universal effects from the self-energies (i.e. the total “oblique”
contribution), then é; is given in eq.(31) while §, gets a similar contribution from vue-
scattering. Thereupon eq.(40) boils down to [25]

My (k) Hz(lc2))
M3, ME

§p5F = ( (41)
which must be finite for k& = 0. In general, however, the complete formula (eq.(40))
will involve a lot more of calculations than the simple eq.(41); namely, it will require the
computation of both the indirect (“oblique”) as well as the direct (process-dependent)
effects. In SUSY all of them turn out to be of comparable size, at least in our framework
(Cf. Secc. 4).

To finish this section, let me remind the reader that deviations from eq.(37), induced
by nonvanishing §p within the context of the SM with a Higgs doublet sector, can be
viewed as an intrinsec breaking of an accidental global isospin symmetry, the so-called
“custodial” SU(2)y symmetry [25]-[26]. It would be a remnant tree-level symmetry of the
spontaneously broken gauge theory, in the absence of weak hypercharge interactions and
of unequal Yukawa couplings for the 73 = 1/2 and T3 = —1/2 weak-isospin components
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in each fermion isodoublet. In lowest order of perturbation theory, the SU(2)y-breaking
terms do not affect p at all (§p® = 0), but at higher orders they induce §p # 0 contribu-
tions. In general, beyond the tree level (i.e. for n > 1) all the parameters of the effective
n-loop Lagrangian become sensitive to the breaking of SU(2)y. An example is afforded
by egs. (34) and (35). Notice that, for s — 0, the difference in sensitivity of Mw and
M3z to hypercharge interactions vanishes (the expressions inside the parentheses on the
RHS’s of these equations become identical) and only the mass splittings within isodou-
blets (caused by the unequal Yukawas) remain: (Ilw — I1z)|s2_0 # 0. At the 1-loop level
(n = 1), however, non-vanishing contributions to §p arise only from mass splittings within
isodoublets but not from hypercharge interactions. This situation changes substantially in
the SUSY SM, where the presence of certain soft SUSY breaking terms (like sfermion and
gaugino masses, and trilinear couplings in the superpotential) and of asymmetric vacuum
expectation values in the multidoublet Higgs sector, may introduce additional sources of
breakdown of custodial symmetry, both explicitly and spontaneously (Cf. Sections 3-4)
[27].

3. SUSY Formalism

The renormalization framework developed in the previous section is completely general
and can be used in a pure SM context or in any renormalizable extension of it. As stated
in the introduction, I want to concentrate on the kind of potential new quantum effects
afforded by supersymmetric extensions of the SM. Let me not to insist on the theoretical
motivations for supersymmetry (SUSY), see ref. [15]-[16], and go directly to a quick
review of the necessary formalism for our calculations [18].

We shall perform our calculations in a mass-eigenstate basis. One goes from the weak-
eigenstate basis to the mass-eigenstate basis via appropriate unitary transformations. Two
classes of SUSY particles enter our calculations: the fermionic partners of gauge bosons
and Higgs bosons (called gauginos and higgsinos, respectively) and on the other hand
the scalar partners of quarks and leptons (called squarks and sleptons, respectively, or
sfermions generically). In the minimal SUSY extension of the SM, hereafter called MSSM,
we need two Higgs doublets with weak hypercharges Yy 2 = F1:

HY Hy
This is due to the fact that the Yukawa couplings responsible for the masses of the up- and
down-like quarks are generated from the superpotential, a SUSY structure that cannot
support LH and RH fields at the same time. The Higgs doublet ®; (®) gives mass to
the down (up) -like quarks. The corresponding higgsino doublets are denoted by ®; and

&,. Their components are Weyl spinors. From the higgsinos and the various gauginos we
form the following three sets of two-component Weyl spinors:

T ={W+ Hf}, T;={W,Hi}, @)

TS = {B°, W3, H3, Y} . ®3)
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These states get mixed up when the neutral Higgs fields acquire nonvanishing v.e.v’s,
< HY >= v and < HY >= vy, giving mass to the gauge bosons: M3 = (1/2)(v} +
v3),Mz = Mw/cs. (In general v; # vz, so that we note, in passing, that custodial
symmetry becomes spontaneously broken). Arranging the fields (2)-(3) in column vectors
IT# > and |T® >, the undiagonal mass Lagrangian for the gaugino-higgsino (GH) sector
reads "

1
Ly =—(<THM|T™ > +h.c) — 3 < oMo re >, (4)
where the charged and neutral GH mass matrices, after SU(2);, x U(1)y breaking, are
the following: %
M MW 2s
M= s 5
< Mwv2es  p ) )
and
M 0 ~Mzcgss Mzsgsg
o_ 0 M Mzcgey —Mzsgcy
M= —Mzcsss Mzcscy 0 — ’ ©)
MZSﬁS@ —Mzsgcy — U 0
with the following notation:
sg=sinf , cg=cosf , tanﬂ:?. (7
1

The mass parameters M and M’ come from SU(2) x U(1)y-invariant gaugino mass
terms that “softly” break global SUSY (i.e. that do not induce quadratical divergences
[15]) while 4 comes from the SUSY mass term uﬁlfﬁg built out of the two chiral Higgs
superfields ffl,g. The origin of the softly SUSY breaking gaugino mass terms can be
traced back to a remnant of the flat space-time limit in local SUSY, i.e. of Supergravity
(SUGRA) [13], which on the other hand is thought to be the point limit of Superstrings
[14]. We shall assume that the MSSM can be embedded in a GUT, in which case the
parameters M’ and M are related as follows [15]:
(3

MM— =gtan2t9w20.5. (8)
The 2 X 2 mass matrix M is in general non-symmetrical and its diagonalization is accom-
plished by two unitary matrices U and V, while the symmetrical 4 x 4 mass matrix M°
can be diagonalized by a single unitary matrix N. The entries of the matrices U,V and
N are complex in general in order to obtain positive-definite mass eigenvalues:

U*MV' = diag{Mi1, My} and N*M°N' = diag{M?,..M?} . 9)

We are now ready to construct the charged mass-eigenstate 4-spinors (charginos) associ-
ated to the mass eigenvalues M; (i = 1,2). Call them ¥;, and let ¥;" be the corresponding
charge conjugate states. We have

T+ . e |

LV
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As for the neutral mass-eigenstate 4-spinors (neutralinos) associated to the mass eigen-
values MY (a =1, ...,4), they are the following Majorana spinors

\I:?,=<N*fg)=cif‘f. (11)
The gauge interactions with charginos and neutralinos (referred to generically as “inos”)
in the mass-eigenstate basis are the following:
L3 =B Z, + J Ay + (JEW; + he) (12)
where

B = AU UEPL+ UG P
1,j

1w
+§ Z ‘I’g’Y"(ngaPL + OprR)‘I’g} (13)

B
b = gsed UIyHUF (14)
Jy = gY S WAH(CLPL+ CEPR)YF, (15)

with P g = (1/2)(1 £ s). Notice that the neutral weak current is not diagonal, as could
be expected from the fact that the mixed weak-eigenstate gauginos and higgsinos belong
to different weak-isospin representations. The various coupling matrices are the following:

1
U,-lj' = Uy ;1 + —2-U¢2U;2 - 826,']'

1
Uj = ViaVi+3ViVie - siby
-1 1

L Rx* * *
Oaﬂ = _Oaﬂ = —2"Na3Nﬁ3 + §Na4Nﬂ4

CL = —}—N *  NLU?

ai T \/5 ad3i2 a2Vl

~1
Ch = —=NiVia— NiVa . (16)

V2

I turn now to the scalar sector and their interactions. The mass matrices for sfermions
mix left-and right-handed type fields, i.e. those SUSY scalar fields associated respectively
to the two chiral components of each SM fermion field. Consequently, they are not-
in general-mass eigenstates. For each sfermion flavour, f ,we have an angle, ¢y, which
defines the rotation that diagonalizes the scalar mass matrix. I shall not dwell into the
actual structure of these matrices in special cases but rather work with general unspecified
matrix elements. Let us illustrate the case of sleptons (I = &, , ...). Squarks (§ = @,d, ...)
are to be treated analogously, of course, but I will spare the reader the ordeal of reading
up all the details. As before, we shall work in the mass-eigenstate basis (the physical
basis). Thus we introduce a rotation matrix for each slepton flavour

a s .
R(‘)=(_;l Ci) ; si=sing; , ¢ =cosy, (17)
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relating the weak-eigenstate basis I/, = {I1,,lr} to the mass-eigenstate basis L = {5}
through ; 3

L=3"RYL. (18)

b

Let us call m,({) and ma(I) the mass eigenvalues associated to the two scalar fields (18).
Denoting by  the sneutrino associated to I, they together form an SU(2), doublet while
lg forms an SU(2). singlet:

( 2 ) , In (19)

Iy,

i.e. they follow the same pattern as the corresponding charged lepton ! = I; + Iz and
neutrino v;. Of course, in the case of squarks one needs a rotation matrix for both the
up and down components in each squark doublet, and they are in general different, but
as I mentioned before I will omit details. As for the the sneutrino masses mg, there
obviously are no non-trivial mass matrices in the MSSM. The interaction Lagrangian of
a slepton generation with the gauge bosons reads, in the physical basis (1 am suppressing
flavour-lower and upper-indices here):

g, = % SR, D O LWE + he) —igse 1 0 LA,
+—2%{17* 5;‘ v+ ZS,,J; 5;‘ ib}Zp.

a,b

L P RO Rl + P YW W + g2y B, A, A0

27 @
+ Lo+ S84 - P2 T S (20
where the following notation has been introduced:
Sus=S"ARacRl and Sup = ARucRi: , (21)
with (see eq.(1.4))
/\1=a-2|-b , /\2=a;b (22)

Finally, both sectors-fermionic and scalar- are subject to mutual interaction through
Yukawa couplings of the form chargino-fermion-sfermion or neutralino- fermion-sfermion.
In building up the physical Yukawa couplings from the weak-eigenstate Yukawa coupligs,
we may ignore the higgsino components, coupled to leptons and sleptons, since their
strength is negligible for the electrons and muons involved in the external legs of our
low-energy processes. In general, the only relevant Yukawa coupling of this type is the
“higgsino-top-stop” component, but it never enters our framework at 1-loop (see, how-

ever, an intriguing remark on this particular in Secc.5). Therefore, the relevant pieces are
the following:

Ly = —ig) ULo¥; Pl — igZZ&l%T{;‘T’?LPLV
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+——9—- E(soN;I — coN%) 7T Py

30 (A oY)+ hec. (23)

where

A = Ral(SON:d + CoNo*,z) — 289 Raa N
Ao R, (SoN;I + CaNo*lz) + 289 Rao Ny - (24)

To summarize, the SUSY interaction Lagrangian needed to perform our calculations is
obtained from eqgs.(12), (20) and (23):

LSUSY _ pCH | pl 4 £T L Ly (25)

where the third piece is the squark analogue of the second one. The corresponding Feyn-
man rules are trivially read off this Lagrangian, with perhaps only two exceptions worth
mentioning. They refer to two aspects of the neutralino interactions with the Z boson
connected with the Majorana nature of these fields; namely, on one hand the Feynman
rule associated to the ZW)Wj-vertex gets an “unexpected” additional factor of 2 that
cancels the 1/2 standing out in the corresponding Lagrangian term (see eq.(13)), and on
the other hand the neutralino contribution to the vacuum polarization of the Z-boson
demands an over-all exchange symmetry factor of 1/2.

4. Analysis of the SUSY Radiative Corrections

Using the formalism and Lagrangian interaction terms presented in Seccs.2-3, we are now
ready to compute all possible 1-loop SUSY radiative corrections to our basic three low-
energy processes: vye-scattering, p-decay and Coulomb scattering. By isolating the full
1-loop structure of the three counterterms &; (i = 1,2,3), and of the radiative shift &4,
we will infer (from egs.(2.28), (2.30) and (2.40)) the radiative corrections to the basic
electroweak parameters themselves: My, Mz and p. In this section I will provide some
details of the analytical formulae resulting from the 1-loop calculations. However, since the
complete analytical results [18] are rather long and repetitive, I will concentrate myself on
just the analytical computation of SUSY radiative corrections to the first process, namely
vue-scattering. Nonetheless the numerical analysis that I present at the end of this section
contains, of course, complete information from the three processes.

As explained in Secc. 2, there are two general classes of radiative corrections to v,e-
scattering: 1) those that contribute to 83 and are used to define s2 through eq.(2.15), and
2) those that are absorbed into 64 -identically giving 83 = 0-and so contribute (in part)
to the renormalization of the p parameter. Let us start with the first class of radiative
corrections. The 10 diagrams of Fig. 1 correspond to SUSY vertex corrections and wave
function renormalization of the external fermions. Summing the contribution from the
first 4 diagrams (a.1)-(a.4), a straightforward calculation shows that the UV divergences
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cancel and no logarithm of dimensionful quantities is left:

—? .

63(a.1+a2+a3+ad)= 167gr2 {Z[UHU;;U;‘IEO(M,-, M;,m(Z.)
ij

2M; M;

— 37— aUnUsUS F (M, My, m(5e)] + ¢l - 32 |Uan[* Eo( M, m(Be), m(@)]} (1)
i J i

where the finite (i.e. UV-convergent) functions F' and Ej are related to standard renor-
malized 3-point functions (Cf. Appendix). The next two diagrams (b.1)-(b.2) in Fig. 1
are of the neutrino-charge-radius type. By expanding their amplitudes in powers of the
photon momentum, one easily verifies that they render no net contribution to the neutrino
charge and that the first non-vanishing contribution is indeed of the charge-radius type.
Another straightforward calculation yieds

2
Sa(b.1 +b.2) = g EZ'R%)MV“P( %lm )2[ ({lgmz + E(sl..[z(m.-al ] , (2)

1672 A ~Tai) ~%ia)
where . 5 g 9
hz) = TR 2z — §x2 + §x3 +z%(1 - §x) logz ,
folz) = % — %$+$2 - %xa + %acalogx ,
0 = '@E/[%f—) y Tia =1z . 3)

The contribution from diagrams (c.1)-(c.3) is also (globally) finite but it turns out to be
rather involved:

g 1 e 2(s
bacl+ec2+e3)= 1612 22 [71Nea + toNea {1 RS log ——"X}ﬁz)
a [+ 4 @

+Eo (M2, ma(8), ma(8))] — Y SRS Ry En(ma (€), ms (8, MO)}
b

2 2=
g a+b ) mg(€) | 2 . .

+167r2 2;: Eaj '@0—|Na1 *{Xe| Re3 [*[log MO + Eo(M2,m,(€), ma(€))]

= 3" S4B R Bo(ma(8), ms(8), MO)} . (@)
b

Here tg = sg/cy and the various coupling matrices and remaining notation have been de-
fined in Secc. 3. Notice that the last diagram of Fig. 1 (diagram (c.4)) has no counterpart
in the SM case, for there is no triple Z-boson vertex in the SM. Here the non-diagonal
coupling of the Z to the Majorana neutralinos furnishes the following finite contribution:

2
63(c4) = 2 3" S {IRE P (Naz + toNar) (Va2 + tNp1)*

1672
e aff
1. . - a+b e .
X[Ofp‘z'Eo(Mg, Mg, ma(£)) — OgsMaMECo(M3, Mg, m, (€))] + ~63—|R§2)|2NQ1N/31
1. . -
X[Oky Eo(M3, Mg, ma(8)) — OF MIMSCo(M2, M2 ma(@)]} 6)

where the renormalized 3-point function Cj is defined in the Appendix.
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Figure 1: SUSY corrections to vertices and external lepton lines in v,e-scattering.
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Turning now to Fig. 2, we see that we have contribution from several box diagrams.
They require some Fierz reordering before proper identification of the radiative shifts on
the vector and axial coefficients. The total output from this sector is a rather cuambersome
expression:

o P . . 2ME, M;M;
63(Flg'2) = _167!'2 ZZ IRI(I,;)lz((]ﬂ(]Jl)(‘/;lVﬂ)M2 M2{M2 m2(u)
t] @

MM, o
XF(Mhma(u’)’m(VE)) _—""'2(_)F(MJ;ma(u’)) m(l/e))} — 16 5
a+b (e} (2 " 2 . .
X ZE 4(M°2 Moz){ [Raz |“(NaaNgy — to|Naa )(NﬂlNﬂ2 — 6| Na1?)
af @
M02 ) M02

g~ (Ma > Ma(8), m(7,)) ~ WF(Mmma(e),m(Vu))]

HRIP (NG ~ 5NN, ~ N3

OMO MO 0
[ﬁf;.”_g(_)F(MS, Ma(8), m(@,)) - _A%fh%pwo,ma(a),m(aﬂ))]
a + b|R(e)| (Ng1Naz — N*z)(NﬂlNﬂz — 1 ,31)

2M°M° QMO MO
X gt e gy F M2 l®) m0)) = s F (M3, ma(E), m(5,)

+ RS (INaal? = 15| Naa ) (INsel” — 25INp )

M02 _ . M02 0
X[WF( ma(e),m(u,‘)) - WF(M yma(€),m(7,))]} . (6)
Finally, we have to compute the SUSY 1-loop vacuum polarization functions associated
to the Z and W bosons. We need their expressions for k* = 0 and k* = Mz, (Cf
egs.(2.34), (2.35) and (2.41)). We also need the mixed vy — Z self-energy function involved
in the v, e-scattering process at k* = 0. For completeness I shall provide general formulas
for arbitrary k% and shall also quote the SUSY photon self-energy function from Coulomb
scattering. All of them receive contributions from “inos” and sfermions. Fig. 3 illustrates
the case of the Z vacuum polarization function. Similar diagrams hold for the other cases.

The analytical results from the “ino” sector read as follow (see Appendix for the
various 1-and 2-point functions used below)

2
in(kz)(inos) = %{22[)(1‘_7‘{2]‘:2[321(1‘:21 M;, Mj) - Bl(k21 M;, Mj)]
6 ij

+(M2 M?2)By(K?, My, Mj)} + My(M; Xi; — M;Yi;)Bo(K?, M;, M;)]
+ E[ ﬂ{2k2[B21(k2 Mg: M;g) - Bl(k21 Mg: M/g)]

+(M,22 — MP)By(k*, M2, Mg)} + MUMZX5 — MGY3s)Bo(k?, M3, MJ)]} ,
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illw (K*)(inos) = 29" 3 3 {Pai{2k*[Bx (k*, Mg, Mi) — By(K*, Mg, Mi)] + (M7 — MJ?)

X Bi(k?, M3, M)} + MY M2 Py — MiQoi) Bo(K*, M2, M)},
ilL,z(k*)(inos) = 4¢°k?s5 Y _[Ba (K*, M;, M;) — By(K?*, M, My)]

iIL, (k%) (inos) = g*k*s3 S (U + UR),[2Bay (K%, M;, M;) — Bo(k?, M, M3)]

with

Xy = UZUZ +USUS | Yy=ULUZ +ULUR

Xgﬂ = 0{;,305& + 05,305& ) Yfﬂ = 05,305& + O/gaofﬂ ) (8)

whereas sleptons yield

2
illz(k?)(sleptons) = —4902 {k*[(2s2 — cf)2[Bo(k2, my,my) — 4By, (K%, my,m,))]
3

+(2s% — 3,2)2Bo(k2,m2,m2) - 4B21(k2,m2,m2)] + 43,2c,2[Bl(k2, ™my, my)
—2Bo,(k?*,my, my)] + Bo(k?, mz, m;) — 4By (k?, ms,m;))
+2Sl2612(mf - mg)[2B1(k21 m11m2) - B0(01m17m2)]} )

iTly (k%) (sleptons) = g*{c}[K*[B1(k?, m1,ms) — 2Ba1(k?, m1, m3))
+(mf - m,%)Bl(k2, m, m,-,)]
+312 [k2 [Bl(k2, Mg, M3) — 2321(’92, Ma, M)

+(mg - m?’/)Bl(k27 My, mﬂ)]

_%[ch(ml) + s2A(ms) — A(ms)]}

iIL,z(k*)(sleptons) = —%g2k2t9{(2sg — &) [Bo(k?, m1,m1) — 4By, (k?,my, my))
+(233 - 312)[30(’927"12,7"2) - 4321(’92, my,me)]}

iIL,(k*)(sleptons) = g°k*s3 > _[Bo(k?, ma, mq) — 4Ba1 (k% ma, m,)]} . 9

Here m,(a = 1,2) and m; are the mass eigenvalues corresponding to one slepton genera-
tion. One must, of course, sum over generations (€, i, 7) and add up similar contributions
from squarks.

With regard to the second class (63 = 0,6, # 0) of radiative corrections to v,e-
scattering, we get contributions from Figs. 4 and 5. The net 6, output from diagrams
(c.1)-(c.3) adds up to zero, due to a Ward identity. Diagram (c.4), however, is non-
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vanishing and UV-finite. Therefore

2
6u(Fig.4) = —=2— 3" (Ney — toN21)(Na2 — toNp1)
167% 5
. My M)
X3 OBo(,, M, M3) = Of— B F (o, M3, MS)] . (10)

Finally, the pay-off from the diagrams of Fig. 5 is also (globally) finite and reads

2
8a(Fig5) = -2 {2+ 3 S IRY P (Vivy)

1672 raler

. ) 2M; M;
x [UR Eo(M;, My, ma(fi)) — Uﬁ-m
i 2

1 * 2 - ~
5 20 D Vaal (B2 RiY) St o (M, ma (), mu ()

ab i

=5 3 WV PLREY P Bo (M, ma (), ma ()} - (11)

F(Mi'a Mj) ma(ﬂ))]

From these egs. it is clear that, in contradistinction to the SM, one gets nonvanishing
hypercharge contributions to §p at 1-loop in the MSSM.

Concerning the full 1-loop structure of §;, associated to the definition (2.21) of the
Fermi constant, it gets multiple contributions from Figs. 6 and 7. Its full analytical
form is a rather cumbersome expression, similar to the ones we have just derived for 834,
and will not be quoted here [18]. There is, in addition, the universal two-point function
contribution from Il (inos + sfermions) already given in egs.(7) and (9).

The last step in our renormalization program is to compute é;, which is associated
to the definition (2.23) of the fine structure constant. By explicit computation one can
easily check that, in the static limit k% = 0, the various SUSY vertex corrections involved
in Coulomb scattering (of muons on electrons, for example) are exactly cancelled by
wave function renormalization of external legs (as expected from the SUSY analogue of
standard Ward identites). Furthermore, the v — Z mixed vacuum polarization function,
although it develops a pole at k? = 0, its contribution is depressed by an extra factor of
IL,_z(k?)/M% o k*/M% with respect to the tree-level amplitude. To finish, notice that
SUSY box diagrams in Coulomb scattering obviously contribute 8; = 0 in the static limit,
so we are left with IL,(inos + sfermions) (Cf. egs.(7) and (9)) as the only non-vanishing
type of SUSY contribution to 8, (Cf. eq.(2.31)).

Gathering up the complete analytical formulae for §; (i = 1,2, 3,4), | am now ready to
present the numerical analysis of SUSY 1-loop corrections to p, My and Mz. This I doin
Figs. 8-10, to be next discussed in more detail. As mentioned earlier, I have not committed
myself to any particular model, but just respected the current phenomenological (more
or less stringent) bounds on sparticle masses [28]. For charged sleptons:

ma(l) > 45 GeV | (12)
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and for the chargino (¥*) masses
M; > 45 GeV . (13)

As for sneutrinos, there is a bound from the non-SM contribution to the non-hadronic
width of the Z, which roughly implies

mg > 30 — 40 GeV . (14)
Neutralino (%) bounds are not so much stringent
M2 > 20— 30 GeV (15)

and they are automatically satisfied by the eigenvalues of the 4 x 4 matrix (3.6) after
imposing the chargino bound (13) on the eigenvalues of the 2 x 2 matrix (2.5). Finally,
concerning squarks the situation is less clear. For example, the fact that the top-flavoured
squark (“stop”) could be lighter than its SM partner, changes the usual bounds from CDF
and UA2 [29]. In any case a bound

mg > 70 GeV (16)

for all the generations looks reasonable to estimate the kind of effects to to be expected
in our analysis.

The window in the (M, u) parameter space, that I have selected in Figs. 8-10, covers
a wide spectrum of mass eigenvalues of the chargino and neutralino mass matrices. The
lightest eigenvalue in both cases ranges from the lower experimental bounds mentioned
before up to about 200 GeV -around the upper corners of the plots. The blank regions
on these plots are phenomenologically exluded by the bound (13). Although some new
experimental information could restrict these regions even more severely [28], I feel that
they will suffice to illustrate my point. I have selected the two extreme values tan § = 2,8
for the quotient between the Higgs v.e.v.’s. Let me point out that there is nothing
special in the selected window. By explicit numerical analysis, it has been check that the
complementary window, namely the one obtained by interchanging the ranges of M and
i chosen in Figs. 8-10, give very similar results.

Let us now focus our attention specifically on Fig. 8, where-isolines of §p5U5Y (in
%) are exhibited [30]. They are full 1-loop corrections, as given by eq.(2.40) (not just
eq.(2.41)!), except that I have not included corrections from the two-doublet Higgs sector
of the MSSM (see below). Moreover I have decoupled the “oblique” correction (2.41) from
squarks, the reason being that squarks enter the game only as universal type corrections
and [ want, for the purposes of illustration, to maximize the direct process-dependent
effects. The point is that whereas the universal contributions (2.41) from squarks and
sleptons are positive-definite (as can be easily checked analytically and numerically [17}-
[19]), the process-dependent corrections may be of either sign and of the same order of
magnitude. Therefore, in order to illustrate consistently the possibility that §o°U5Y could
be driven to negative values by the process-dependent corrections, I have to include the
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blank regions are excluded by the sparticle mass bounds given on the text.
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full 1-loop (universal plus process-dependent) corrections from sleptons, charginos and
neutralinos, and omit the universal contribution from squarks. The results shown in Fig.
8 indeed prove that there are regions in parameter space where the global §p5USY < 0. In
the pure SM case, 6p can also get individual negative contributions from the Higgs sector
being of the same order of magnitude than the genuine SUSY ones. However, in the
MSSM, the two-doublet Higgs sector gives positive or negative individual contributions
to 6p that are one order of magnitude less than those shown in Fig. 8 and so, as stated
above, have not been included in the plots. Experimentally we know from global fits to
the most important neutral current data, that [31]

p = 1.006 = 0.004 , (17)

whence
0.002 < 6p<0.01. (18)

If we saturate this bound with the SM contribution from the top quark, we get the
following allowed window for its mass

80 GeV < m; < 180 GeV (19)

-the lowest limit would be already surpassed by the CDF bound m; > 89 GeV if one
assumes canonical (SM) decays [32]. From the analysis of Fig. 8 it follows that SUSY can
change the prospects of the upper limit on m;. See also Fig. 5 of ref. {20], where another
(complementary) window of parameter space is explored [30]. If the sign of the SUSY
corrections keeps pace with that of the top quark, namely if §p5USY > 0, then the upper
limit on m; may decrease about 30 GeV. If it is the other way around, then, m; could
be as much as 30 GeV heavier than expected from the SM alone. In this respect let us
remember that the upshot of various recent SM analysis of all the precision electroweak
experiments roughly agree that [1]

my = 125+ 30 GeV . (20)

We have, however, exemplified an scenario in which SUSY quantum effects could change
the prospects on m; expected from the pure SM physics. And viveversa, knowledge on
my (by direct production at the'colliders) could result on hints of SUSY quantum effects,
if the predicted deviations from the SM prospects are eventually confirmed. Let me
emphasize, however, that the kind of effects from SUSY that I have focused my attention
on could be different if §p5USY becomes dominated by “oblique” squark contributions
(2.41). This alternative scenario, characterized by a large stop-sbottom mass splitting,
has already been widely discussed earlier [17]-[18], and also recently [19], in the literature,
whereas the present complementary picture was largely ignored and should also be taken
into account [20].

Turning now to Figs. 9-10, we consider the SUSY radiative corrections to the W
and Z masses [21]. Here we restore the squark contributions and consider the full 1-
loop yield of the complete analytical calculation. The maximum (negative) contributions



250

215

MY (MeV)

(tanB=R2)

%

' v I IR

N B

200

150
M(GeV)

100

IIIIII..I’I'I'I..I

50

III.IIIIII

Ill||Ill“‘l:lll‘llll‘lllIl‘!Il

L M(y*)<45 GeV

R | 1 L

|
-100

X

0
-200 100 200

250 —r—

| ] L

200

T

150
M(GeV)

100

-
-

50 =

M(3*)<45 GeV

T I |::.| IE‘|J_L1§.I s lu l‘él 1 IALII

TS R ST R
w(GeV)

Figure 9: Contour plots of constant §M5YSY (in MeV) for the indicated values of tan .
The blank regions are excluded phenomenologically as in Fig. 8.

100 200



216

M7 (MeV)  (tanf=2

T I:' ¥

250

LE I I T ‘! El-:l T T T

200

150
M(GeV)

100

IIIIIIIIIITI..IIII,IILIr

Jlllllll'l‘lll‘llll'lII"IIIII

50

M(y*)<45 GeV

[ M(y)<as cov

0 1 1 (] 3 1 1 I L L 1 H
=200 -100 0 100 200
u(GeV)
(a)
SM;YSY (MeV) (tanp=8)
250 ¥ st L ) e T 13 B 1 L T T L3 LB}

Pt JER I N L]
200 — ]
150 |— ]

M(GeV) | ]
100 —— -]
50 | -
[ M(p*)<45 GeV ]
i L 1 1 L I 1 1 1 1 ] 1 L 1 1 I L [l 1 L ]
~200 -100 100 200

w(GeV)

Figure 10: Contour plots of constant §MSUSY (in MeV) similar to those in Fig. 9.



217

corresponding to the situation of sfermion masses equal to the lower bounds stated above
are computed to be

SMEPSY = —230 MeV , SMSUSY = _380 MeV for tanf=2 (21)
and
SMEUSY — _215 MeV , SMEVSY = —340 MeV for tanf =8, (22)

and come from the region of the (M, 1) parameter space almost over the rim of the physical
region. Our emphasis, however, is placed upon the radiative corrections obtained in the
main body of the allowed area. The total SUSY corrections to the W and Z masses, in
the case under consideration, stabilize around 100 MeV < [6MEPSY| < 150 MeV and
150 MeV < |6MZUSY| < 250 MeV, respectively. A relevant feature of this stabilization is
that even in remote corners of our windows, where the charginos and neutralinos are rather
heavy (100 — 200 GeV'), the radiative shifts to Mw and Mz persist to be above 100 MeV
and 150 MeV, respectively. I have checked that very similar results hold when changing
in several ways the mixing angles in the sfermionic sector. Furthermore, although I have
chosen to display detailed numerical plots only for the case corresponding to the present
lower limits on the sparticle masses, I have also explored regions of a heavier spectrum.
For instance, consider the case of tan8 = 2, and assume that all squarks and charged
sleptons have a mass around 100 GeV while sneutrinos (much more difficult to detect or
to bound) remain as before. The ensuing SUSY radiative corrections to Mz corresponding
to this situation can be as big as —500 MeV. Finally, I want to point out that the results
obtained from the present complete analysis constitute a revision of the partial results
presented earlier on this subject in ref. [18]. Although the general conclusion- namely,
that the maximum SUSY radiative corrections to Mw z are of at most a few hundred
MeV- remains qualitatively unmodified, the sign of these corrections has been fixed to
be negative. This is in contrast to the partial numerical results exhibited in ref.[18],
which were mainly based on vacuum polarization (“oblique”) estimates, and explicitly
demonstrates-once again- the relevance of the process-dependent corrections. We shall
see in the next section that the sign of the corrections may be of crucial phenomenological
(hence, practical) relevance.

5. Concluding Remarks

The present experimental precision achieved in the measurement of the Z mass at LEP
can be considered highly satisfactory [1]: Mz = 91.175 & 0.021 GeV. In practice, it
is a quantity “without” error. As for W-mass measurements, the situation is not bad
but still far not comparable. Direct determinations from the colliders give a value for
My , centered at essentially 80 GeV, with errors near 400 MeV [33]. On the other hand,
the error on the W mass from the SM analysis of precision electroweak data, given by
My = 80 £ 0.15 GeV [1], is nearly twice better than the collider error. Clearly, we have
to wait for LEP II before improving the W-mass measurements substantially and model-
independently. There is no way at present to disentangle our SUSY radiative corrections
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Figure 11: Potentially relevant SUSY 2-loop “oblique” contribution.

to Mw from the large experimental errors. Fortunately (perhaps optimistically), the
expected precision at which My is to be measured in future experiments with hadron
colliders and LEP II is about 80 — 100 MeV [34], hence at the level of our SUSY radiative
corrections. Nevertheless, this does not yet mean that these corrections can be measured,
even if really there and with the predicted maximum size, unless the precision in which
our inputed s2 from the ratio R in eq.(2.1) achieves the level of 1% or better, which
is certainly not the case at present. The ratio R suffers from systematic uncertainties
connected with the relative normalization of the neutrino and antineutrino fluxes. It is
currently measured with an error of § R = 0.1, which translates into an error on the mixing
angle of 6s3/s3 = 4%. In future experiments [35], one expects to lessen this error at the
level of 2%, though it will be difficult enough [36]. However, using the special ratio

R = o(vue — vu€)
" o (e — Due) + a(vee — vee)

(1)

which has the advantatge [37] of highly reducing the systematic uncertainties, s2 will
eventually be pinned down at the desired level of 1% or even better. In the meanwhile the
current 4% error on s2 is the real stumbling block to unraveling potential SUSY radiative
corrections from the very accurate (“zero error”) present measurement of the Z mass. In
spite of the planned improvements on this issue, the computation of Mz in the MSSM,
within our framework, inherits an error at the tree level ( namely, 6Mz = 300 MeV for
8s2/s2 = 1%) which could still be too big to hope for seeing any clear footprint of the
new physics. There is, however, a circumstance that may help here. From the analytical
results of ref.[3], one can check that the radiative corrections to Mz from the top-bottom
family are, for relatively large values of m; (150 — 200 GeV'), negative and of the same
order of magnitude than our genuine SUSY radiative corrections. Therefore, an intriguing
possibility is left open for the future: the sum of both contributions could produce an
enhanced signal (say, §Mz = — (500 — 800) MeV, depending on whether we consider the
case of Figs. 9-10 or the more favorable situations mentioned at the end of Secc. 4), well
above the expected errors, that should be visible and could be interpreted as evidence of
both of a (relatively heavy) top quark and of SUSY.

I would like to point out, in passing, the possibility that a class of 2-loop “oblique”
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SUSY corrections could play a significant role in the previous picture. A typical case
(among many others) is shown in Fig. 11, where a scalar top, f, is exchanged across
the fermion loop. An estimate of the contribution from it (after subtraction of UV-

divergences) yields:

3¢ my m?2

6M3 ~ 2T (T4 () log Tk @
z Cg 167 2 MW m? )

To maximize this effect, take m; = 200 GeV and m; = 2000 GeV. It follows that
|6Mz| = 400 MeV, ie. of the order of the 1-loop corrections!. Thus, depending on
the sign of these corrections, they could enhance in a remarkable way the final SUSY
radiative signal, or on the contrary they could even cancel it to a large extent. Although
we would, of course, prefer the first possibility, both alternatives are interesting from the
theoretical point of view: 2-loop corrections being of the same order of magnitude than
1-loop corrections looks an unusual situation and certainly deserves further study [38].

To conclude, a practical observation. As recognized previously, despite the theoretical
cleanness of the calculations in this framework (which is free from strong interaction
effects), v e-scattering experiments are affected with experimental uncertainties greater
than those in deep inelastic scattering. Therefore, an analysis of the latters would be more
realistic and useful.” This situation becomes more dramatic and noticeable at the prospect
of lessening the error on §s2 down to 0.6% in future deep inelastic neutrino experiments,
as has already been emphasized by members of the CCFR Collaboration [39]. With such
a precision one could even reverse the direction followed by our calculations and try to
predict s3 obtained from these experiments using the very precise value of Mz as an
experimental input [40]. Thus we may also view the present work as an exemplification of
the corresponding effects that can be expected in the more precise framework of present
and future neutrino deep inelastic experiments. We have not yet carried out such an
analysis, but we expect that it should exhibite the same kind of behaviour [41]. May
be in the meantime we shall be able to produce a relatively light (=~ 50 GeV) physical
supersymmetric particle before achieving the required precision, thus obviating SUSY. If
not, at least we may be confident that the potential SUSY quantum effects on M,z and
p could be sizeable and stable, even for a SUSY spectrum involving masses within a range
(~ 100 GeV) which certainly cannot be reached directly from clean e*e™ collisions in the
foreseeable future.
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5. Appendix

I display in this appendix, very briefly, the essentials on 1-loop integrals associated to 1-,
2-, 3- and 4-point Green’s functions used throughout the text. I adopt in part the notation
of ref.[42] (where many more details are given), but I use the metric goo = 1,9i = —1.
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The basic 1-point loop integral is given by
d*q 1

Am) = (2m)ng? — m 16 2

m*(A +logm® ~ 1), (1)
where the ultraviolete (UV), dimensionally regularized, pole is denoted by

2
= - +7E log4n , (2)

with e =n — 4 — 0 and g being Euler s constant. The basic set of functions By, B;, Ba
and By, associated to two-point loop integrals is defined by

d"q 1 \
) (@ —m)la - P —m) ~ o)
d*q U

Gy @ — (g — B =) ~ Bk mama)
d*q quqv

G @ —mdl(g — Ry =) ~ kB (6, ma) + 0 Bon (i, i) (3)

I need the explicit form of the B-functions for k? = 0 and k2 = MW 7, S0 I compute them

for arbitrary k%

Bo(k?,my,my) = [A + Io(k?, m1, mp)] ,

1672
B](k2,m1,m2) 16 2[ A+Il(k ml,mz)]
B21(k21m1’m'2) 167 2[ A+I2(k m17m2)] ’ (4)

where

Iﬂ(k21 m, m2) =

{log K+ Y fog (1 - zr) + Fup(ar)]}
=+
1 n xﬂ*a

F,,,(.’L') = —z" logx; - Z ’

a=1 a
Ty = ﬂ;[k2 +m2 —m2 £ A\2(k2, m, my)] ,
A 1, m0) = (K2 = (my —+ g — (i — )] ©)

As far as 3-and 4-point loop integrals are concerned, it suffices to evaluate them at k2 =
0, since the low momentum transfer in the three processes considered is negligible as
compared to the average mass of the SUSY particles. Thus the basic 3-point loop integrals
needed are Co, which is finite, and Cj,, which is UV-divergent:

d*q 1

2m)* (¢ — m})(g® - m)(® — m3)

F(m11m2;m3) )

167 200(m1,m2,m3)

—i
" 1672(m2 — m2)
F(my,my, mg) = log -—-%-+————2——1 og —= ms ~——-T£“1—logTbé (6)
’ Emy mi—mi Eml T mi-mi om3
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and

d"q Qv
@m)™ (¢ — m3)(g® — m3) (¢ — m) ’

[ =A + Cy(m1, ma,my)]

c (ml;mZ;mS) =

= T6x 29“"

-3
Co(my, Mg, my) = Z[—Q_ +logm2 + Ey(my,ma,m3)]
2

A m3 m3 mi
= ——2—log—5 + ———— F(m;, my,m3) . 7
Ey(my, ma, ms3) mi = S m2 + ™2 — (1, Mg, m3) (7)

The two necessary 4-point loop integrals are UV-convergent:

_iD(mmmm)— d'q .
1T A (2m)* (¢* — m})(¢® — m3)(¢® — m3)(¢% — mi)
_ —1 [F(ml,ma,m4) _ F(mz,ma,m4)] (8)
T 16n2(m —mj)" m}-mj3 m3 —m3
and
d4q dudv
D% (m m3, my) = 5
b, 2 ) = | 5T = ) — ) (¢ — ) (@ = )
. 2 2
1 v m F ___.lnz_F 9
~ 64n2 (m? — m%)[mf —mj (1, ma, ma) mj — mj (mayma,mol] - )
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1 Introduction

The electroweak theory based on the spontaneously broken SU(2) x U(1) gauge sym-
metry is consistent with all available experimental data, including high precision LEP
experiments. However, the actual mechanism of the spontaneous gauge symmetry
breaking remains unknown. It is very likely that its understanding, necessary to com-
plete the electroweak theory, will also be a link to new physics beyond the Standard
Model.

Since long we know two important constraints on the mechanism of the SU(2)x U (1)
symmetry breaking. These are: the experimental value of the p parameter, p = 1, and
strong suppression of flavour changing neutral current (FCNC) reactions. The former
translates into custodial SU(2)y symmetry of the electroweak vacuum and the latter
has to be reconciled with the fermion mass generation in a model considered. The
simplest possibility consistent with those constraints is the minimal version of the
Higgs mechanism, with only one Higgs doublet responsible for the symmetry breaking
and for the fermion mass generation. Extensions to models with several Higgs doublets
are also acceptable provided their couplings to fermions are consistent with the FCNC
constraint. The easiest way to achieve this is to impose such symmetries that only one
scalar doublet couples to right-handed fermions of the same charge.

However, theories with elementary scalars suffer from the well known naturalness
problem and it is strongly felt on the theoretical side that the actual mechanism of the
gauge symmetry breaking goes beyond the minimal version of the Standard Model. The
three main ideas proposed so far to remedy the naturalness problem are technicolour
models, strongly interacting Higgs sector and supersymmetry. Recent high precision
LEP data seem to go against generic (extended) technicolour models [1], adding to
the known difficulties with such models in reconciling the suppression of FCNC with
the quark mass generation. The remaining two alternatives wait for experimental
judgement.

Supersymmetry, effectively broken at some scale M > My, is at present the most
interesting theoretical framework which naturally accommodates elementary scalars.
The simplest and most economical supersynmmetric model is the Minimal Supersym-
metric Standard Model (MSSM). It is defined by a) gauge group SU(3) x SU(2)x U(1);
b) minimal matter content: three generations of quarks and leptons and two Higgs dou-
blets, plus their superpartners; c) an exact discrete symmetry: R-parity; d) explicit
"soft” breaking of supersymmetry by gaugino and scalar mass terms and trilinear scalar
couplings.

The MSSM can be embedded into grand unification schemes with the correct value
of sin® Ow(Mz) [2] and the lightest supersymmetric particle is a natural candidate for
dark matter. Various non-minimal supersymmetric extensions of the Standard Model,
which have typically more free parameters, often give the MSSM as the low energy
effective theory [3]. Thus, the MSSM is an interesting laboratory, both {or theoretical
and experimental study (and to discover effects) of supersymmetry.

The Higgs sectors of supersymmetric extensions of the Standard Model require at
least two Higgs doublets (for the supersymmetric structure of Yukawa couplings and
for the triangle anomaly cancellation). The minimal such an extension (the MSSM)
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is naturally a two-Higgs doublet model and, moreover, with only one doublet coupled
to right-handed fermions of a given charge (i.e. with no conflict with the suppression
of the FCNC). The two-Higgs doublet structure combined with supersymmetry offers
one more attractive, though speculative, feature namely the possibility of partly under-
standing the pattern of fermion masses. The full solution to this problem most likely
requires really new ideas and may be closely related to our understanding of the fermion
generation puzzle. However, it is still conceivable that at least part of the mass problem
has more conventional character. Here | mean the question: how is the isotopic spin
symmetry of the quark masses broken? Supposing that in the first approximation only
the masses of the third family are generated the question actually is why m; > my. It
is an old idea that the up - and down - quark masses are driven by two different Higgs
doublets with vevs such that m;/my = vy/v; = tan 8 (where vy(v;) is the vev of the
Higgs field coupled to the up (down) quarks) whereas the Yukawa couplings for the
top and bottom quarks are approximately equal, h; = h;. This mechanism of the iso-
topic spin symmetry breaking looks particularly attractive in supersymmetric models
which not only must, for consistency, have at least two Higgs doublets but also offer
the possibility of the SU(2) x U(1) symmetry breaking by radiative corrections, with
tan 4 > 1. Indeed, it has been found [4] that for h; & ky, the SU(2) x U(1) symmetry
breaking with tan 8 > 1 is driven by the right-handed squark masses and indirectly by
gaugino mass (M;): sur and sdr masses evolve differently simply because of different
U(1) charge assignment.So, large tan § values belong to the very interesting region of
the parameter space in the MSSM.

Given good reasons for supersymmetry, in this lecture we concentrate on the Higgs
sector of the MSSM and in particular on the recently discovered large loop effects in
this sector. Our purpose is to give a not too technical overview of the problem. There
seems to be little point in repeating technical details which are available in the original
papers. Usually, loop effects are associated with high precision data and here there is

no data whatsoever. Therefore it seems appropriate first to recall the motivation for
this effort.

2 More motivation for studying the MSSM Higgs
sector

The Higgs sector in the MSSM has several very distinct features. In particular, in
the tree approximation there is in this model always at least one light neutral scalar
(M < Mz), no matter how high is the scale of soft supersymmetry breaking. This
looks very fortunate as the scale of supersymmetry breaking is likely to be relatively
high, say, 0(1 T'eV) and therefore the Higgs boson may well be the first experimental
trace of supersymmetry (or one may hope to rule out the MSSM by non-observation of
the scalar in the predicted mass range). However, even if softly broken supersymmetry
is indeed realized in nature, it is quite likely that the other Higgs particles are much
heavier, with masses of the order of the supersymmetry breaking scale. This scenario
is suggested by the naturalness arguments, as it will be discussed later.
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. Clearly, we are facing two important questions:
a) what are the potential new signatures of the supersymmetric Higgs particles and,
in particular, of the lightest one as compared to the minimal Standard Model Higgs
scalar search? \
b) suppose a Higgs particle is observed: shall we be able to identify it as the minimal
Higgs scalar or the lightest supersymmetric Higgs scalar or still something else?

Those questions can easily be answered in the tree approximation [see J. Kalinowski,
this Volume, for details]. Let us recall only the main facts. The only free, unknown,
parameter of the minimal SM Higgs sector is the scalar mass whereas all its couplings
are known in terms of the gauge couplings and the fermion masses. The dominant
production mechanisms are then obvious: this is the Bjorken process in the ete™
collisions and the gluon-gluon fusion in hadronic collisions. In the MSSM the Higgs
sector depends at the tree level on two unknown parameters. In terms of only two free
parameters one predicts masses of three physical scalars and one pseudoscalar as well
as their couplings to gauge boson, to fermions and their self-couplings. The two free
parameters can be conveniently taken as e.g. M4 (the mass of the pseudoscalar) and
tan 8. Among important tree level results are the well known relations:

M; < min(MA,MZ)
My > max(MA,MZ)
Mt > max(MW,MA) (1)
where M;, My and Mt are the lighter, the heavier and the charged scalar masses,

respectively. The couplings of the MSSM Higgs particles are summarized below (in
units of the minimal SM Higgs scalar couplings)

ZZ ZA uv DD

‘ cosa —sina

h sin(f—a) cos(a—p) sinf cosf
) sina  cosq

H cos(f—a) sinfa—f) ==

A — — cot§ tanf

where the angle « is the mixing angle which diagonalizes the tree level mass matrix for
neutral scalars. We observe that there are now three potentially important production
mechanisms (for sake of definiteness we discuss only the ete™ collisions at energies
below the threshold for the # production):
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They are complementary in the sense that different mechanisms dominate the produc-
tion process in different regions of the (tan 8, M4) parameter space. [5,6] The width
and decay modes of the Higgs particles for different values of (tan 8, M4) can, of course,
be easily discussed, too.

We also note that for certain values of (tan g, M,) the lightest supersymmetric
Higgs particle & resembles closely the Higgs scalar of the minimal SM. This is shown in
Fig. 9: the cross sections for e*e~ — Zh are very similar to the analogous cross sections
for the SM Higgs scalar for M4 > Mz and for any value of tan 8. It is clear from the
Table that simultaneously the cross sections for ete™ — hA are strongly suppressed.
The widths and branching ratios of the h are somewhat more sensitive to its actual
nature but, in general, the tree level results suggest that it may be rather difficult to
distinguish experimentally between the lightest supersymmetric Higgs scalar and the
minimal SM one. Clearly, it is very important to known how much modified are all
those tree level results by loop corrections.

The interest in the Higgs sector of the MSSM follows also from the fact that its
strong dependence on tan g links it to several other very interesting investigations.
First of all, Yukawa couplings of the charged Higgs bosons in two-doublet models
depend on tan g, too. Therefore, potential departures from the SM predictions for the
charged current mediated processes are sensitive to constraints on tan 8 derived from
studying the Higgs sector or, conversly, present experimental data for those processes
give some limits on tan B and M*. Upper limits on tan 3 for different values of M+
can be obtained from 7 and b decays [7] and lower limits - mainly from K — K and
B — B mixing [8]. Those results refer to tan 8 defined as the tree level parameter and
give:1/2 < tanB < M*/1GeV. Another physical quantities dependent on tan § are
sparticle masses. Again, thereis then a link between them and the MSSM Higgs sector.

Those considerations become particularly interesting and constrained in the MSSM
defined in terms of very few (four of five) free parameters specified at the Planck scale
(with the low energy parameters obtained by the renormalization group evolution via
supersymmetric renormalization group equations) and supplemented by the require-
ment of the radiative SU(2) x U(1) symmetry breaking. Remaining at the tree level

of the low energy softly broken supersymmetric lagrangian, one then obtains strong
interconnection between:

radiative SU(2) x U(1) Higgs sector
breaking

sparticle mass
spectrum

neutralinos
as dark matter

The programme which has been followed by many authors is to study the parameter
space of the model which is allowed after imposing presently available experimental
constraints from all the three sector and from the requirement of the radiative SUxU(1)
breaking. In particular the latter one results in the limits 1 < tan # < m;/m;, [9,4], i.e.
much stronger than the experimental limits quoted earlier.

Let us stress again: so far we have been talking about tree level results. Some
of them are striking enough to ask the question: are they stable against radiative
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corrections? For instance, if this were true for the tree level structure of the Higgs
sector in the MSSM it would enormously facilitate the experimental task of seeing
there the signal of supersymmetry or of ruling out the model. However, we envisage
two potential sources of large 1-loop corrections: reminiscence of soft supersymmetry
breaking and large top quark Yukawa coupling.

The rest of this article is devoted mainly to 1-loop corrections to the Higgs sector
but we also try to keep in mind the question of a consistent approach simultaneously
to all the problems interconnected at the tree level. It has been pointed out already
some time ago that 1-loop corrections to the effective potential are important for the
radiative SU(2) x U(1) symmetry breaking [10].

3 Closer look at the MSSM Higgs sector and the
origin of large radiative corrections

The Higgs potential in the MSSM reads:

V = miHHy + miHH, — mi (e, HEHS + c.c)
1 — — 92

+3(91 + g5)(HiHy — HaHo) = 2 | HiHy |’ (2)
where €2 = —1, H; and H, are the two Higgs doublet fields and m? = m? + u?; 4
is the coefficient of the HyH, mixing term in the superpotential, /% M2 and m?, are
soft supersymmetry breaking Higgs boson mass parameters with m?, defined to be
negative. The crucial point about the potential (2) is that, due to supersymmetry, its
quartic couplings are SU(2) and U(1) gauge couplings. The only free parameters are
the three mass parameters. It is convenient to introduce the tree level mass eigenstate
basis:

o = %(U] + cosaH —sinah + isin A — ¢ cos G)
v sin@H™ — cos 8G~

H, = cos §H* + sin G+ ;
2 = 7]5(1;2 + sinaH + cosah + i cos fA + isin BG) (3)

where h, H, H* and A are physical particles intoduced earlier and G and G¥ are
neutral and charged Goldstone bosons. For v; and vy which minimalize the tree level
potential one has § = 8 with tan § = va/v1. The potential has its minimum for

vi=vcosfB vy =usinf (4)
where ' 2| mng |2
sin2f = Tl (5)
,  8(m?—m2tan?f)

V=@t ) p o) ©)



231

Since /v? + v2 = v is fixed by the value of the Fermi constant, all the physical Higgs
boson masses and their couplings are expressed in terms of only two unknown param-
eters. They can be conveniently taken e.g. as tan 8 and M, where:

My = m} +m; (7)

The other two Higgs scalar masses read:

1
Miy = 5(M} + M3 F /(M3 + M3)? — 4M3 M} o528 ) (®)

We see that the tree level mass spectrum is symmetric with respect to tan 8 = 1.
Tan f is not an observable but is a convenient parametrization. The real content of
the supersymmetric tree level mass relations is in "natural” relations relating physical
observables to physical observables, such as Eq.(1) and

A:MZ+M}21~—M/21—M§EU (9
M+2=M,21-I-M§V )

(for more discussion on best choice of parametrization see Section 5)

It is easy to understand now the origin and magnitude of the radiative corrections
to the Higgs boson masses. Let M be the scale of the soft supersymmetry breaking
sfermion masses (responsible for fermion-sfermion mass splitting). In the static approx-
imation, i.e. approximating the effective action by the 1-loop effective potential, and
neglecting terms suppressed by inverse powers of M in the expansion of the effective
potential all the loop corrections induced by the soft supersymmetry breaking can be
absorbed into renormalization of the parameters in the Higgs potentials. One gets

V = miHH, + miHHy — iy (e H{ HS + c.c)
A [ Ho [P | Ho [* s | Hy P Ho P+ | Hi H, P (10)

The appearence of other quartic couplings is protected by the symmetries of the model.
It is clear on dimensional grounds and from no-renormalization theorem for theories
with unbroken supersymmetry that the loop corrections to the parameters are as fol-
lows:

§m? = m? —m? ~ 0(M?) (11)
and logarithmically divergent;
2, 2 2 2
5)\1 — ,\1 _ M’ 5)\2 — )‘2 — 21_"'99. (12)
4 4
2, 2 2
5A3=A3+g——21_g1, A = Ay +g722' (13)

all finite and 0(In M).

We see that the largest (0(M?)) and divergent loop corrections can be absorbed into
the free parameters of the model, to be fixed from the data (Appelquist-Carrazone
decoupling). The supersymmetric mass relations get finite, calculable corrections de-
termined by dA;. The dominant 1-loop contribution to the effective potential is given
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by the following diagrams

R ’ A v “ ’
Ho \‘~‘."(H2 " R
; _ A q
S e Pt
. T Fa
.§<l'~ ~3 “,‘ ...“' . \.‘
tg 4 P { |
3
aL

tr

Therefore one gets (schematically):

my m? my
i ~Yin —— = A ~ 0(g2 =t In —— 14
i mstop (g2 777/%1/ 'rnstop ) ( )

At this level of approximation the physical Higgs boson couplings remain the tree level
couplings with new mixing angles a and 3. There is one comment to be made here. The
0(M?) corrections to the m? parameters suggest, in line with the standard naturalness
arguments, that "natural” values for the mis, and therefore also for the pseudoscalar

mass My, are 0(M).

4 Survey of the existing 1-loop calculations

Radiative corrections to the Higgs sector in the MSSM have receutly drawn a lot of
attention [11-17]. Those calculations differ in their method and the level of complete-
ness. One can single out three different approaches. Each approach has its virtues and
limitations when judged according to the two criteria:

a) precision in the Higgs sector

b) universality (simultaneous analysis of the four problems from the previous Section).
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The first one is the effective potential approach, introduced in the previous Section.
The most extensive analysis along this line is presented in ref.[13]. The full 1-loop
effective potential reads:

Vi(Q) = Vo(Q) + AW(Q) (15)

where

AW(Q) = StrM*(In — — 2) (16)

Here, V,(Q) is the tree-level potential evaluated with couplings renormalized at some
scale () and Str denotes the supertrace. The Higgs mass-squared matrix is taken to
be the matrix of the second derivatives of V3 with respect to the Higgs fields, i.e. all
the p? dependent effects present in the exact formula:

d*V
m?)hys = IP_E |<P=U + 2(0) 2(7n;21hys) (17)

are neglected. The method can include, however, all the details of the sparticle mass
spectrum like e.g. g — 1 mass splitting and, at least in principle, also the contribution
from the gauge sector (the latter is technically not easy and has been neglected in the
actual calculations). In this approach the physical Higgs boson couplings remain the
tree level couplings with the mixing angles 8 and « determined by the minimalization
of the ¥} and by the diagonalization of the new mass matrix, respectively.

The method offers a relatively simple connection with the question of the SU(2) x
U(1) symmetry breaking by radiative corrections: this question and the corrections to
the Higgs sector can be discussed together for the same set of parameters chosen at the
grand unification scale. Consistent calculation of the 1-loop corrected other sparticle
masses and couplings is, however, impossible.

The second approach is based on the renormalization group evolution of the param-
eters of the effective low energy theory down to the energy scale 0(Mw), according to
the renormalization group equations obtained after decoupling of the heavy particles
at their thresholds. We begin with the softly broken supersymmetric lagrangian, with
the scalar potential (2), valid at the energy scale M where M is the scale of the soft
supersymmetry breaking. If we make the simplifying assumption that all the sparticles
aquire masses close to M(M > Mw say, M ~ 0(1 T'eV)) and can be decoupled at the
scale M, then the parameters of scalar potential evolve down with the scale according
to the RGE of the SM with two Higgs doublets. Our assumption is rather crude as
we know that generally some of the sparticles remain light (e.g. some charginos and
neutralinos). The method can be, however, improved by using the recently derived [20]
RGE:s for all the parameters of the MSSM after decoupling of only squarks and gluinos
at the common scale M.

The RG approach has its obvious limitation: it is impossible in practice to take care
of all the details of the sparticle mass spectrum, {g—#z, mass splitting in particular. Also
are present such shortcomings of the effective potential approach as no p? dependence
and no 1-loop corrections to the ZZh and ZhA vertices. However, the RG approach has
at least two important virtues. It summs up all the leading logarithms In(M/m;) and
can, therefore, be trusted even for relatively high values of M. Secondly, it provides a
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very simple and consistent framework for studying at the same time all four constraints
of the previous section on the parameter space of the minimal supergravity model [18].

Here we present some results obtained in the RG approach under the assumption
that all sparticles can be decoupled at the common scale M. The RG equations of the
SM with two Higgs doublets are used to evolve the parameters of the scalar potential
from the scale M (where they satisfy the supersymmetric boundary conditions) to the
scale QQiop Where the Higgs boson masses are calculated. The scale Qs is chosen so
that for a given tan # (which in this approach is always the tree level tan 8 and for
which we want to study the scalar masses) the 1-loop corrections to our low energy
potential are minimal:

OAV;
Bv,- W0

~0 (18)

The main contribution to AV; comes from the top quark. Therefore we fix Q4 by the
condition:

7] 3 Y 202
a—v;(Y;‘vé(q +1n t% ) =0 (19)
op

which gives Qtop ~ my/ /€.

In Fig.10-15 we show some results obtained in tlis approach. Their comparison
with the results of ref. [13] (effective potential approach) and with the complete 1-loop
analysis of ref. [16] will be briefly discussed in Section 6.

The third approach to the radiative corrections in the Higgs sector is based on
systematic perturbative calculation of all the relevant Green’s functions. Potentially,
this is the most complete approach to 1-loop corrections in the Higgs sector and indeed
such a complete calculation has been reported in ref. [16]. On-shell renormalization pro-
gramme and t’Hooft-Feyman gauge are the best choices for this calculation. Of course,
this analysis includes all the p* dependent effects, loop corrections to all the vertices
and can accommodate any values of the soft supersymmetry breaking parameters.

This approach can be systematically extended to all other sectors of the MSSM,
providing a general renormalization scheme for calculating loop corrections in this
model. There are, however, two limitations. Firstly, as any 1-loop calculation, it
becomes less accurate with increasing value of the In M/m,. Secondly, it is now less
straightforward to implement the constraints from the requirement of the radiative
SU(2) x U(1) symmetry breaking (see the next Section).

The details of this third approach are given in ref. [17]. Here we would like to
concentrate on the problem of the renormalization scheme dependence and the most
convenient choice of parameters for the Higgs sector. Those topics are discussed in the
next Section.

5 Choice of parameters and renormalization
scheme dependence

In the previous Section we have been advocating the mass M4 and tan S as a good set
for parametrizing the Higgs sector in the MSSM. The reasons are basically two: they
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parametrize the Higgs sector in an unambigous way and tan § is convenient also for
other purposes. However, as with any other parameter in the lagrangian, the definition
of tan § in terms of physical observables such as e.g. masses is renormalization scheme
dependent. Other parameters of the Standard Model, like e.g. v = 240 GeV or sin® Oy,
also face the same problem but in the high precision tests they can be easily traded for
measured physical observables such as the Fermi constant, the electric charge and My
(and predictions for observables expressed in terms of observables show only residual
higher order renormalization scheme dependence). Analogous strategy in our case is to
use two observables as the two unknown parameters and the natural choice is M4 and
My,. Now, however, there is a two-fold ambiguity at the tree level: due to the symmetry
of the mass spectrum with respect to tan § = 1 each pair of values (M4, M}) gives two
sets of values for other observables in the Higgs sector. The symmetry is broken by
radiative corrections (for fixed values of m; and my; Yukawa couplings take different
values in the two regions) but in certain regions of the parameter space the ambiquity
remains. Still, this is a very natural approach: calculate cross sections for given values
of M, and M, (using tan 3 only as an intermediate step) and present the experimental
limits as the excluded region in those variables.

On the other hand, presenting theoretical predictions for masses and cross sections
(and experimental limits) in terms of tan g has the two virtues mentioned above.In
particular it is motivated by theoretical considerations on the radiative SU(2) x U(1)
symmetry breaking which constrains tan 3 to the region 1 < tanf < m;/ms. One
should remember, however, that those results have been always obtained in some spe-
cific renormalization scheme (and with some at least implicit choice of the gauge fixing
conditions) and the separation between tan 3 < 1 and tan f > 1 regions is renormal-
ization scheme dependent. Of course, it is quite legitimate to use tan 8 as a useful
bookkeeping for constraints from different sectors provided the same renormalization
scheme has been used in those sectors. This is actually the case in the effective poten-
tial (and also in the renormalization group) calculation of the loop corrections to the
Higgs sector and of the radiative SU(2) x U(1l) symmetry breaking . The renormal-
ization scheme of ref. [16] has been also designed to give tan 3 effectively very close to
that of ref. [13].

The renormalization scheme dependence of tan 8 can be demonstrated most dra-
matically when we compare calculations in the Landau and in the t’Hooft-Feynman
gauges . Let us first recall that there are two commonly used approaches to perturba-
tive calculations in theories with spontaneously broken (gauge) symmetries [19]. The
first one is to expand around the tree level vacuum v,: for the scalar field we have
then < ¢ >= 0 in the tree approximation but not beyond. We then calculate 2, 3, 4...-
point Green’s functions and the renormalization programme is set up for them. This
approach is not convenient for our programme as large tadpole contributions appear
not only in the Higgs boson but also in the fermion 2-point functions.

Let us concentrate on the second approach which is to expand around the ”true
vacuum” i.e. around the vev v adjusted to give < ¢ >= 0 order by order in perturba-
tion theory. Here we make contact with the effective potential approach. At the 1-loop
level we get then the following equation(s) for the scalar field(s):
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| a) b) c)

where a), b), and c) represent the tree level tadpole, 1-loop tadpole and tadpole coun-
terterm, respectively. Among the tadpole graphs are Goldstone boson loops which are
explicitly gauge dependent (gauge dependence of the gauge boson tadpole cancells out
with the ghost tadpoles). It turns out that only in Lorentz gauges Eq.(*) can be solved
with the counterterms of the symmetric (unbroken) phase (i.e. with mass, §m, and
coupling constant, 6, counterterms). Hence, e.g. in the Landau gauge v = vg is fixed
in terms of the renormalized parameters mpg, Agr solely by imposing renormalization
conditions on ém and §A. This is the basis of the effective potential approach. In the
Re class of gauges an additional counterterm év is needed to solve Eq.(*),to cancell the
¢-dependence of the Goldstone boson tadpoles[19]. In these gauges the renormalization
scheme dependence of the vevs is particularly clear: the definition of vg depends on
one more renormalization condition imposed on év.
One particular way of solving Eq.(*) is to impose the conditions
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Then, the tree level relation between the renormalized parameters and the vevs is
preserved at the 1-loop level. In the Landau gauge the tadpole counterterm is expressed
in terms of §m and 8, so imposing Eq. (**) means fixing one of the renormalization
conditions for those parameters (in the minimal substraction scheme Eq. (**) can
be satisfied by properly adjusting the renormalization scale). In the R, gauges we
have additional freedom of fixing §v. In ref. [16] we have chosen the évjs to cancell
only this contribution to tadpoles which appear when we change from the Lorentz to
R¢ gauges. More precisely we do it for infinite parts of tadpoles only (to avoid the
spurious infrared divergences which such procedure introduces for the finite parts).
The remaining parts of tadpoles are cancelled, as in the Landau gauge, by properly
adjusting ém;s. Our renormalized tan J is effectively very close to the tan 3 defined in
ref. [13]. The renormalization schemes of ref. [13] and [16] can be contrasted with that
of ref. [15] where §v; are used to cancell the full tadpole contributions. Our choice of
renormalization conditions has the virtue of absorbing large finite tadpole contributions
into Higgs boson renormalization constants without affecting other sectors such as
fermion, chargino and neutralino mass renormalization with large, finite dv;s.

6 The MSSM Higgs sector after radiative
corrections and LEP phenomenology

In this Section we present the main results obtained in ref. [12-17] and their implications
for the LEP phenomenology. Qualitatively, all the papers reach similar conclusions.
Here we first follow the most complete analysis of ref. [16] for the Higgs boson masses
and then show some results for the cross sections obtained in the effective potential
and RG approaches. Both sets of parameters (tan 8, M4) and (M),, M4) are used com-
plementarily to present the results. Finally, we address the question: are the minimal
SM Higgs boson and the lightest MSSM Higgs boson distinguishable experimentally?

As said earlier, there is the "theoretically suggested” plausible region of tan # which
is of particular interest for the MSSM: 1/2 < tan 8 < m;/m;. The lower limit comes
from constraints on the tree level Yukawa couplings [8], the upper limit - from the
mechanism of the radiative SU(2) x U(1) symmetry breaking. It was stressed in the
previous Section that at the 1-loop level tan § is renormalization scheme dependent.
However, the particular choice of the scheme in ref. [16] is such that a) large corrections
are absorbed into Higgs boson renormalization constants and the Yukawa vertices re-
ceive only generic electroweak corrections - hence the tree level lower limit for tan # can
be used as a sensible constraint for the renormalized tan 3 of ref. [16]; b) our tan 3 is
effectively very close to the one used in the effective potential approach to the radiative
SU(2) x U(1) symmetry breaking - hence we can use the upper limit as well.

Let us address, therefore, the question: how does the Higgs sector look like for
the plausible values of our renormalized tan3 : 1/2 < tan 8 < my/m;? The first
important result is the upper limit for the lightest scalar i (i.e. violation of the tree
level result(1)) as a function of the top quark mass. This is shown in Fig. 7. We see
that the lightest Higgs boson may be beyond the reach of LEP II. Let us also note that
the lower limit for tan f is crucial for obtaining those results: because of the growing
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Yukawa top quark coupling, for tan § — 0 the 1-loop corrected M; — oo (eventually,
perturbation theory breaks down).

For a more detailed presentation, it is useful to discuss our results for the neutral
Higgs boson masses separately for tan 8 < 1, intermediate tan 3, say, 1 < tanfB < 5
and large tang. For, say, tanf > 5 the tree level pattern of masses is basically
preserved with positive corrections of similar magnitude to My for My < 100 GeV
and to M, for M4 > 100 GeV (Fig.1). They are typically of the order of 0(10 GeV)
for m; = 120 GeV and 0(20 — 30 GeV) for m; = 160 GeV. They grow like fourth
power of my, logarithmically with M,, and A, and are almost independent of g (in
this region of tan B the mass splitting in the stop sector is sensitive to A,y and not to y;
Mg, iy Asq(sty are the soft squark mass parameter (taken the same for all squarks), the
supersymmetric Higgs boson mixing parameter and the trilinear coupling for squarks
(sleptons), respectively).The structure of corrections is easily understood by the fact
that the top quark couples only to Hy and H; is almost pure H(k) for My < (>
) 100 GeV. We notice in particular that, as at the tree level, both masses are almost
independent of tan A (for tan 8 > 5) and in addition they almost do not depend on M:
Mpy for M4 < 100 GeV and M, for M4 > 100 GeV. Nice thing about the corrections
is that for this region of tan 8 they lift the mass degeneracy of the Higgs boson with
the Z boson. The region tan 8 > 5 and M4 < 100 GeV can be accessed experimentally
as before: there M, ~ M, and the coupling ZhA is large.

In the intermediate tan 3 region the corrections modify the tree level structure quite
drastically, in particular in the (M}, M4) sector. In general, they are bigger than for
large tan 3 both for My and M, (proportional to msin o/ sin? 8 and m{ cos o/ sin? 8
respectively, with o = 0(%)). For M4 < 40 — 60 GeV the mass M, is pushed well
above its tree level limit M, < M4 and increases with decreasing tan 8. For instance,
for tan 8 =1 and m,; = 120(160) GeV (with M,y =1 TeV, Ay = Ay =0, =70 GeV)
we have M, ~ 36(52) GeV, respectively, at M4 = 0. An interesting feature is that
for tan 3 close to 1 the 1-loop corrections to M, are almost independent of M4 for
arbitrary values of the pseudoscalar mass. Thus, the tree level value M, ~ 0 (also
independent of My) is just pushed up remaining, however, for M4 > 100 — 120 GeV
the lower limit for Mj. For very large squark mixing (As, and/or g larger than M,;)
the 1-loop corrections to M) begin to decrease for light M4 and eventually become
negative.

For tan 8 < 1 corrections to M; and My are very large even for m; as small
as 100 GeV (as expected because of the growing Yukawa coupling). The mass My
grows by 0(100 GeV) for M4 < Mz and the corrections to M, depend on M4 in such
a way that the final result (tree level plus 1-loop correction) is (as for tan8 ~ 1)
almost independent of M4 for any fixed tan 4 in the whole range % < tanf < 1
(the M, dependence grows with m; > 200 GeV') and the symmetry with the region
1 < tan 8 < 2 is clearly broken. Thus, even for M4 = 0 the mass M, may be easily as
large as 80-100 GeV and therefore unreachable at LEP.

For a representative choice of parameters, the bounds on My and on M}, as functions
of M4 with contour lines of fixed tan # and on M}, as function of tan 8 with contour
lines of fixed M4 are shown in Fig. 2,3 and 4, respectively. In particular Fig.4 shows
clearly the discussed above very weak dependence of M, on M4 for tan § < 1 (M4 has
been varied from 0 to 1 T'eV) and, in consequence, the breakdown of the symmetry
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with the region tan 8 > 1. Note, however, that the symmetry is largly restored if
restricting M4 to My > 100 GeV, i.e. for tan 8 > 1 clear dependence of M}, on M is
present only for M4 < 100 GeV. Note also that the tan 8 < 1 region is quite sensitive
to large values of p (Fig.4b).

Finally, let us discuss the charged Higgs boson mass. Here, the corrections to the
tree level result are small for 1 < tan 8 < 10 and rapidly become sizably negative
(positive) for tan f < 1(tan § > 10). This is shown in Fig.5. Particularly interesting
feature is the strong dependence of M* on the p parameter for tan 8 < 1 (with very
similar results for g < 0). It can be traced back to the quadratic (and not just
logarithmic) dependence of AM* on the stop-sbottom mass splitting which in turn
is for tan B8 < 1 very sensitive to the value of u. Large negative correction to M+
for large p and tan f < 1 offer an interesting possibility to rule out this region by
experimental limits on M*, at least for light (< 50 GeV)M,. The region of tan 8 < 1
and small g can be on the other hand ruled out by limits on the light chargino mass.
The combination of those two effects is illustrated in Fig.6 where we plot the M* and
the chargino mass as functions of u, for tan 8 = .5. The chargino mass is the tree level
chargino mass but within our renormalization scheme (tadpoles absorbed by Higgs
boson counterterms) the radiative corrections to the chargino mass are expected to be
small. We also recall that for tan g fixed in the region tan § < 1 (we always refer to
tan B in our renormalization scheme) and for small p the theoretical limits on M, are
narrow enough (Fig.4) to make the experimental search at least well defined.

The results for the Higgs boson masses presented here are consistent with similar
results obtained in the effective potential {13] and RG [17] approaches. This is illus-
trated in Fig.8 where some of the results obtained by the RG evolution [17] are shown.
In general, the RG approach is very good for A,; ~ pu ~ 0 (small mass splitting in the
squark sector) and for Mya, ~ M,, (all sparticles are decoupled at the same scale M).
On the other hand, the gaugino contribution has been neglected in the effective poten-
tial calculation [13] (this corresponds to setting the SU(2) x U(1) gaugino masses to
zero). The detailed comparison of the results obtained by the three methods shows how
the complete calculation [16] interpolates between the two other methods for different
sets of parameters.

Let us turn now to the cross sections for the Higgs boson production at LEP. The
complete 1-loop calculation will be soon ready [17] and at present we can discuss only
the effective potential [13,14] and the RG [17] results. Still, encouraged by the results
for the masses one may expect them to be quite accurate. In both methods the cross
sections are calculated in the tree approximation, with angles and masses obtained in
the effective theories. So, the relations between the Higgs boson masses and the angles
o and B which appear in the Higgs boson couplings to the Z boson and to fermions
are different from the tree approximation in the MSSM. In addition there are obvious
(and large) changes in kinematics of the reactions (induced by the large corrections
to masses). In Fig.10-15 we show cross sections for the reactions ete~ — Zh and
ete™ — hA at \/s = 180 GeV. They are presented as functions of the (tan 8, My),
and (M, M) parameters, to illustrate complementarity of those choices. It is, in fact,
interesting to see how different projections of the same results fit each other and reflect
the pattern of the corrected mass spectrum.
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Let us concentrate on Fig.12-14 where the cross sections are plotted as functions
of M, with contour lines of constant M,. First of all, we note the discussed earlier
two-fold ambiguity of this parametrization: in some cases the same (M, M,) give
two different values for the cross sections. Of course, they correspond to two different
values of tan 8 or, in terms of physical observables, to two different Higgs boson widths
and branching ratios (Fig.16). The cross sections are such that for a not too large M4
(<50 - 60 GeV) the two reactions are complementary: for light A (i.e. large tan 3) the
ete™ — hA dominates, for heavier h(i.e. smaller tan 8) the ete™ — Zh dominates.
For heavier A, the first reaction is kinematically forbidden and the second one has
reasonable cross sections only for light & (i.e. small tan 3).

It is very interesting to compare the cross sections o(ete™ — Zh) with cross sections
for the minimal SM Higgs boson production (dashed-dotted lines in Fig.12,13). We see
that, as in the tree approximation (Fig.9), they are very close to each other in most of
the parameter space and, in addition, the process 6te~ — Ah is then unrealistically
weak. The only exception is the "large tan ” branch for M4 < Mz. This region
is, however, already excluded in its large part by data analysis (combined search for
ete™ — Zh and ete™ — AhR). In some parts of the "similar” regions one may still
hope to distinguish the MSSM and the SM scalars by their branching ratios into various
channels. For small My the decay A — AA may be sizable (Fig.15) and for larger M4
the branching ratios into fermions remain different (Fig.16). In general, however, the
heavier the pseudoscalar A the harder is the task of distinguishing the supersymmetric
h from the minimal SM Higgs boson.

Finally, the RG calculation is compared in Fig.12-14 with the effective potential ap-
proach. It turns out that the difference is mainly due to the gaugino contribution which
is neglected in ref.[13] and effectively included in the RG calculation (with M., ~ M).
Indeed, the difference is sizably reduced by using the RG equations of ref.[20]. (Those
equations can be used to decouple gauginos at any chosen My,..).

To summarize this Section: radiative corrections are very important for phenomenol-
ogy of the supersymmetric Higgs boson search. They introduce quite large a depen-
dence on the number of unknown parameters such as the top quark nass, squark
masses etc. By far the most important for phenomenology are corrections to Higgs
boson masses. And more optimistically: systematic search in the plane (M, M,) is
still possible. However, once a scalar is discovered it may be difficult to distinguish
between the supersymmetric & and the minimal SM Higgs boson.

7 Summary: where is the lightest supersymmetric
Higgs boson ?

In this lecture an overview has been given on the subject of the MSSM Higgs sector after
radiative corrections and on its links to several other crucial questions. For technical
details we purposely refer the reader to the original papers. ’

Let us now have some fun and make a "plausible” guess in what mass range is
actually placed the lightest supersymmetric Higgs scalar. It is likely that
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1. the scale of the soft supersymmetry breaking is, say, between 0.5 T'eV - 1.5 TeV;
2. the top quark mass is in the range 120 GeV — 160 GeV/;

3. the naturalness arguments of Section 3 are correct and the M, is of the order of
the soft supersymmetry breaking scale i.e. M4 > Mz

4. renormalized tan # in ”sensible” renormalization schemes is relatively large, say,
tan 4 > 5.

By inspection of Fig.1 and of similar ones for m; = 120 GeV and for other values of
the parameters M, Ay, 4 one concludes that 100 GeV < M, < 120 GeV.
Of course, such speculations do not free us from the duty of excluding experimentally

the lower mass region. BUT, LET’S BE PATIENT.
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FIGURE CAPTIONS

. Masses M}, and My as functions of M4 for tan 8 = 5 and tan 8 = 25. Parameters

not specified in the pannel are My = 300 GeV and My,, = 400 GeV.

. Bounds on My as function of M, with contour lines of fixed tan 8. My and My,

as in Fig. 1. A = M,y means A,y = My, Ay = M.

. Bounds on M} as function of M with contour lines of fixed tan 8. Parameters

not specified in the pannel are as in Fig. 2.

. Bounds on M}, as function of tan # with contour lines of fixed M4. Parameters

not specified in the pannel are: My = 150 GeV, My, = 200 GeV.

Bounds on the charged Higgs boson mass as function of M4 with contour lines of
fixed tan . Dashed lines correspond (from below) to tan g = .75,1,1.4,5,10,20,
respectively. Parameters not specified in the pannel are as in Fig. 2. Dotted line
is the tree level result.

M™ as function of u for several values of M 4. Slepton and gaugino masses are
150 GeV and 200 GeV, respectively, for M,, = 500 GeV; and 300 GeV and 400
GeV for M,; = 1000 GeV. Dotted lines show the mass of the lighter chargino.

Upper limit for M), as function of the top quark mass and for 1/2 < tanf <
me/my.

. Bounds on M}, as function of M4 with contour lines of fixed tan 8 obtained in

the RG approach of ref.[17]. Comparison with Fig.3 illustrates the accuracy of
the method. The agreement with the complete 1-loop calculation is even better
when Ax p =~ 0 and My, =~ Mgsysy.

Tree level results for the cross section o(ete™ — Zk) as function of M;, with
contour lines of fixed M4. Each line represents two branches: tan8 < 1 and
tan 8 > 1 corresponding to the same values of (M, M) and degenerate at the
tree level. The arrow indicates the direction of departure from tanf = 1. The
dashed lines represent the cross section for the SM Higgs boson production.

Cross sections for the production of the light scalar & in the ete™ collisions at
v/ = 180 GeV as functions of M4 with contour lines of fixed tan 3, obtained in
the RG approach [17] described in Section 4.

The same as in Fig. 10 but in the effective potential approach of ref.[13]. In this
case Msysy = M,,.The parameters A and p are taken to be zero.

Cross sections for ete~™ — Zh as functions of My with contour lines of fixed Ma.
The arrow indicates the direction of growing tan 8 (from 1/2 to m./m;). Solid
lines: RG results of ref.[17]. Dashed lines: effective potential results of ref.[13]
with parameters as in Fig.11. Dashed-dotted line: cross section for the SM Higgs
scalar production. The curves for M4 > 110 GeV (not plotted) are inside the
respective curves for M4 = 110 GeV.
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Cross sections for ete™ — Zh as functions of M}, with contour lines of fixed M,
obtained in the RG approach of ref.[17]. The arrow indicates the direction of
growing tan #.Dashed line: cross section for the SM Higgs scalar production.

Cross sections for ete™ — Ah plotted as in Fig. 12.

Results for the decay b — AA obtained in the RG approach of ref.[17]. Contour
lines are for fixed tan 3. 4

Decay widths of the scalar h after radiative corrections.
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Fig. 4b

80~

llll]]17llllllll‘l'

to£> massr160' GéV
Msg=500 GeV

lllrill T

-
b
b

_____

_________

-
-
-

- -
~ -

llLlllllllllllllllllllllll]llllllllll'llllllljl

~ -
v r e e, e Y L.

TTTY
N
-

v/

Fig. 5a

|Ill|l||lll||r111

LI I N e N N R O R T 17T T Ty rrr i rrryr[rrait
| 1 1 1 I I I ]

\
figy

NNy
AR SN
Lvasad g

e e L -

_______

-
b = - -

10 20 30 40 50 60 70 80 90 10
mass of A [GeV]

0



charged Higgs mass [GeV]

masses of H* and C*

249

Fig. 5b
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The Upper Limit of the Light Higgs Boson Mass

in the Minimal Supersymmetric Model

RALF HEMPFLING

Santa Cruz Institute for Particle Physics
University of California, Santa Cruz, CA 95064

Abstract

In the minimal supersymmetric model (MSSM), the Higgs self-interactions are
related to the SUL(2) x Uy(1) gauge couplings. These relations impose an upper
limit on the mass of the lightest Higgs boson of the model. When one-loop radiative
corrections to this limit are included, one finds that the corrections are large and
grow logarithmically with the supersymmetry breaking scale. Renormalization
group techniques are employed in order to sum the leading log radiative corrections
to all orders, and the result is that mpo — myz converges to an infrared fixed point.
However, due to the m} behavior of the dominant term, the radiative corrections
can still lift the upper bound on the lightest Higgs mass above the reach of LEP-200.

The radiatively corrected upper bound for mpo as a function of m; is presented.

1. Introduction

In recent years supersymmetric theories have received a lot of attention. In
these theories, quadratic divergences in unrenormalized Green functions are au-
tomatically cancelled by adding a bosonic (fermionic) partner to every fermion
(boson) with the same quantum numbers and imposing supersymmetry (SUSY)
on the resulting Lagrangian. This might hold the key to the solution of the hierar-
chy problem (1] one of the most fundamental puzzles of the Standard Model (SM).

In building a supersymmetric extension of the SM, we also need at least two Higgs
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doublets H: [n = 1,2; i is the SUL(2)-index] in order to give masses to up- and
down-type fermions. Following these steps we arrive at the minimal supersymmet-
ric model (MSSM) [2]. In this model neither the gauge symmetry nor SUSY is
broken spontaneously. To construct a realistic theory, one must assume that the
MSSM is only the low energy part of a more complete theory and that SUSY is
broken in a different sector. This will generate the following soft SUSY-breaking
mass terms for the effective low energy theory [qp = ('ﬁL,JL), generation labels

will be suppressed]:

VE = miH?* Hi + m3(H*Hf) — (mbyei; H{ H] + H.c.)
V3, = MLGL + MEugin + MiTady (1.1)

VG = LM 5 + LM, WeW® + 1My BB + Hee.

(9, W and B are the gauginos for the SU:(3), SUL(2) and Uy (1) symmetry groups,
respectively). With the soft terms the SU(2)p x U(1)y symmetry can be broken
spontaneously and the masses of the superpartners can be pushed above the cur-
rent experimental bounds. In addition the following soft interaction terms for the

squarks are generated:

vi?zt = hUAUe;jH;%ﬁR + hDApeng{(ﬂlgR +Hec.. (1.2)
The subscript U (D) corresponds to the up- (down-) type squarks. For the sleptons,
the definitions are similar, except that there is no 7g. The A-parameters and the
squark mass parameters are in general arbitrary 3 X 3 matrices. However, in this
talk T will confine myself to the special case where they are proportional to the

unit matrix. This leaves only five free parameters: Ay, Ap, Mg, M3 and M, o

After electroweak symmetry breaking there remain five physical Higgs particles:
two CP-even scalars (H? and h%, with mjo < myo), one CP-odd scalar (A°) and a
charged Higgs pair (H%). The vacuum expectation values (VEV) of the two neutral
Higgs fields are denoted by v; and v2. Due to its minimal particle content the Higgs
sector of the MSSM 1is well-constrained and thus allows some phenomenologically

interesting predictions [3]. For example, the mass of the lightest Higgs scalar is
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Fig. 1. The Higgs mass as a function of the angle g, in the limit of m40 — oo (solid
curve). The dashed line is the schematic plot of the one-loop corrected result. This
curve depends on the renormalization scheme of B as well as the other parameters of
the theory.

given by the tree-level relation:

mio = 1 [mi" +my — \ﬂmio —m%)? + 4m?,m?, sin? Zﬂ] (1.3)

where tanf = vz/vy. In particular, A® must be lighter than the Z-boson. This
prediction, however, is based on SUSY and need not be satisfied below the SUSY-
breaking scale (Mgsysy) set by the parameters in eq. (1.1). It has recently been
shown that the upper bound of myo increases considerably when radiative correc-
tions are included [4-6]. The goal of this talk is to present the one-loop corrections
to the light Higgs mass bound and to improve the result by using renormalization
group equation (RGE) techniques. This talk is based on work done in collaboration
with Howard Haber [4,7].

2. Higgs Mass Shift at One-Loop

We see from eq. (1.3) that a prediction of mpo requires at least three experi-

mental inputs at tree-level. However, the maximum value of myo depends only on
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Fig. 2. Possible radiative mechanisms for generating down-type quark masses.

mz. Therefore, it is clear that the one-loop correction to the upper bound of m e
will only require the renormalization of mz and not of any other quantity such as 8
or m4o. In fig. 1, we have plotted the tree-level prediction of mye vs. § (solid line).
The function has a maximum at §;**®. The value of the maximum mass and BJ***
are independent of m 4o (actually, in fig. 1, m 40 is taken to infinity). The dashed
line is a schematic plot of the one-loop radiatively corrected Higgs mass. We antici-
pate that this graph will have a maximum at S*** close to the tree-level maximum
[that means %" — BT%® = O(g2), where g3 is the weak coupling constant]. In
these plots m 0 is defined as the pole of the propagator and is thus a renormalized
physical quantity. The angle § is renormalized but it is not directly an observable.
Rather it is defined through some scheme as an intermediate quantity which has no
direct physical meaning. This means that the place of the maximum will in general
depend upon the scheme. However, the value of mje at the maximum is scheme
independent. This is the quantity we are interested in. Now we would like to argue
that within a first order approximation it is not necessary to find A7*** in order
to find the maximum Higgs mass. This is because the derivative at the maximum
vanishes and thus mye(B7***) = mye(F***) to first order in perturbation theory.
We thus need to consider the case of the tree-level maximum. To achieve this, we
must take either § = 7/2 or § = 0 (that is either v; = 0 or v3 = 0, respectively).
Notice that the latter case cannot be even approximately correct because of the
heavy top quark. On the other hand, § = x /2 is plausible since all the down-type
quarks are light enough to be generated radiatively (see fig. 2). In fact the large
value of m:/my suggests that this scenario might be realized in nature. In ref. 4
we imposed an extra U(1) symmetry that guarantied that F§%* = pAi**. However,

this symmetry required implicitly that x = 0 and is thus not completely general.

We will now investigate the case of # = x/2. It is obtained by setting mig,
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as defined in eq. (1.1), to zero. In this model, the tree-level Higgs mass spectrum
consists of mpo = myz, mge = my > myz, and mpgz = (m¥, + mflo)l/z. [Had
we chosen m 0 < myz, then we would have found mpe = m o, and mpo = my
(at tree-level), which is not of interest to us here.] Now we proceed to compute

corrections to the value of myo. We will derive an expression for:
Amio =mi —m%. (2.1)

There are two types of corrections that we will compute here. The first consists
of the one-loop radiative corrections to the model specified above. This will be
denoted by (Amio)ﬂ_.:,r/g. The second correction is due to RGE improvement.
This shift is calculated numerically and will be denoted by (Amio) raimpe Thus,

the final result for the squared mass shift is:
2 2
Am?ﬁ = (Amh°)/3=x/2 + (Ath)RGIMp . (2.2)

We now turn to the computation of (Amio) ferf2" The full potential of the model

182

V =M (HiHD? + Mo (HE HE)? + Aa(HI HY)(H HS) + M | HY H | +

S TR (2.3)
| w |? (H{*H} + HY*H}) + VE,,,
where
A=Az = —1X3 = L6} + ¢3] ,
iy @4
A = 502

The relevant terms in our case will be the ones involving only the shifted neutral
component of the second doublet Hy — 0 / V2 + v

Vio = th? + Im2.(h%)? + O[(1%)?]

2.5
V= imbz, 28, (25)

where

m¥y = 3(gf + gd)?, (2.6)
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Fig. 3. The definitions of the self-energies for Higgs bosons and gauge bosons.

t=2v [%vz (62 +¢3) + mz] , (2.7)
mi, = 6)gv? + m?. (2.8)

The mass parameter is defined as m? = m% + u2. If we eliminate (¢? + g%)v2 and
m in favor of m¥% and ¢, respectively, and use the boundary condition [eq. (2.4)]

we end up with the following relation:

g2
2mw

mbo =m% +

t, (2.9)

where we have used my = g2v/v/2. Remember that myo and mz are still unrenor-
malized parameters. The standard procedure at this point is to rewrite the bare
parameters as renormalized parameters plus counterterms. The only requirements
for these separations are that the renormalized parameters are finite and the coun-
terterms are of O(g2). Otherwise they are completely arbitrary. We avoid this
step by expressing the bare quantities directly in terms of physical observables.
These are the masses of % and Z (indicated below with a subscript P) which are

identified in the usual way as the poles in the corresponding propagators:

mZZP = m% 4+ Re Azz(m}), (2.10)

miop = m,Z,o + Re Ahoho(m%o) . (2.11)

Here the self-energies are defined in the standard fashion (see fig. 3). We now
demand that v is the true VEV at one-loop. This means that the unphysical

one-point functions (tadpoles) corresponding to a Higgs field disappearing into the
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vacuum are absent. This reads ¢t + Apo(0) = 0, where —2A0(0) is the sum of all
one-loop Feynman graphs contributing to the A° one-point function (see fig. 3).
We find this choice convenient, since there will be no tadpole contributions to the

calculation of Azz and Apope. Using eq. (2.9) we arrive at our first main result:

(Am%")ﬂ:w/z = m,zlop —m%p=Re [Ah°h° (m%) — Azz(mzz)] - 2712W Apo(0).
(2.12)
This is the mass shift due to one-loop radiative corrections. The error we make
by evaluating the Higgs self-energy at myz instead of mjo is of second order in
the perturbation series. Although our result has been derived using a specific
convention for the shift v, it is easy to see that we could have expanded about
any other point within O(g?) of the tree-level minimum. For example, another
possible convention would be to simply define ¢ = 0. (In this case v would not be
the true VEV, but this does not matter.) Then one would obtain: (Am},) perf2 =
Re [Ahoho(mzz) — Azz(mzz)]. However, one would have to include the tadpole
contributions to both Apepe and Azz. It is a simple exercise to check that these
additional terms simply reproduce the term —(g2/2mw)Ap0(0) in eq. (2.12).

3. Numerical Results

We now turn to the numerical evaluation of the h® mass shift. Note that
the contribution of each particle appearing in the self-energy loops to eq. (2.12)
is separately divergent and depends 