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I . In t roduc t ion 

These lectures are concerned with the methods for searching for supersymmetric 
particles and the limits which have been set on their masses and couplings. Ap
pealing as it may be to most theorists, there is no experimental evidence in favor of 
supersymmetry although much effort has been expended in the quest for it.* There 
are some problems, particularly in cosmology (e.g. the dark matter problem)5 which 
can be solved by the existence of some supersymmetric particles. Unfortunately, it 
may also be possible to solve them without invoking supersymmetry. I shall take the 
attitude that such indirect evidence is not reliable and shall use arguments based on 
such physics to place limits only. If positive evidence for supersymmetry is found 
elsewhere, then one may be more inclined to believe that supersymmetry could be 
helping with such problems. 

The methods for constructing supersymmetric models have been discussed by 
Graham Ross in his lectures at this school6 and I shall rely upon much of his 
material. The remainder of this first section is devoted to the setting up of notation 
and to discussion of the assumptions that I will use throughout the rest of these 
lectures. Since there is no compelling model of supersymmetry, I shall attempt to 
keep my discussion as model independent as possible. Sometimes I will be forced 
to sacrifice generality for clarity. 

Section two will discuss the limits from cosmology. In sections three and four I 
shall discuss the direct searches for supersymmetry in e +e~ and hadron machines. 
Section five will deal with the constraints from rare processes, and finally in section 
six I shall give an overview of the prospects for future searches and comment upon 
some ways to evade existing limits. 

I shall only discuss models based on N = 1 supersymmetry, in which case the 
minimal supersymmetric model must have three generations of quarks and leptons, 
and their superpartners, the squarks and sleptons, each of which contains the fol
lowing representations under SU(2) x U(l)y 

L=(:)L * . - . j g - G ^ , j d% 

y = - 1 2 1/3 - 4 / 3 2/3 

'See references 1-4 for earlier review material and more details of the material in this introductory 
section. 
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ft = iS'-l ft = (S) 
y = - l 1 

The subscripts L and R refer to helicity states and Y is normalized in the usual 
manner so that the particle's electric charge is given by 

Q = T3 + j , (1.2) 

where Ta is value of the weak isospin. In a supersymmetric model each of these 
fields is a superfield which has a fermionic component and a scalar component. I 
will usually suppress indices when writing the couplings and will use the same label 
for a superfield as for its scalar component. The fermionic component of a superfield 
A will be indicated by ipA. 

The gauge fields are contained in supermultiplets which contain the spin 1 gauge 
fields themselves as well as a spin 1/2 Majorana gauginos. 

In the minimal Weinberg-Salam model 7 the gauge symmetry is broken to U[l)em, 
and quark and lepton masses generated, via the vacuum expectation value of a single 
Higgs doublet. This is not possible in a supersymmetric model vhere at least two 
doublets are required. 

The superpotential which contains the interactions between the quarks, leptons 
and Higgs multiplets must contain the following terms. 

Wx = XLLE'H! + XiQlhd* + XuQH2uc. (1.3) 

The second term, which contains the Yukawa interaction ^g<pdH0, generates a mass 
for the down quark once Ho obtains a vacuum expectation value (vev)i/i. In the 
non-supersymmetric model, the up quark's mass is generated from ipqtl>uHa. This 
term is not available in a supersymmetric model since H' cannot appear in the 
superpotential 8, hence the need toi 7/ 2 whose vev vj will generate the appropriate 
mass. 

The superpotential can also contain the term fiHiHi. If this term is not present 
then the theory contains a Peccei-Quinn symmetry 9 under which Hi and Hi can 
have independent phase rotations. This symmetry will be broken when the Higgs 
fields obtain vevs and a phenomenologicaily unacceptable axion 1 0 may result. If 
fi jt 0, the axion is eliminated. If the theory is grand unified then it may be 
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possible to expunge this axion even if/i = 0 , since radiative corrections may generate 
additional terms which violate the Peccei-Quinn symmetry. 

The potential for the scalar fields will have the following contributions from W 

V 3 \tiHt + \LLE° + \dQd'\* + \fiHt + XuQue\* 

+ \\ [{E'Hif + l i f f^ 2 ] + |A„flid- + A u f f 2 uf (1.4) 

+ \l\QHj + \l\QH2\* 

and will contain the following D terms from the gauge interactions of SU(2) x U(l)y. 
(I have suppressed that from SU(3) M | o r which plays no role). 

„ D°D" D'D' 

with 

D" = ^ [HIT-H! + H\T°HI + Q<TaQ + L V L ] (1.5) 

and 

D' = | [HlH, - H\Hr + yaQ*Q + y u u f V + yddud° - tfh + 2EUEC] . 

Here jfi is the hypercharge of the representation i and g2 and g' are the SU(2) and 
U[l)y coupling constants. 

Supersymmetry must be broken in order to lift the degeneracy between quarks 
and squarks. I will assume that it is broken via the appearance of soft operators" 
in this potential which do not break SU(3) x SU(2) x U(l). These can take the 
form of masses for all the scalars: 

™}4>] (1.6) 

and pieces proportional to the terms in the superpotential itself 

AWi + BtiHiHt. (1.7) 
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Low energy supersymmetry is usually motivated by the desire to provide the 
solution to the hierarchy problem. 1 2 It does this by removing the quadratic diver
gences appearing in the Higgs mass renormalization. These divergences are cut off 
at the mass of the scalar partners. Therefore, the masses appearing in the soft 
operators should be of order Mw and are unlikely to be more than a few TeV if the 
Higgs system is naturally to maintain the correct mass scale. 

Supersymmetry breaking can also be manifested in mass terms for the gauginos 

M.Siff,-. (1.8) 

In the most popular types of supersymmetric models, those based on the cou
pling to supergravity 1 3 the mechanism which breaks supersymmetry treats all the 
matter fields equally and consequently all the scalar masses are equal when the 
potential is evaluated at the scale where this mechanism operates. This scale is of 
order the Planck mass (Mp « 101 9GeV) and, therefore, renormalization effects will 
be important and the masses will not be equal when they are evaluated at low en
ergy (Q(Mw)). The relevant renormalization group equations are given in Appendix 
A. The most important renormalization effects are due to gaugino masses and any 
large Yukawa couplings present in the superpotential.M 

If the gaugino masses are comparable to, or larger than, scalar masses at Mp 
then, since over most of the range between Mp and M\y the strong coupling (a3) is 
larger than the weak and electromagnetic couplings, squark masses will be affected 
more than slepton or Higgs masses by radiative corrections and will be larger at low 
energy. This renormalization effect is so strong that it prevents the gaugino masses 
from being much greater than the squark masses in models where such effects are 
important. 

The only Yukawa coupling which is known to be large is that of the top quark. 
This enters in the evolution of the masses m-tr, m-tR and m ^ . It usually makes the 
top squark appreciably lighter than the other squarks, and can reduce the Higgs 
mass squared sufficiently so that the breaking of weak interactions is triggered.1 5 

After the two neutral members of the Higgs doublets have obtained vevs v^ and 
«2, the slepton mass matrix will have the following form 

e L W i 5 m 2 + m ! Am, + „ m . * \ (eA 
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The off-diagonal terms which cause mixing between the partners of the left and 
right handed leptons arise from the terms in the scalar potential coming from Wi. 
Hence the dependence on the lepton mass (m,). The mixing is therefore likely to be 
small for the partners of all known leptons and it is reasonable to assume that the 
eigenstates are the partners of the left and right handed leptons. I have introduced 
a mass scale rh so that L and R are dimensionless. 

The terms L2 and R? arise from two sources. Firstly, there are the soft masses. 
In the renormalization to low scales l? evolves more slowly than R? due to the 
presence of Yukawa couplings (see Appendix A) leading to L > R at low energy. 
However, these effects are proportional to the lepton's Yukawa coupling and are 
therefore small for the known leptons. The effects of gaugino masses are larger for 
L than R since the winos can act in the former case. Again this tends to make 1? 
larger than R? at low energy if they are equal at Mp. 

Secondly there are the contributions to L and R from the D terms 

nam (vl - v\) (*&- - eLlL{-^— - -^—)) (1.10) 
v ' Vcos2 6\y cos 2 Bw sin Ow ' 

If the weak interaction breaking is triggered by a large t-quark Yukawa coupling 
then mjf < m%l and it is likely that V2)vi- Hence R is greater than L. This effect 
is likely to overwhelm the effect from the renormalization group scaling unless the 
gaugino masses are large, so it is reasonable to expect R > L in the slepton mass 
matrix. Notice that these splittings are quite small unless vi/vj is much different 
from one, so that one may expect approximate degeneracy between the left and 
right partners of all the sleptons, although this will not be one of my standard 
assumptions. 

In the standard model, the absence of neutrino masses is sufficient to ensure 
that there is separate lepton number conservation for the electron, the muon, and 
the tau. In a supersymmetric model, since the sneutrinos have mass, the individual 
lepton number conservation may be lost. Of course, it can always be imposed as 
a global symmetry. Failure to observe processes such as n —> e-y leads to tight 
constraints on lepton number violating processes. These will be discussed briefly in 
section five. In the meantime I shall neglect lepton number non-conserving effects. 

It is natural for the sneatrino masses to be comparable with the slepton masses. 
If they are to be appreciably different, the difference must be produced by the 
mechanism which generated supersymmetry breaking, since renormalization effects 
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associated with Yukawa couplings, are very small for the sleptons and sneutrinos of 
the first three generations. 

In the case of squark masses, the situation is slightly more complicated owing 
to the presence of Yukawa couplings which connect different generations. After 
diagonalization of the quark mass matrix these off diagonal couplings are responsible 
for the Kobayashi-Maskawa16 mixing angles. The mixing between partners of left 
and right handed quarks is similar to that discussed above for sleptons. 

If there were no rcnormalization effects, all the soft squark masses would be 
equal and the squark mass matrix would have the following form3 

m?, = (m,+ m , ) 0 + m 2l„- ( l . i l ) 

where m, is the quark mass matrix and 1 is a unit matrix. The squark mass matrix is 
then diagonalized by the same rotation among flavors which diagonalizes the quark 
mass matrix. The mixing angles appearing in the couplings of the squarks to the 
W ('Skobayashi-Maskawa' angles) will be equal to the usual Kobayashi-Maskawa 
angles. The constraints from the absence of flavor changing neutral currents on 
squark mixing will be discussed in detail later (section five). 

I will conclude this discussion of the mass spectrum with some comments on 
gaugino masses. The gaugino mass is controlled by its value at Mp and by renor-
malization effects. If the wino (M&) and gluino (Af$) mass terms (equation 1.8) are 
equal at Mp and the theory is grand unified17 then 

ML = ^{Md f 1 , , , 
Mw a2(Mw) {1-U> 

where Q, is the strong coupling constant. One can also expect that the gluinc will 
be much heavier that the photino. 

If the gaugino masses are zero at Mp, they can arise through graphs of the type 
shown in figure 1.1. There is a cancellation between the contributions from left and 
right handed squarks in the loop. 1 8 The dominant contribution for gluinos will come 
from the top squarks, where this splitting is expected to be largest. 

M-s = -i-m,F{m-„ml,mft) (1.13) 



Here mt is the top quark mass, raj and m^ are the masses of the left and right 
handed top squarks and F is given by 

F<*">rt = - ( A ) l0E(^ + A l 0 S # (1-14) 

This radiative gluino mass is rather small so that models of this type will predict 
light gluinos and can be more easily ruled out. Notice that, once again, the photino 
is expected to be lighter than the gluino.* 

The mass matrix of the remaining gauginos is complicated by the breaking of 
electro-weak symmetry. The charged winos (IV) mix with the Higgsinos [ijiHx and 
^Hi) to S ' v e t n e following mass matrix** 

9i{v^BlW* + v^HlW~) + MWW+W~ + M0H,*W, + h.c. (1.15) 

The eigenvalues are 

Ml = \{M% + £ + 2A& ± A) (1.16) 

with 

A = ( (A4 - M 2 ) S + 4M^, cos2 20 + 4M?V {M% + ^ + 2M&H sin 29) 
1/2 

and tan0 = vijvi. The interactions of the physical states depend on the values of 
the parameters in equation 1.15. A model independent analysis is very difficult. In 
the case where /J = 0, and «i = u 2, the physical states are two Dirac spinors 

/-JV+cos<£ + i/i//1sini/>'\ 
*» = M> x , / • / - m a s s M + (1-17) 

\ W~ cos x + Tpifi smtji J 

' sin <j> — ijinl cos <j> 
' sin <f> + ipn2 cos <j> 

X 2 = ^ - s i - - ' -' * | , m a s s M _ 

*A contribution from gravilino loopa is also possible (figure 1.2), but is much smaller. (am^,2/A/,,). 
**A detailed analysis is given in Ref. 1. 
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with 
1/2 

C O S Q •• M+ + M. J 

If the wino mass M& is zero then one of the eigenvalues is less than Mw-i9 Even 
when the wino mass is not zero it is still likely that this will be true. This observation 
is rather important since it is one of the few relatively model independent statements 
which can be made about sparticle masses. 

The neutral gaugino mass matrix is even more complicated. We can write the 
mass matrix in terms of the photino, (7) zino (Z) (the partners of the photon and 
the Z boson) and neutral Higgsinos. 

( E L t i l j i / ^ t w ^ a , , - w 2 0 H l ) + i (M ( i , cos2 0W + M, sin2 0W)ZZ 

+ [Myj/ — Mi) sin 6w cos B^Zi + -{Mi cos2 Ow + M$r sin2 Ow)^ 

(1.18) 

Mi is the mass associated with the C/(l)„ gaugino (B). The eigenstates will be 
labeled x'- The general analysis is rather messy, so I will discuss some typical cases. 
The 'Bino mass' (JWi) and 'wino mass'will be related if they arise either by radiative 
corrections or by rcnormalization scaling from a scale at which the theory is grand 
unified. I will use the relation which arises when the latter mechanism is operative 

Mi = \M#gfllg\. (1.19) 

This relation is true, for example, if the theory is unified into SU(5)U so that 

3 
tan0n>(A/p) = - . (1.20) 

5 
In the limit /z->0 the lightest eigenstate (xo) is made up of the Higgsinos 

Xo - *** + *+"> (1.21) 

V v i + vi 

and has mass 
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M X 0 = - ^ L . (1.22) 

If M 2 is very small then the lightest state is the photino with mass 

8 q a sin 2 fly , , . . 
A*} = M; (1-22) 

where Afj is gluino mass and again I have used the relationship from grand unifi
cation. As in the wino case, there is a particle with mass less than Mz over most 
of the parameter space. 

The properties of the lightest neutralino (xo) are very important phenologically. 
This is because, in most supersymmetric models, the lightest sparticle is absolutely 
stable. There is a R parity which is preserved by all the interactions that I have 
so far discussed. Under this parity, all the 'old', standard model, particles are even 
and all the superpartners are odd, hence the lightest sparticle is absolutely stable. 
It is possible for this R parity to be broken, in which case the lightest sparticle will 
decay; this option is rather ugly and I shall neglect it for the moment (see section 
6). 

There is one other particle whose properties I have not yet discussed. If su-
persymmetry is broken spontaneously, there must be a massless spin 1/2 particle, 
the Goldstino. In models in which the supersymmetry is a local symmetry, i.e. 
supergravity theories, this particle combines with the spin 3/2 gravitino via the 
super-Higgs mechanism 2 0 and produces a massive spin 3/2 state. The mass (M3/i) 
is model dependent, but is usually of the order of the VV mass. 

The interaction of the gravitino ( ^ ) with a scalar A and its fermion partner is 
given by 

— $ „ - t A fi"if>A + h.c. (1.23) 

A gauge field [F°v) and gaugino A„ interact according to 

^ A o 7 "oTZ,^ + h.c. (1.24) 

Here M = Mp/y/&Tr is the reduced Plank mass. {Mp = l/y^G/v, where Gf/ is 
Newton's constant). As a consequence of the factors of 1/MP, the interactions of 
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the gravitino are very weak. It can decay to a photon and a photino with a lifetime 

r[G -+ 77) AMI 
Mjfl(l-M?/M!/2)> 

\ Ma/t J 
4 x 108( —— ) sec. 

(1.25) 

Consequently the gravitino can be regarded as a stable particle for the purpose of 
discussing terrestrial experiments, unless it is extremely heavy. 

The minimal Weinberg-Salam model has one neutral physical Higgs boson whose 
mass is not predicted by the theory. In the minimal supersymmetric model there are 
three neutral and one charged physical Higgs bosons. The coupling of the neutral 
boson to fermions in the non supersymmetric model is proportional to the fermion 
mass viz, 

2MW 
hW (1.26) 

The three neutral bosons in the supersymmetric model consist of two scalars (Ha and Hb) 
and a pseudoscalar Hc.* The couplings to charge —l/3(t(id) and to charge +2/3(^ u ) 
quarks are as follows.21 

"^a 7 

'9wn,r i'd 

r r sin a „ cos a „ „ 
-Ha -r—z - Hb -r—z + 175 cot 0HC sin/? sin/? 

2Mw 

where tan /? = fj/fi and 

„ cos a „ sin a 
-Ha - - Hb + ! 7 5 tan fillc cos/? cos/? 

1>u 
(1.27) 

tan 2a = tan 20 
m)u + m 

rnuc ~ m 
(1.28) 

Notice that, if the vevs, Vi and vj are significantly different from each other, then 
some of the couplings are enhanced; an effect which could make the observation of 
a neutral Higgs via the decay toponium —> H0 -f 7 much easier.2 2 

In a large class of supersymmetric models one of the Higgs boson is lighter 
than Mz.23 Consequently it will be observable at LEP or the SLC via the decay 
Z -> H0e+e-.24 

*I have assumed that CP is conserved. 
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The interactions of the sparticles are prescribed by those of the standard model, 
e.g. the squark-squark-gluon vertex has the same strength as the quark-quark-gluon 
vertex. In order to discuss the decays of the sparticles, I shall assume that the 
photino is the lightest one (i.e. Xo = i)- The principal decay modes and lifetimes 
are then given in Table 1. All the lifetimes are probably too short to leave visible 
tracks inside detectors unless the phase space for a decay is extremely restricted. 
The only possible exception is the gluino decay to a photino and a quark anti-quark 
pair. 

If the xo is a Higgsino then the lifetimes of some of the supersymmetric particles 
will become very long since the decay rates are then controlled by small Yukawa 
couplings rather than by gauge couplings. For example the selectron lifetime for 
the decay to electron and Higgsino is 

3 
~ 4 X 1 ( T 1 2

7

 L - 5 - T ? s e c (1.29) 
( m ^ - m p * 

where all masses are given in GeV. If xo is 

07 + bZ + ctjijjo + dipHn. (1.30) 

Then a reasonable estimate of the lifetimes can be gotten by assuming that only 
the photino component is important. The modifying factors is this approximation 
are given in the table. 

The xo will only interact weakly with matter, via the diagram shown in figure 
1.3. The cross-section behaves roughly as 

1 
a on -rjTEmP ( I - 3 1 ) 

Mx 

where E is the energy of the xo impinging on a target particle of mass mp. Mx is 
the mass of an exchanged particle which is either a squark or a slepton. The cross-
section is small enough that such a Xo produced in the decay of another sparticle is 
likely to exit from a detector without interacting. 

One other circumstance is worth considering. Suppose that the photino and a 
Higgsino are mass eigenstates and m , > m^ 0 - The production of a photino, for 
example via selectron decay e -* e + 7, will be followed by the decay (see figure 1.4) 
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or 

-7 ~> H° + 7. 

Here f is a fermion of mass mj. We can estimate these widths as 

< *-"« 1927rm4sin 2(? v v4Mvv ; ^ 
7 (1.32) 

1 i ^ i / i 
12TT2 m^, 

The latter process is likely to dominate unless the photino is able to decay into 
heavy quark pairs. We have now sufficient information about the supersymmetric 
interactions to be able to discuss the phenomenology. Let us begin with cosmology. 
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2. Cosmological Bounds . 

In this section I shall discuss the various limits which can be applied to super-
symmetric models from cosmological considerations. In the very early universe, 
when the temperature (T) was high, all particles with masses much Jess than T 
were in thermal equilibrium. As the temperature fell, particles whose interactions 
were strong enough to keep them in thermal equilibrium became rarer since their 
number density (n,-) followed the Boltzmann distribution (n,- a e~m'tT). A particle 
whose interactions are feeble, will not stay in equilibrium and will have a much 
larger density. If the particle is stable, it will exist in the present universe and its 
number density may be sufficiently large for it to make a significant contribution to 
the mass density of the universe. 

We have seen that in a supersymmetric model, the lightest sparticle is likely 
to be absolutely stable and hence may still exist as a relic of the Big Bang. Some 
simple relations from cosmology are required before we can proceed. 2 6 If we assume 
that the universe is described by Robertson-Walker metric with scale factor R, then 
the evolution of R is given by 

H S ) ' - 2 ^ * ^ M 

Here t is the age of the universe, A is the cosmological constant and k is the cur
vature factor which is 1 if the universe is closed —1 if it is open and zero if it is 
asymptotically flat. M is the mass inside a comoving volume 

M = — ^ (2.2) 

where p is the matter density. Conservation of energy implies that the density and 
pressure (p) in the matter are related by 

d[pR3) + pd{R3) = 0 (2.3) 

In order to proceed further we need an equation of state. For a fluid composed 
of non-interacting relativistic particles we have 

3p = P, (2.4) 

15 



and for a gas of non-relativistic particles of mass m 

p = mn, p = nkT. (2.5) 

Here, k is Boltzmann's constant; I shall use natural units in which h = r. = k = 1 
in what follows. The number density n,- and the mass density p; are given by 

\ (2-6) 
Pi = —T* Jo [exp e/T ± l]~l^z2dZ 

where the + (-) sign applies to Bose (Fermi) particles, e = (z2T2 + m2)1/2, and g is 
spin degeneracy factor (2 for a photon, 1 for a scalar, etc.) In the relativistic limit 
it is useful to write these quantities in terms of the density of a gas of photons. 

n-< = — T • '•» = i £ r ( 2 - 7 ) 

then 

n = gnn-,/2 and p = g / J p 1 /2 

, 3 ^ 
Sr, = \nB + -nF) 4 

7 * S, = (nB + -nF) (2 8) 

are the effective numbers of degrees of freedom. ng[np) is the numbers of Boson!': 
(Fermionic) degrees of freedom. The numbers g„ and gn depend upon temperature, 
at the present time the only particles which contribute are neutrinos and photons 
but in the minimal supersymmetric model gp = 915/4 at temperature above 1 TeV. 
If we use the equation of state for relativistic matter then equation 2.3 implies that 
pa-fit a n d hence 

which gives, using 2.4, and neglecting A and k, 

16 



©--£ "T̂ J T < 2 - 1 0 > 
where the dots denote derivatives with respect to t. 

Let us now consider the behavior of a particle (Y) of mass My as the universe 
cools. I will assume that Y is stable so that it can be produced and disappear only 
via the reaction 

YY ^XX 

where X is any other particle. If the annihilation cross section is a, the number (N) 
of Y in a comoving volume (V) will be reduced due to annihilations at the following 
rate . 2 7 

- ^ - U » = ~(<rv}n2V (2.11) 

v is the relative velocity of Y and ?and{) denotes a thermal average. If the particle 
is in thermal equilibrium, N will be constant, since YY pairs are created at the same 
rate. Hence we may write 

dN 
— = {*v)(nl-n*)V (2.12) 

where n0 is the equilibrium density given by equation 2.6. Using equation 2.10 we 
can rewrite equation 2.12 in terms of the variable / = n/T3 

£"r(£SrW->B ,2,3) 
and we have introduced x = Tlmy. 

Once the cross-se-t;on a has been calculated, this equation can be solved numer
ically subject to the boundary condition / = fo at x = oo. As T approaches zero, 
f will approach some valus / j . The qualitative behavior of the solution is easy to 
understand. The particle remains in equilibrium as the temperature drops provided 
the reaction rate given by 

{ov)n2 (2.14) 
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exceeds the expansion rate of the universe t|iven by equation 2.10. At some temper
ature Ti the reaction rate becomes equal to the expansion rate. Then, at succeeding 
times, the interactions are too weak to maintain equilibrium and the particle de
couples. The density at later times is therefore larger than the equilibrium density. 

At current times the particle is non-relativistic so that it will contribute to the 
observed mass density 

PY = myn = m c / i T ! (2.15) 

In order to evaluate this we need the temperature of the gas of particles. This 
is not equal to the temperature (T-,) of the microwave background (2.7 K) since the 
photons were reheated when other particles such as electrons annihilated. 2 6 (Y has 
decoupled by this time so it is not reheated). We can estimate this reheating as 
follows if we assume that the universe expanded isentropically. The entropy density 
S is 

S = ^(p + P) = ^r9f (2.16) 

At high temperature g,, = gj. As the temperature falls below the mass of 
a particle gp decreases and the remaining gas reheats slightly so that entropy is 
conserved. If the particle Y dropped from equilibrium at T)Mw (when gi ~ 915/4) 

then its temperature is given by Ty = T, ( f- J . Hence 

Pr = mrhT* ( l ) (2.17) 

The mass density observed in baryons at present is ~ 2 x 10"31ff cm~3. There is 
evidence that the universe may contain non-luminous matter, 2 6 but data indicate 
that the mass density is less that the density pe required to close the university. 

where Ho is the Hubble constant. If we use HQ = 100h0km/sec /Mpscc then 

fc = 2 x lCTa9/ig g cm'3 « 10-A8hlGeV*. 

The exact value of h0 is not known, 2 6 , s I will take h0 = 1. 
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In order to make an estimate of the type of constraint that we can obtain on 
a relic particle, suppose that the interaction rate is very low so that the particle 
suddenly dropped out of equilibrium. Then we have / i = /o and the particle makes 
a contribution to the current mass density of 

p y = my&.T°. (2.19) 

(I have taken gy = 2). py < pc implies that 

my&lKeV. (2.20) 

The method that I have just described was developed and first applied to a 
heavy neutrino by Lee and Weinberg.2 7 I will discuss this case briefly since it is 
familiar, before passing on to the supersymmetric particles of interest.. Neutrino-
antineutrino pairs can annihilate into other weakly interacting particles via the Z°, 
or into charged leptons of the same generation via W exchange (see figure 2.1). The 
cross-section has the following form. 

(av) ~ Glml^ (2.21) 

where NA is a. factor to account for the number of open channels and the non-
relativistic approximation has been used. This approximation is valid as can be 
seen by evaluating Ti and noting that it is much less than the neutrino mass. 
Equation 2.12 becomes 

The solution of this equation is shown for various choices of the masses and constants. 
in figure 2.2. An approximate analytic solution is given below. This figure can be; 
used to set a bound given below. This figure can be used to set a bound on the 
neutrino mass. 

mu ;£ 100 ev i • m„ £ 2GeV. (9.23) 

The qualitative picture is easy to understand. When the mays is very low, the 
annihilation rate is so slow that practically all the neutrinos survive, and so the 
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lower bound is similar to the estimate given above. The bound is tighter because 
the neutrino decoupler late so the factoi {2/g,) is smaller than in the case discussed 
above. As the mass increases, the annihilation rate rises and eventually few enough 
survive so that they cannot dominate the mass density. 

In the supersymmetric case the analysis can be used to bound the mass of 
the lightest sparticle. 2 8 Since the xo is in general a mixture of photino, zino and 
Higgsino, the analysis can be complicated, so I shall begin by assuming that it is 
the photino. Photino pairs can annihilate via graphs of the type shown in figure 2.3 
into final states of lepton anti-lepton or quark anti-quark pairs. The cross-section 
has the following form 2 9 

Here rrif is the mass of the final state fermion of charge Q; and m-, is that of the 
exchanged sparticle. 

The origin of the two terms on the rif,ht hand side of equation 2.24 can be 
understood simply. In the limit of large slepton and squark masses, we can write an 
effective vertex which couples two photinos to a fermion anti-fermion pair as follows 

~^Q){hl"l^){h^l) (2.25) 

I have assumed that the left and right handed sparticles are degenerate. If the 
fermion mass is zero then helicity conservation forces the final state to have angular 
momentum J — 1. The photino is a Majorana fermion and so Fermi statistics force 
the initial state into a p-wave, resulting in an angular momentum barrier which 
generate? the factor of v2. This factor can be avoided if the final state fermion has 
mass since helicity is no longer conserved, hence the term proportional to ml in 
equation 2.24. Replacing v* by its thermal average in the non relativistic limit, 

(v2) = e>T/m=„ (2.26) 

We have 

f- = {a + bx){r-H) (2-27) 
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where 

and 

/ m l 

6 = 2c£(m?-m})| j- (2.28) 
/ mf 

with 

This equation can be solved numerically or via the following approximation. 

Assume that the particles stay in equilibrium until a freezeout temperature [if) 
given by 

•p- = (o + bx)fl at x = xf. (2.:9) 
ax 

Then neglect the term /o on the right of equation 2.26 and solve it subject to the 
boundary condition 

/ = /o at x = x t . 

We then have 

The contribution of photinos to the mass density is then 

P1 = r 3 / (0 )m; j . (2.31) 

The limit on the photino mass depends on the fermion and sfermion masses (see 
figure 2.4), 
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m^lGeV for m^ ss 20GeV 
(2.32) 

m^SGeV for m , ss 70GeV. 

I have assumed that all squarks and sleptons have a common mass. As in the case 
of the neutr ino, there is a window if the photino is very light 

m ^ l O O e V (2.33) 

If the phot ino and squark masses are such tha t the photinos are contributing to 
the current mass density, then annihilations could still be occurring at a very small 
r a t e . 3 0 Reactions of the type 

-77 -> T+T~(-+ e+e~ + X) 
(2.34) 

-, cc{-> p + X. e + + X) 

could yield reasonable cosmic ray fluxs of ant i-protons, positrons or high energy 
gamma rays. This could produce a bound which is slightly tighter t h a n that given 
above . 3 0 

If the xo is a Higgsino then the graphs of figure 2.5 contr ibute to annihilations. 
The first graph involves Yukawa couplings and is small unless m^mt, so that the 
process HH —» it is allowed. The p-wave suppression remains resulting in a b o u n d 2 8 

mfjZmi, - 5.5 GeV. (2.35) 

If Vi = v2 then the second graph of figure 2.5 vanishes since the coupling of H to 
the Z° is zero and we need 2 8 

rriff > m, (2.36) 

If the xo is a general linear combination of 7, Z and H then the bound on its mass 
will clearly still be of order a few GeV. 

Are there any other options for the lightest sparticle? If a particle (A) has 
non-zero electric charge, the annihilation rate is so high tha t very few will survive. 
Approximately, we have 3 1 
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M 
n « ^-e(j^)nB (2.37) 

as the density of charged particles of mass M. UB is the density of baryons (n^/n., ~ 
1 0 - 9 ) . Equation 2.37 is valid if the net number of these charged particles nA — n% 
is zero. This may not be the case if A has lepton or baryon number, in which 
event we will have considerably more survivors than equation 2.37 would indicate. 
Nevertheless it is unlikely that we can get a meaningful constraint from the mass 
density of the universe. 

However, charged particles are unlikely to remain uniformly distributed through
out the universe, rather they will be trapped in matter. A search for matter with 
an anomalous value of e/m, will yield a tight bound. A search for anomalous 
hydrogen 3 2 gives 

n < 10" 2 1 n B if M < 3S0GqV. ' (2.38) 

The discussion of section 1 would imply that it is rather unlikely that the gluino 
is the lightest sparticle. If it were, we can expect a very small residual density since 
gluino pairs can annihilate via strong interactions. 3 1 

n s s l O - 1 0 n B . (2.39) 

Again this density is too low for there to be an astrophysical constraint. The 
experimental bound depends upon whether the lightest hadron containing a gluino 
is neutral (e.g. gg) or charged (e.g. udg). This question is difficult to settle since 
it requires a complete understanding of hadron masses in QCD. If the hadron is 
charged then the limit discussed above applies, if it is neutral, it will be bound inside 
nuclei. Unfortunately it is not clear which nuclei should be examined so there is 
essentially no constraint. 

There is one other option; the lightest sparticle could be the sneutrino. In this 
case annihilation takes place via the graph of figure 2.6. The exchanged particle is 
a fermion and hence the cross-section can have the form 

acc^. (2.40) 
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This is independent of the sneutrino mass and is large enough that we have no 
bound from the mass density.3 3 The presence of sneutrinos could affect the expansion 
rate of the universe at the time of nucleosynthesis (see below) resulting in a weak 
constraint. Provided that they are heavier than about 10 MeV the sneutrinos will 
have annihilated by the time of nucleosynthesis and will not destroy the successful 
predictions of the standard Big Bang Model. Table 2 provides a summary of the 
astrophysical bounds on the masses of each sparticle assuming that it is the lightest. 

There is one other particle whose cosmologkal implications need to be discussed 
- the gravitino. Let us begin by assuming it is stable. It can annihilate into pairs 
of particles with a cross-section of order (see equation 1.23 and 1.24). 

o[GG - XX) ~ -^ml/2. (2.41) 

This yields an interaction rate which is so slow that essentially all the gravitinos 
survive yielding the bound 3 4 

m 3 / 2 < IKeV. (2.42) 

Even if the gravitinos can decay, their lifetime is very long (see equation 1.25). 
Assuming a lifetime of 108 seconds, they will decay when the temperature of the 
universe is of order 1 0 - 7 GeV. Their decay products will eventually result in a gas 
of xo with approximately the same density as the gravitinos. These decay products 
will be far from thermal equilibrium and the xo pairs will not be able to find one 
another in order to annihilate. All the xo will be around today, giving the bound 

mxa < IKeV (2.43) 

Such late decays also have the potential to disrupt the spectrum of the microwave 
background radiation. 3 5 

A simple solution to this problem is provided by inflation.3 6 The gravitinos go 
out of thermal equilibrium at very early times when T « 0{M P). In the inflationary 
picture, at this time, the universe in a phase where the cosmological constant is 
non-zero and the<-e is exponential expansion so that the density of gravitinos will 
rapidly diminish. The universe then undergoes a phase transition to a phase where 
the cosmological constant is zero. During the transition the universe is reheated to 
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temperature TR and matter is created. Provided that TR « Mp gravitinos will 
not be regenerated with their equilibrium density. 

There are two possible sources of gravitinos in the inflationary scenario. They 
could be produced by the decay of the inflation field itself.37 These gravitinos are 
not produced with a thermal distribution and have no disastrous effects.37 A small 
number of gravitinos can be produced via scatterings of other particles, see figure 
2.7. If we assume that all other species have their equilibrium densities and that the 
produced density of gravitinos is low enough so that annihilations can be neglected, 
we have, 

• ^ = H » ' m V (2.44) 

where JV3/2 is the number of gravitinos in a volume V, and n is the number density 
of the scattering particles. The cross-section a is 

There is some uncertainty in estimating (av). The graph shown in figure 2.7b has 
a t channel pole so that one might expect that the cross-section would contain a 
factor of Iog(m 3 /s/r) . However, we are at Inite temperature so that the photon 
will acquire a plasma mass and a large log will not appear. If we assume that the 
photon density retains its equilibrium value while the gravitinos aro being created, 
then we have 

dt 

which implies that 

^ = jt{Nin/N,) = (uv)n'/n,. (2.46) 

Using • • t f 

< = f _ j * y / 2 ^ (2.47) 

which follows from equation 2.10 we obtain 

25 



n.„[T) = M ( ^ ) ' / 2 ( 3 g i ) ' M P T 3 (71, - T) (2.48) 

If the gravitino is stable, the constraint p!ramtino < Pc implies the bound 

Pc > mmn3/2 = {av) ^ ^ (%jj^ MT^TRFm3/i (2.49) 

Here T 7 is the current temperature of the microwave background and F is a factor 
which accounts for the subsequent reheating of the photons (recall the discussions 
prior to equation 2.17). I will take F to be 0(^55) and use the estimate 3 5 

(ov) = -^i\Act. + Baw + Ca'}. (2.50) 

Here the factors A, B, and C depend on the number of channels which can contribute 
to scattering processes. Using A = 100, B = 70 and C = 20, equation 2.49 implies 
the bound 3 8 

T^IO" (*£&?) GeV. (2.51) 
V m 3/2 / 

If the gravitino decays into an xo we will get a coupled bound on TR and mXa 

TirflO" (^'*) GeV. ( 2 .52) 

In order to obtain a tighter constraint, we must consider the effects of gravitinos 
upon the helium abundance, the prediction 3 8 of which is one of the great successes 
of the Big Bang cosmology. Nucleosynthesis takes place at temperatures of order 
1 MeV. At this stage gravitinos will still be present, even if they are unstable, so 
their contribution to the mass density may be non-negligible. 

At temperatures of order 20 MeV, the universe consists of protons, neutrons, 
electrons, positrons, neutrinos and photons. Weak interaction processes are suffi
ciently fast to maintain the neutron to proton ratio at its equilibrium value 

»•> -K-m„) / r _ e-(mp-m„)/T £ 2 5 3 > 
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When the temperature reaches Tp, of order 1 MeV, the weak interaction rates 
become too slow to maintain equilibrium and the neutron to proton ratio is frozen. 

There are now two competing effects, neutron decay and the formation of deu
terium via p + n —> d + 7. As the temperature reaches Q.2MeV the deuterium is 
processed into helium via reactions of the type 

d + p -t-3 He + t 

d+n->3H + i (2.54) 

p+3 H-*4 He + i 

As T drops still furth .-, these nuclear reactions stop and any remaining unprocessed 
neutrons decay. 

According to astrophysical observations, the fraction of mass in *He is 23%±2%, 
and that in D and 3He is less than 1 0 - 4 . 3 8 

This picture is upset if the mass density, and hence the expansion rate, is 
changed. If p increases then R/R will increase so that weak interactions will go 
out of equilibrium earlier, i.e. Tp rises, and we get more neutrons. The increase 
in expansion rate could be sufficiently great that the reactions 2.54 are not able to 
process all the deuterium and 3He into *He. 

The detailed analysis is complicated since there are so many coupled channels 
and a numerical simulation is required. In the case of stable heavy neutrino such 
an analysis was performed by Kolb and Scherrer. 3 9 Their result can be used to 
obtain a constraint. It is clear from the above discussion that nucleosynthesis will 
be unaffected if the contribution to p at the time of nucleosynthesis is small. I will 

require that p1TavMno> < 75'° e v t r y t l , ' n s e , 8 e 

at T ~ lMeV. Then 

Pevery thing else = Pi + Pc+ + Pe~ T Pneutrinos ** "T*-* ' (2.55) 
o 

Comparing with equation 2.48 at T = lMeV we get 

jfcSS X 10" [i™S£T) GeV. (2.56) 

The most severe constraints arise if the gravitino is unstable and decays very 
late in the evolution of the universe. Since the decay occurs when the gravitinos 
are out of equilibrium, the entropy of universe is increased by it. The baryon to 
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entropy ratio measured now is consistent with that which predicts the correct value 
of the Helium abundance during nucleosynthesis. A large release in entropy since 
nucleosynthesis is therefore not allowed. This yields a constraint 3 5 similar to that 
given in equation 2.56. 

The tightest constraint comes from conside.-.ng the fate of the decay products 
of the gravitino. 3 5 ' 4 0 ' 4 1 If the gravitino is heavy enough it will decay into strongly 
interacting particles via 

G-*g + g 
(2.57) 

-» 9 + 9 
In this case, the ultimate decay products will include anti-protons. We would 
expect to obtain of the order of one anti-proton per decay. (Recall that there 
is approximately one anti-proton per hadronic event seen at PEP, 4 2 ) Even if these 
decay modes are not available because the gravitino is too light, the decay 

G — 7 + -7 
(2.58) 

—* e + e 

will generate final state photons. The number of photons per decay and their energy 
spectrum is not easy to obtain. A full shower Monte-Carlo is required. 4 1 

The produced anti-protons and photons are able to initiate the break up of 
nuclei through reactions of the type 

p + 4 He -* d + re 

->3H + i (2.59) 

I 3 rr 

*-*3He + e +D. 
The abundance of* He will be reduced while that of 3He and deuterium is increased. 
The tight limit on the amount of 3He can be used to bound the number of decaying 
gravitinos. A complete numerical simulation has been given in reference 41. Here, 
I shall only consider the effect of the anti-protons 4 0 and will make some simplifying 
assumptions. The production rate of 3He via the destruction of *He by anti-protons 
is given by 

^ ^ = n.„,np{av[p + 4 He ~*3 He,3II + X))V. (2.60) 
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The annihilation cross-section has been measured at CERN and is approximately 
23% of the total,'*3 If I assume that not much *He is destroyed and therefore that 
N4He is constant. Equation 2.60 can be written as 

dX_. n,(T) ( 90 V / S 

where 
X = nsnc/n4f[t 

I will make the drastic assumption that there is one anti-proton produced for 
each decaying gravitino, and that each one is energetic enough to initiate the dis
integration reaction. Furthermore I will assume that all the anti-protons appear 
when the age of the universe is the same as the lifetime of the gravitino. The 3He 
abundance is then given by 

*-™{£s) <-i? <-' 
where Tz is the temperature corresponding to the gravitino lifetime. 

Requiring X < 1 0 - 4 gives TR£lOBGeV for a gravitino mass of 100 GeV. The 
more careful analysis of Ref. 41, which applies even if there are no produced anti-
protons since it relies on photo-dissociation, gives a similar result. 

The tight constraint on the reheating temperature could be avoided if the grav
itino were heavier than 10 6 GeV so that it could have decayed before nucleosyn
thesis. Alternatively, if the gravitino decay released enough energy so that all the 
helium was destroyed and nucleosynthesis restarted, there would be no problem. 
This occurs if the gravitino mass is larger than 104 GeV. 3 4 Gravitinos lighter than 
about 10 MeV will have survived to the present time and will dominate the mass of 
the universe. We can conclude, therefore, that if we require a reheat temperature 
greater than 10 1 0GeV and a successful Big Bang cosmology, gravitinos in the mass 
range 1 KeV to 104 GeV are excluded. 

Why are we so interested in the reheat temperature? The conventional mecha
nism for generating the baryon asymmetry 4 4 of the universe relies upon the decay 
of superheavy gauge bosons and Higgs particles in a Grand Unified theory. The 
mass of these particles is of order the unification scale, Ma ~ 10 1 4 GeV. As the 
universe cools through temperatures of this order, these particles go out of thermal 
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equilibrium. Daryon and CP invariance are broken by their interactions so a net 
baryon asymmetry can be generated. It is one of the successes of Grand Unification 
that the required baryon to entropy ratio of order 1 0 - 1 1 can be generated in this 
way. 4 5 

After the universe has inflated and reheated, the superheavy gauge bosons and 
Higgs bosons cannot reach thermal equilibrium unless TR ~ Mo- In view of the 
constraints discussed above we must give up on this conventional mechanism if 
we wish to have gravitino mass of order M\v. Several alternate mechanisms for 
generation baryon number have been suggested. The decay of particles with masses 
less than 108 GeV is one option. 4 8 Models based on this idea have been constructed 
but they are very ugly. A better alternative is for the superheavy gauge bosons to 
be produced during the phase transition from the inflationary phase or by the decay 
of the scalar field responsible for inflation, the inflation.47 Recently, it has also been 
suggested that squark and slepton fields could have non-zero vacuum expectation 
values 4 8 at temperatures in excess of a few hundred GeV. As these fields relaxed 
to zero and baryon and lepton number became good symmetries, the net baryon 
number of the universe could be created. 

Cosmological investigations have proved an important tool in constraining the 
mass spectrum of supersymmetric models. The results are extremely model depen
dent. Light photinos are a possible solution to the dark matter problem. However, 
since other non-supersymmetric particles, such as axions could be responsible, we 
cannot draw any positive conclusion. 

3. Supersymmotry in e+e~ Annihi la t ion 

In this section I shall discuss the supersymmetric phenomenology of e+e~ anni
hilations. The cross section for the production of a pair of squarks or sleptons is 
due to the exchange of the photon or Z in the s channel and is given by 

2 

a = ^k0Z(Ql - 2XQiP{l - 4 sin2 0w) + P V ( l + (1 - 4sin 2 0wf)) (3.1) 

where k = 3 for squarks and 1 for sleptons and 

_ s 1 
X ~ {s - Ml) 16sin2 6W cos2 0W ' 

For the partners of left handed fermions 
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p = 4Q; sin2 Bw - 2 / 3 

and for the partners of right handed fermions 

p = 4Qi sin 2 6w 

where Qi is the fermion charge and I3 is its weak isospin. The sparticles are produced 
with a sin 2 8 angular distribution [6 is the angle between the beam and the sparticle). 

An exception to this formula occurs when the sparticle is I selection. In this 
case there is a contribution from zino and photino exchange in the t channel, see 
figure 3.1. In general the photino and zino are not mass eigenstates (see section 1), 
but assuming that this is the case, in the limit m^ = 0, the neglect of the Z and 
zino contributions gives the following cross-section49 

da i r a ' f l W t f 4 2 

dccsS- 8s [ 1 + ( 1 l-2Pc0st) + P> ' [3'2> 
The rate for left and right handed sleptons is equal. Notice the peaking at small 
angle which is characteristic of t-channel processes. 

The final state from a pair of sleptons will be a lepton pair and two x's. Since the 
Yukawa couplings of the known leptons are small the decay will be into the x state 
which is dominantly photino or zino even if this state is not the xo- The lifetime of 
the sleptons will be too short for the decay vertex to be visible, see table 1. If the 
X is the lightest sparticle it will leave the detector without interacting so vhat the 
final state will consist of a lepton anti-lepton pair with unbalanced momenta. 

Searches for such final states at PETRA yield the limits shown in figure 3.2. 5 0 

The only backgrounds arise from two-photon production of a fermion anti-fermion 
pair and from tau pair production. The former can be eliminated by taking events 
where the missing momentum vector does not point along the beam direction. The 
latter produces lepton antilepton pairs which are back to back, since the tau is light, 
and fi e final states which cannot be produced by the slepton pair decay. 

If the x is not the lightest sparticle it may decay inside the detector. If it decays 
to a photon and xo. which then exits, the final state will consist of a lepton anti
lepton pair and two photons with unbalanced momenta. A search for this channel 
has also been carried out and the resultant limits are similar to those in the case of 
the stable x- 5 1 
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It is difficult to criticize these direct searches, which exclude sleptons with masses 
less than 20 GeV or so. They are rather model independent, beine insensitive to 
the detailed properties of the x states. The unlikely decay chain 

e _ e + -7->e + ? + g + ^ 0 (3.3) 

is the only obvious possible loophole. 

A selectron can be produced singly in association with a photino via the graphs 
shown in figure 3.3 . The cross-section is given by 5 2 

c? \1 
a(e+e~ -» e +7e~) = — - + 18 - 54z + 34i 2 

ys \,x 

+ 3 ( 3 - 3 i - 4 z ! ) l o g i (3.4) 

• 9x log2 x log(JS/m«) 

where mt is the electron mass, E is the beam energy and 

x = m\/s 

the equivalent photon approximation 5 3 has been used in this estimate. The final 
state consists of a wide angle electron, from the selectron decay, whose transverse 
momentum is not balanced by visible tracks. The positron is scattered at a very 
small angle and consequently is unlikely to be detected. A search for this process 
has been carried out and yields the constraint5'* 

m-t > 23GeV (3.5) 

if m^=o and it is assumed that the two selectrons corresponding to the two electron 
chirality states are degenerate. Notice that this limit depends critically upon the 
photino coupling and is therefore more model dependent than that from the direct 
searches discussed above. 

In the case of squark pair production the situation is not so good. There are 
two possible decay modes. 
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5 -* i + xo 

§ -*9 + 9 (3.6) 

'-•93X0 

The latter will dominate if the gluino is lighter than the squark. In either case the 
final state consists of hadrons with missing energy/momentum.* 

If all the squark flavors were degenerate then the onset of squark pair production 
could be detected by a rise in the total hadronic cross-section. The rise due to the 
crossing of a single squark threshold could be too small to see, particularly if the 
squark had charge 1/3. In this case, one must look at specific final states. Searches 
have been carried out for the mode q —> q + x on the assumption that the x 
is stable (its detailed properties are irrelevant).5 5 The final state consists of two 
jets with unbalanced momenta. Squarks of mass less than 14 GeV are excluded. 
The rather unlikely case of a stable squark is also excluded if its mass is in the 
same region. 5 5 I am aware of no search which is sensitive to the mode q —» q + g, 
indeed the situation with regard to squark searches in e+e~ annihilation is rather 
unsatisfactory. 

Let us now turn to the pair production of pairs of neutral sparticles which takes 
place by the processes shown in figure 3.4. 5 6 If both of the produced x's are stable 
then there will be nothing observable in the final state. If one, or both, of the x's 
decays then a signal is possible. The analysis is very model dependent. Searches 
have been carried out for final states with photons 5 7 and missing energy which could 
arise from the decay chain 

e*e~ -*X + X~*Xo + Xo + l + l (3.7) 

A search for the final state Z^** has also been carried out. 5 9 Experiments have 
looked for the decays of the zino into 77 or e+e-'y . 

If a photon is produced along with the x pair then the final state may be 
observable even if the x's are stable. I shall discuss one specific case which has 
received some attention. If x is a photino, then a photino pair can be produced 
in association with a photon via the graphs of figure 3.5. In the limit the single 
photon differential cross section is given by 6 0 

*Hadronization will be discussed in the next section 
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da 2 Q 3 S ,, .,\ — xL 1 , , 
dx^dcosO 3 m | z , s i n 2 f l u 7 M 2 ' 4" 

3 / , ( 3 ' S ) 

s(l + s,) 

where 

Notice that the cross-section peaks at small angle and energy, so that an effective 
search will have to be sensitive to soft photons. The principal background is due 
to radiative Bhabha scattering, where the transverse momentum of the photon is 
balanced by an electron (see figure 3.6). A dedicated experiment at SLAC 6 1 has set 
a limit on this process which translates into the constraint on photino and selectron 
masses shown in figure 3.7. The limit is extremely model dependent; the experiment 
produces no constraint if x is a higgsino. The result of this experiment can also be 
used to set a limit on the number of neutrinos (JV„) produced via e+e~ —> vD + 7 . 6 2 

The cross-section can be obtained from equation 3.5 by means of the substitution 

The pair production of winos is also possible if they are sufficiently light. Recall 
from section 1 that in a class of models, those with small Majorana gaugino masses, 
there is an eigenstate (a mixture of wino and Higgsino, see equation 1.17) with mass 
less than the mass of the W boson. The production process 

e + e - _v W+w~ ( 3 - 1 0 ) 

occurs at a rate similar to that for the production of the charged particles. There 
are two distinct possibilities for the decay of a wino. If the channel 

W^e + u (3.11) 

is allowed, it will dominate. Decays with squarks in the final state are unlikely given 
the limits on their masses. In this case the signal will depend upon the behaviour 
of the sneutrino 6 3 which will be discussed below. A limit 5 9 exists only in the case 
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where the sneutrino leaves the detector before decaying or decays into unobservable 
states. 

If the sneutrino is too heavy for the channel 3.11 to be open, then the decays 

W -* (.v 4- x 
(3.12) 

W->q + q + X 
will occur. The leptonic decays lead to a final state with two charged leptons 
and missing energy. The branching ratio for the decay W —* e + v + x 'ls model 
dependent but a value of 10% seems reasonable. In this case a search by the MARK-
J collaboration 5 0 has excluded winos up to about 20 GeV, provided to x exits the 
detector without decaying. 

Final states involving sneutrinos are also possible. 6 3 They can bo produced in 
pairs via an intermediate Z boson. This process is too small to produce a measurable 
rate at current energies but could be important in the forthcoming generation of 
e+e~ machines. The signal depends upon the decay of the sneutrino. The two body 
decay into a neutrino and a x proceeds via the graph of figure 3.8. This decay 
produces nothing observable unless the x decays. The four body final states Iqqg or 
^"^Xo are also possible, see figure 3.9. These decay rates are very model dependent 
but the two body mode is likely to dominate unless the gluino channel is open. 6 3 A 
measurement of the Z width will be able to constrain sneutrino masses respective of 
their decay products. The contribution of each pair (VLI^R), assumed degenerate 
to the Z width is 

T = &O03MeV. (3.13) 

I have not discussed the production of gluinos in e +e~ annihilation since they 
have no electro-weak charges. Three jet events will arise from the final state qqg, 
but will only be clear when the energy is far above the threshold. It may also 
be possible to detect a gluino from the decays onium —» gg, 6* onium —* ggg or 
onium —> tgg where onium is a bound state of a heavy quark and its antiquark. 6 5 

None of these searches are easy and are superceded by the limits from hadronic 
searches to which we now turn. 

I will close this section with a brief summary of the limits from e +e~ annihilation. 
Sleptons and Winos with masses less than 20 GeV are ruled out unless very bizzare 
decay --nodes dominate. In the special case where Xo is a photino, selectron masses 
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up to 50 GeV are excluded. There are no limits on sneutrino masses at present. 
The squark mass limits are poor since the searches do not appear to be sensitive to 
the decay mode g + g. Nevertheless probably at most two squark flavors are allowed 
wii h masses below 15 GeV. We shall see in the next section that better limits on 
s-;uark masses are to be obtained from hadron colliders. 
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4. Supersymmet ry in Hadronic React ions . 

The searches for supersymmetry in hadronic reactions are more complicated, 
and more model dependent than those in e+e~ annihilation. Detailed limits usually 
depend upon uncertainties beyond those inherent in the supersymmetric models. 

I shall first discuss the searches for sleptons in hadron colliders. Fixed target 
experiments at CERN and FNAL have nothing to contribute in view of the limits 
quoted in the previous section. There are only two relevant sources of new leptons 
and sleptons in hadron colliders; pair production via the Drell-Yan6 6 mechanism 
and the decay of W's and Z's. The luminosity of a collider must be large before the 
former can be exploited effectively and so we are left with the latter mechanism as 
the only one relevant at the SppS and Tevatron colliders. Charged sleptons can be 
pair produced in the decay of the Z at the following ra te 6 7 

T(Z->ee) _ l / 2 p \ 3 

r(2-*e+e-) 2\MZJ [ ' 

where p is momentum of the slepton in the Z rest frame. I have assumed that Si 
and en are degenerate and have summed. The sleptons will decay and will produce 
a final state of consisting of a lepton pair with unbalanced momentum, provided 
X exits or decays into unobserved particles. The rate is shown in figure 4.1 for 
various ranges of the lepton pair invariant mass. There is no published limit from 
this process since there are, as yet, insufficient produced Z's. The detection of 100 
decays of the type Z —» e+e~ should be sufficient to be sensitive to slepton masses 
less than 35 GeV. 

The decay W —* ei> will occur at a ra te 6 3 

TOY ^eu)~2 V MS, M$, ) {A*> 

The signal depends on the behaviour of the sneutrino. As I discussed in the last 
section it is possible that it will decay into invisible particles. In this case the 
final state will consist of a single lepton unbalanced in transverse momentum with 
a transverse momentum spectrum which is much softer than that from the decay 
W -* eu, see figure 4.2. Again a few hundred decays of the type W —• eu should be 
sufficient to set a limit of order 40 GeV on the slepton and sneutrino masses. 6 3 

The only other supersymmetric particles which can be searched for at hadron 
colliders are those which have strong interactions. The estimates of the production 
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rates of these particles are more ambiguous. All estimates are based on the QCD 
parton model which is illustrated in figure 4.3 for the production of a pair of massive 
particles X. The production rate is given by 

o- = Y^j dxidx1fi{xuQ'i){j{x2,Q'i)aii_x!i. (4.3) 

Where the sum i runs over quarks anti-quarks and gluons and fj(x, Q7} is the parton 
distribution functions for parton of type, which is extracted from deep inelastic 
scattering. In order to calculate the production rate one must first calculate the 
partonic cross sections. Gluino pairs can be produced from initial states of quark 
anti-quark or gluon-gluon with the following rates 6 8 - 6 9 ' 7 0 

da 
dt {99 -> 99) = 

97ra.(Q*) f 
4s* \ 

2{t-m])[u-m]) 

+ 

+ 

( t - m j ) ( u - m j ) - 2 m j ( t + mg) 
( t - m j ) » 

( * - m j ) ( u - m j ) + m g ( i i - 0 
s(t - mj) 

m)[s - 4mj) ) 
( * - m | ) ( u - m ! ) J 

+ + ( - » 

(4.4a) 

da 
(<3i9i -* 99) = 

[ ( * • ?) 2 + ( u - i 8ira»(q') 
3s ! 

4{t-mtf 4 ( t t -mj)» 
" t ~ 9 ( t - m , - ) = i " 9 ( u - m £ ) * 

[ ( t - ~ 2 1 2 . 

+ 2m\s\ 

+ 

+ 

• m\Y + m\s\ 
(t - m\)s 

8 ( * - m | ) ( t £ - m | ) 
, («~wj) "fo 

(u - m|)a 
(4.46) 
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where s,t and u are the usual Mandelstam variables. Squarks can be pair produced 
from the same initial states. 

{ 
2mlt 2mjju 

+ • 
4m* 

( f - m } ) » " ( u - m } ) » T ( t - m J ) C s \ 
u - m ? ) / ' (4.5a) 

do 47ra;(Q2) 

, u i - m * { ^ [ w - ^ + ̂  + jpSp} 
(4.56) 

Squarks can also be produced in quark quark scattering 

da , _ _ , 4ira, 

( t - m ? ) 2 + st ( u - m | ) 2 + su 

('-'"l)2 —& ( u - m j ) » 

+ 
sm; •i , S * s m i 2smfoi 

( t - m 2 ) ' ( u - m ? ) 2 3 ( * - m J ) ( u - m | ) J (4.6) 

Finally a squark and a gluino can be produced from an initial state of gluon-
quark 6 9 ' 7 0 - 7 1 

-fateli ~* 9gi) 

*>*,{<?) 'M\-t) [{m]-t)s + 2m]{m\-t)\ 
. 9s + (t-mlY 

4(u-mj ) ( t t + mj) _ [ ( j - m j + m j ) ( t - m j ) - m f a ) 
+ 9(u - mj)» a(t - m?) 

+ 
|5(tt + mj) + 2 ( w j - m j ) ( m j - u ) l 

18s(u - m\) 
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f (m| - t ) ( t + 2i* + m|) (t-ml){s + 2t-2ml) 
+ \ 4 ( t -mJ ) (u -m | ) + 4(<-mf)(u-mf) 

+ ^M±^±pl}\ (4.7) 
4 ( « - m j ) ( u - m f ) J J 

The initial states with gluons are the most important since the cross sections 
are larger (compare 4.4a and 4.4b), and the gluon distribution function is bigger 
than that of quarks over most of the relevant range of x, see figure 4.4. There is 
some uncertainty in these structure functions and in the value of a, (or A), so it 
is important to check that the ones being used are reasonable. Figure 4.5 shows 
a comparison of the jet data 7 2 from the SppS collider with the predictions of the 
structure functions which will be used in this section. 7 3 , 7 4 

There is some uncertainty surrounding the choice of scale Q which appears in 
both the structure functions and in the cross-section formulae. It should be of the 
same order as the mass of the produced object, or its transverse momentum if that is 
larger. The precise value cannot be determined until higher order QCD corrections 
to the production processes are calculated. 

These higher order corrections are not known for most processes. An exception 
is the case of W production 7 5 where they increase the expected rate by 30% or 
so*. The effect of these corrections is to improve the agreement between the 
expected and measured values as shown in table 3. The size of this correction can 
perhaps be taken as an indication of those to be expected in the cross-sections for 
the production of new particles of similar mass. It is also worth remarking that the 
estimates for charm production via gluon-gluon and quark anti-quark annihilation 
at the ISR, and fixed target experiments at FNAL are below the measured values 
by a factor of three or so. 7 6 However the data are confused, and it is not clear how 
reliable are the QCD estimates for the production of a such low mass objects. 

If the new particles are produced with transverse momenta much greater than 
their mass, then other production mechanisms can become important. 7 7 Figure 4.6 
shows a mechanism whereby a pair of gluinos are emitted at large transverse momen
tum which is balanced by the emission of a gluon. This process is more important 
at large transverse momentum than the pair production processes discussed above 
in which the transverse momenta of the new particles balance each other. This 

*The discrepancy between the theoretical prediction and the observed rate is not large in view of 
the errors but could indicate some problem with the valence quark distributions of ref. 73. 
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result is surprising but can be easily understood. The cross-section for gg —* gg 
is larger by about a factor of 200 than the corresponding process gg —• qq if both 
are evaluated at 90 degrees in the center of mass frame. In the former process the 
gluon can 'decay' into a quark anti quark pair at the cost of a factor of ordei- or3/jr. 
Provided that the transverse momentum of the gluon is much larger than the quark 
mass, there is no substantial phase space inhibition of this 'decay', and so it can 
dominate the direct pair production. 

If a new particle is very light then it can appear as a component of the pro
ton's wavefunction. This intrinsic component, which is generated as the structure 
functions are evolved in Q2, can then be used to produce other new particles. This 
evolution is determined by the Altarelli-Parisi equations 7 8, up to some uncertain
ties associated with the implementation of thresholds. There is some confusion 
concerning the role of these intrinsic particles. 

I will discuss the case of squark production 7 9 in a model where the squark is 
much heavier than the giuino. The squark can be produced in association with a 
giuino as described in equation 4.7. It is also possible to generate a single squark 
via the fusion of a quark and a giuino, which exists in the proton, see figure 4.7. It 
is common to add these two contributions together. This is an error as I will now 
demonstrate. 

The differential cross-section for the production of a squark and a giuino, equa
tion 4.7 peaks in the forward direction at high energy. In the limit of small giuino 
mass dominant part of the total cross-section will come from the term with a t 
channel pole viz., 

*ct(Q*)T 2 m j ( i m | i 
St L 3 S J 

which yields the following total cross-section 

a [ g q _ m « i s £ [ ( 1 _ r l̂) + (i^ljij io g(-^-) (4.9) 

where \tm\n\ is the smallest value of | i | allowed, which is of order m1. We can rewrite 
this cross-section in the following form 

o{s) = J dx P,_J(X)CTJ,_$(ZS) (4.10) 

where the formation cross-section ffj_$ is given by 
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2 T T 2 (2J + 1) , 

^ = ^ ( 2 , 1 + i ) { 2 , 2 + D r ^ - «•) ( 4 - n ) 

where J is the spin of the squark, s 1 ; and st are the spins of the quark and gluino, 
pcm is the momentum of the quark in the squark rest frame of TE is the width 
g —» g + g. Comparing equation 4.9 and equation 4.10, we conclude that 

P ^ ( x ) = f ^ l o g ( J L ) ( ( l ~ x ) J + s ! ) . (4.12) 

The hadronic cross-section (equation 4.3) has the following form 

a{pp -» g + g) = J fq{xi)h{x1)dxi.dxia[g + g -» g + g) (4.13) 

which we can rewrite as 

J fq{xi)fa{xi)dxldxjcq3^ (4.14) 

with 

which is nothing more than the solution of the Altarelli-Parisi equation for the gluino 
structure function 6 8 , 8 0 if the running of a,(Q2) is ignored and if the generation of 
gluinos from other gluinos is neglected. 

It is now apparent that an overcounting takes place if one includes contributions 
from both gg —» gg and gg —> g in the estimate of squark production. In the limit 
of very small gluino mass, the logarithm in equation 4.9 can become large and the 
expansion of the cross-section as a power series, in a, breaks down; the next order 
will contain tern of order a3, log2 etc. The intrinsic part contains a resummation 
of all these logarithms, i.e. all terms of the form a j + 1 log". The complete result is 
obtained by removing the dominant piece, equation 4.8, from the pair production 
cross section, evaluating the rates from the rest and then adding it to the intrinsic 
component. 8 1 

That procedure is complicated, let us try to see whether one mechanism is a 
reasonable approximation for the interesting cases. Taking a squark mass of 100 
GeV, I show in figure 4.9 the cross-section from as a function of gluino mass in pp 
collisions at 630 GeV. The rate from the 'dominant' term equation 4,9 is shown 
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separately. It is clear that the log term is not dominant and indeed overestimates 
the rate by a large factor. At very small gluino masses the 'dominant' term indeed 
gives a reasonable estimate of the rate. The conclusion is inescapable; the estimates 
from intrinsic gluinos will overestimate the rate. In the subsequent discussion I shall 
ignore them. 

The signals for supersymmetry at a hadron collider are missing momentum 
arising for example, from the decay 

g-*qqx 

The lifetime of the gluino is much longer than the characteristic time of strong 
interactions (see table 1). Consequently the decay is not of a free gluino but rather 
of one bound inside a hadron. The predictions will therefore depend upon how the 
gluino hadronizes. 8 2 

In order to understand the problem more clearly, consider the case of a c quark 
produced in an e+e~ collider. The quark is bound into a D meson by hadronization 
effects, and the meson will have less energy than the quark. Some data 8 3 are 
shown in figure 4.9. If there is a semileptonic decay some energy is lost (carried 
off by the neutrino). The estimate of this missing energy will be too high if the 
hadronization effect is ignored, since it is the quark inside the meson which decays. 
This fragmentation effect is non-perturbative and so cannot be reliably calculated 
at present. 

We can define a fragmentation function D(z, Q2) which is the probability that 
a charm momentum p quark of will hadronize into a D meson with momentum 
pz. The scale Q is the same order as the energy E. The energy dependence is 
predicted by perturbative QCD, 7 8 , 8 S so that we have no problem; the measured 
form can simply be extrapolated to any desired energy. The fragmentation function 
will become softer (i.e. have more support at small x) as the energy is increased. 
The following form 8 6 provides a reasonable parameterization of the fragmentation 
function shown in figure 4.9. 

*« - (d-S'VU (4-i6) 

where ec is a constant, and N is chosen so that /„' dzD(z) = 1. Since no one has seen 
a gluino, its fragmentation function is not known. It is clear that the effects will 
not be important if most of the production cross-section comes from near threshold 
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where the fragmentation function can be expected to be very hard. A reasonable 
guess is to take the form above at Q = 2mj with 

«J = «»(—) °r «5 = 7<»(z^) • ( 4 - 1 7 ) 
Trig 4 irij 

ft is taken from a fit to the data 8 8 on b fragmentation. This is then extrapolated to 
the relevant energies using QCD. The mass dependence is expected in some models 
and is consistent with the differences between b and c quarks. The factor of 9/4 is 
motivated by the larger color charge of the gluino, and applies only if perturbation 
theory can be used as a guide to this non-perturbative process. The fragmentation 
function given by this prescription is shown in figure 4.10 for two choices of gluino 
mass. 

We now have all the ingredients needed to discuss hadronic reactions. Can fixed 
target experiments at CERN or FNAL make a useful contribution? If the squark 
mass limits quoted in the previous section are to be believed, then the energies will 
be too low to produce squark pairs. The rate of gluino pair production is shown 
in figure 4.11. These rates are probably reliable to a factor of 5 or so. Most of 
the production takes place close to threshold so that the fragmentation effects are 
unimportant. The decay of such light gluinos is unlikely to result in a clear direct 
signal at these low energies. However, the decay of the gluinos which are moving 
rapidly in the direction of the incident beam will produce a beam of x's which may 
be detected by their interactions downstream. An experiment will then place a limit 
on the product of the gluino cross-section and the interaction cross-section of and 
X- The discussion is model dependent so I will specialize to the case where x i s a 
photino which is also the lightest sparticle. 

In this case the interaction cross-section is described by figure 1.3 where the 
exchanged particle is a squark and is given by 8 9 

a^N^x- J2 J dxfq(x,Q2)txp. (4.18) 
quarks 

with 

ap = 2 x 1 0 " £ , ( ^ ! l ) S J x ( l - r - f ^ - ) ( l + T g ^ r r W (4-19) 
m§ ' \ Irriphi^xl \bmpti^x 

Here mp is the proton mass e, is the charge of a quark of type q and E^ is the energy 
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of the incoming photino beam in GeV. The events produced by this interaction will 
look similar to a neutral curren- neutrino events. The cross-section depends upon 
the squark mass, so that the experimental limit can be translated into a coupled 
bound on squark and gluino masses shown in figure 4.12. 9 0 If the gluino is light 
enough to that its lifetime is long, it will be scattered in the target before it can 
decay and the energy of the photino will be degraded. This effect explains the 
loophole at small giuino masses which is indicated on the figure. 

Such 'beam dump' experiments are difficult to interpret if they obtain a positive 
result. Confirmation that the effect is due to supersymmetry requires further study. 

Could a very light gluino have escaped detection elsewhere? If the gluino is 
lighter than 2 GeV or so it could live long enough to leave a track if the shadron 
containing it is charged. A model of hadronic binding is required in order to decide 
whether the charged shadron ( made up of gud) or the neutral shadron (made up 
of gg) is stable with respect to strong interactions. Bag model calculations indicate 
that the charged one is stable if the gluino mass is less than 2 GeV. 9 1 Such a 
charged stable particle should probably have been seen in charm searches in bubble 
chambers. However, no definitive statement is possible in the absence of a dedicated 
search. A search for contamination in a neutral beam at FNAL 9 2 also constrains 
neutral shadrons. A gluino with a lifetime of more than 2 x 10~ s seconds and a 
production rate of more than 20/z6 in proton nucleon collision at i/s of 28 GeV is 
excluded. This constraint excludes the region mj w IGeV provided m^500GeV 
(see figures 4.11 and table 1). It is difficult to believe such a very light gluino could 
have escaped detection, but precise limits are difficult to set. 

I will now discuss the searches at the SppS collider. The characteristic signature 
is that of missing energy arising from the decays 

g -» q + q + X (4.20a) 

q -» q + g (4.205) 

q->q + X (4.20c) 

The precise nature of x is not critical. It is usually taken to be a photino, but 
provided it exits the detector without interacting or decaying the signal is unaf
fected. The relative branching ratio of the channels 4.20b and 4.20c is sensitive to 
the couplings of x- While the first channel will dominate if it is open, it produces 
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more hadrons and less missing energy than the decay 4.20c . Consequently it is less 
likely to produce events which will pass the cuts discussed below. 

In the case of a gluino decay to a quark anti-quark pair, if the gluino mass is large 
and its momentum small, the two quarks will be well separated and the final state 
will consist of two jets. As the gluino momentum is increased, the angle between 
the two jets will be reduced and eventually they will coalesce. The structure visible 
in the final state also depends critically upon the detector and in particular upon 
its ability to separate nearby jets and to resolve soft ones. There are a large number 
of theoretical papers on this subject. 9 3 

I shall base my discussion upon a theoretical analysis 9 4 which attempts to com
pare with the data from the UAl collaboration. Although I believe that the results 
of this analysis are a good representation of the supersymmetric limits available 
from the experiment, I should emphasize that the only people who can really set 
limits are the experimenters themselves! 

The events are required to pass the following cuts. 

(a)There be a jet with transverse energy (ET) * greater than 15 GeV. 
(b)There be at least 15 GeV of missing (unbalanced) ET. 
(c)There be no jet within 30° of the missing ET vector. This cut reduces 
the background from QCD two jet events where one jet is mismeasured, 
or from three jet events where one jet is missed. 
(d)Nearby jets are merged according to the UAl jet algorithm. 
(e)There is no jet within 30° of a direction opposite to the leading jet. 
This is again helps to reduce the QCD background. 
(f)The average missing energy in a two jet QCD event is determined 
(a), and the event is rejected if the missing ET is less than 4a. This cut 
is effective only for events which just pass the cut (b). 
(g) An attempt has been made to simulate the effects of a fluctuation 
in the so called minimum-bias background. This Is the host of hadrons 
which are produced with a rather flat rapidity distribution and lim
ited transverse momentum, and are present in all events, irrespective 
of whether or not they contain jets. There is a problem here since this 
minimum bias is not well understood and there seem to be more such 
particles in events with jets than in events without. 9 5 

*ET is a two dimensional vector defined in the plane orthogonal to the beam direction, 
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Figure 4.13 shows contours of the number of events passing these cuts as a function 
of gluino and squark masses. All squark flavors have been taken to be degenerate. 
The discontinuity along the line m$ = m 5 is caused by the abrupt change in the 
allowed decay chains. 

The cuts are very effective in reducing the predicted number of supersymetric 
events. Figure 4.15 shows the total cross section for the production of gluino pairs. 
A comparison with figure 4.14 show the dramatic effect of the cuts. The UA1 
collaboration516 reports a small number of monojets (23 in the 1984 data which 
corresponds to an integrated luminosity of 260 n b _ 1 at 630 GeV) which pass these 
cuts. Of these, some are due to the decay W -* TU\ others to the production of jets 
in association with Ws or Z's, where the Z decays to neutrinos and the W to eu with 
the lepton being missed; or others to the production of heavy quarks. The estimates 
of 3 6 , 9 7 backgrounds from these sources may account for all ihe events. It seems that 
there are fewer than 5 events/100 n b - 1 which could be due to supersymmetry. 

This appears to exclude squark and gluino masses below 60 GeV. A close ex
amination of the figure reveals the possibility of an allowed region where m-a « 
3GeV, nij as lQOGeV. The possibility of this so-called window for light gluinos has 
been much discussed. 8 2 ' 7 7 , 9 8 The total cross-section for the pair production of gluinos 
is very large in this region but very few of the events pass the cuts.* In an event 
where the gluinos are back to back, they must have large energy in order that there 
be a jet which can pass the cut (a). In this case fragmentation become important. 
On the average the missing transverse momenta cancel so that the events will fail 
to pass cut (b). This cancellation does not take place when the final state is ggg, 
since the gluinos tend to be moving in the same direction. The exclusion of this 
latter process reduces the event rate by approximately a factor of three. 7 7 

A significant fraction of the events in this region come from the reaction 

PP -* 9+q 
• (4-21) 

The cross-section is small but the final state readily passes the cuts since it has one 
hard jet and an energetic photino from the squark decay. In view of the strong de
pendence upon the cuts which are imposed on theoretical calculations some caution 
is needed. Nevertheless I think that is extremely unlikely that this window is open. 

•Approximately one gluino pair event in 10° passes the cuts in this region of very small gluino mass. 
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Once there is evidence for some signal it should be fairly easy to distinguish the 
sources. For example if the gluino mass is much larger than the squark mass which 
is of order 60 GeV, the missing ET events will mostly have two jets from 

pp->qq-tq + q + x + x (4.22) 

Occasionally one jet will be lost in the beam fragments resulting in a monojet event. 
Events with three jets and missing ET cannot arise directly. 

On the other hand, if the gluino mass is of order 60 GeV and the squark is much 
heavier, the events will tend to have a higher jet multiplicity, since the decay chain 
will be 

pp-> g + g + X 

^q+q+q+q+X+X (4.23) 

If all the squarks are not degenerate then the limit quoted on the squark mass will 
be modified. Likewise, if the photino decays via either of the mechanisms discussed 
in section 1 (see equation 1.32), the missing momentum signature will be diluted. 
It is not clear whether the UA1 data provide any limit in this case. 

At present there are too few events in the UA1 data to be able to search for 
other final states such as <n, WW etc. Some of these have clearer signatures, I 
shall return to them in section 6 when I survey the prospects for a future discovery 
of supersymmetry. 
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5. Rare Processes 

In this section I shall discuss the the impact of low energy experiments upon 
supersymmetric models. The results that are obtained can be used to constrain 
models, but, as was the case with most of the cosmological discussion, a positive 
result from one of these experiments can be difficult to interpret. There can be 
other sources of the effect apart from supersymmetry. 

One of the most accurately known, and predicted, quantities in physics is' the 
anomalous magnetic moment of the muon. Calculations in quantum electrodynamics' 
agree with the measured value 1 0 0 so well that 

\(g - 2)gED - (9 - 2).xp«rim.nt| < 2 X l O - 8 (5.1) 

In a supersymmetic model there are contributions to the magnetic moment from 
the graphs shown in figure 5.1. If/it and JIR are degenerate then the contribution 
is proportional to the square of the muon mass. The riiective vertex has the form 

^ - J V ) f i < V < 7 " a (5.2) 

where q is the momentum of the photon. The contribution to g — 2 is proportional 
to F(0), which contains one power of the muon mass as a consequence of the def
inition 5.2. The second power arises since the contribution must violate chirality. 
Consequently we can get no useful constraint from the measurement of g — 2 for the 
electron. Equation 5.1 translates into the following constraint. 1 0 1 

ma, m^lSGeV. (5.3) 

This is of no great impact in view of the limits from e+e~ annihilation discussed in 
section 3. If /it and £fl are not degenerate then a contribution is possible which 
is proportional to m^fm^ - m^). Even so, the process cannot yield anything 
relevant. 1 0 2 

An experimental constraint on the mass difference between the partners of left 
and right handed quarks and leptons would enable a bound to be placed on the 
relative sizes of the elements in the mass matrix of equation 1.9. Once the squarks 
and sleptons are discovered a detailed measurement of the production rates and 
decay modes will determine the elements of the matrix. 
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However, experiments which search for parity violation can constrain the ele
ments even though they have insufficient energy to produce the spartilces directly. 
In the case of selectrons, the best limit comes from the measurements of asymme
try in the scattering of polarized electrons from deuterium. (See figure 5.2) The 
cross-section difference is sensitive to the difference in the slepton masses,4 viz. 

Oh -OR 1 1 ,_ ... 
a —= j - (5.4) 

where OL[OR) is the cross-section for the scattering of left (right) handed electrons 
from deuterium. The measurement of the asymmetry 1 0 3 is consistent with the value 
expected from electro-weak theory 1 0 4 and can be used to set the bound 

_1 1_ j S l t r ' G e V - 2 (5.5) 

For simplicity I have assumed that t-h and e^ are mass eigenstates, i.e. that the 
off-diagonal elements in equation 1.9 are zero. Notice that this constraint is weak 
in view of the limit discussed in the previous sections. 

In the case of squarks, the best limit arises from nuclear parity violation. 1 0 5 

Graphs of the typ> shown in figure 5.3 result in short range, parity violating, four-
fermion interactions. The graph of figure 5.3a would appear not to be of this type 
since it contains a gluon exchange. The gluon could be soft, so that the operator 
is not short range, and is not calculable since we do not have a reliable technique 
for calculating QCD at long distances. This is not the case as can be seen by 
considering effective gqq vertex arising from the top half of figure 5.3a 

G% [WFA( f l*) + *V W ) ] A&ft (5-6) 
Here A" is an SU(3) matrix and q is the momentum transfer from the gluon to the 
quark.. Only the 7 5 pieces are relevant since the complete operator must violate 
parity and the bottom vertex in figure 5.3a is parity concerning. 

Gauge invariance requires that 

FA{g1) - O a s q 2 -» 0 (5.7) 

and hence the 1/g2 from the gluon proporgator is cancelled yielding the following 
form for the four-fermion operator. 
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^(?7*A° ?H §7'VA'WK, m?) (5.8) 
The prediction is reasonably reliable since it is not dominated by soft gluon ex
change. Some parity violating nuclear transitions have been seen. For example 

UF{JP = I - , / = 0) — l a F(JP = 1+,I = 0) + -y (circularly polarized) 

Or the back forward asymmetry (A) in the decay 

igF{Jp = 1/2") - * 1 9 F{JP = 1/2+) + 7 

The standard electroweak theory predicts 1 0 6 

(5.9) 

^theory = - 1 5 x 10~5 

while the data are give11 

A e x p = - 2 6 ± 12 x 10" 

In order to get a constraint, require that the operators equation of 5.8 from super-
symmetry be smaller than the corresponding ones from the electro- weak theory. 
The particular result depends upon the isospin structure of the effective operator 
equation 5.8. The AI = 0 operator gives 1 0 5 

c(ix,u) _ c(xRu). (Cfeij) _ c(xRi) 
1 ™? > + l m? rr,,? m 

where the AI = 1 term gives 

2 ,c(z£U) _ c(zflu). _ . c ( i ^ ) _ c{xRd). 
aa I „ 2 2 J \ „ 2 / „ 2 > m\ 

< 10\/2G F sin 5 flu 

< \/2GF sin2 0M 

(5.10) 

•in 
(5.11) 

In equations 5.10 and 5.11, I have assumed that UL,UR, di and dn. are mass eigen-
states. x is given by 

11 2 
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and c(x) is a dimensionless function. We can consider two limits. Firstly m-t ~ m§, 
then 

3 
C K* - . 

2 
or m$ > > rrij when 

c(x) ~ log i . 

In the first case the constraint of 5.10 becomes 

^ f ~ < " + m ? " ml < ( 1 0 0 G e V ) Z - ( 5 " 1 2 ) 

u £. u n d& d f i 

whereas in the latter case we get 

log (m? /mj ) log(m? n /m|) 

l08("»| f c/mj) _ log(m?B/mg) 1 
m? m? l 80GeV' 

(5.13) 

In order to understand the implications of this bound consider the mass matrix 
for the up squarks (c.f. equation 1.7) which takes the following form in the limit 
m u = 0 

(5.14) 

There are two sources of contributions to rn\L and rn\R one comes from the soft 
operators (equation 1.6) and the ^normalization group scaling. The other comes 
from the difference of the vacuum expectations values of the two Higgs fields vx and 
t>2 (c.f. equation 1.10). If we include this term alone, equation 5.12 becomes 

2^ 1 K - «!) 
m? «

 < Ona.vv ( 5 ' 1 5 ) {20GeV)* 

where m-q is the average squark mass. This is not particularly restrictive once we 
recall the limits on the squark masses disscussed earlier m^ ~k, 50GeV implies that 
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\(vl-vl)\<(22BGeV)2 (5.16) 

which of no importance since v[ + v\ = (l75GeK) 2. 

As discussed in Section 1, there is the potential for lepton number violation 
through a supersymmetry breaking soft mass terms of the type 

*»£*•&***«. " 4 * - B * ' i e t c - (5.17) 

The tightest bound on terms of the type applies to the one involving the muon 
and the electron. The transition p. —• trf can occur as described in the Feynman 
diagrams of figure 5.4. The failure to observe this process with a branching ratio of 
1.7 x 10~ 1 0 or more 1 0 8 , results in the constraint 1 0 9 

m m i x < 7 x l O - ^ ( l ^ ) J ( ^ ) (5.18) 

where m? is the muon mass. If lepton number is violated, there is no reason why the 
soft mass term (mmi„) should be smaller than the other slepton masses. Since all 
the slepton masses must be less than 1 TeV or so if supersymmetry is to be relevant 
to the hierarchy problem, this constraint looks rather unnatural. Models should 
probably therefore, have a symmetry to forbid the appearance of such a term. 

There are very tight limits on the existence of flavour changing neutral currents. 
The most restrictive data come from the kaon system. 1 1 0 There are contributions to 
the Kx, — Ks mass matrix from the processes shown in figure 5.5. If the exchanged 
gauginos are winos, this graph is simply the supersymmetric analog of the usual 
contribution involving W bosons and the charm and top quarks. The contribution 
to the mass mixing implies 1 1 0 , 1 1 1 

Here g is the appropriate coupling constant and M is the larger of the squark 
and gaugino masses. Am-j is the mass difference between squarks of flavors i and 
j . This mass difference is assumed to be much smaller than the average value m?. 
The quantity T,-,- depends upon the mixing angles appearing at the vertices in figure 
5.5. 

The squark-quark gluino vertex can be written as 
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g.$SM*.)*i1>f + h-c- (5.20) 

where <£,• and Vy are a squark and quark of flavors i and j , and ijsi is a spinor 
representing the gluino. The matrix A is given by 

A = UjUi (5.21) 

where U$ and U+ are those matrices which rotate between the weak interaction 
eigenstates and the mass eigenstates for the squarks and quarks respectively. I will 
neglect any mixing between gt and qR. If the quark and squark mass matrices are 
diagonalized by the same rotation among flavors, which will be the case if the soft 
masses are all equal (see section 1), then the gluino vertex is diagonal and there is 
no contribution to the Ki - Ks mass matrix from gluino exchange. 

If, in the case of the wino diagrams, we assume that the mixing angles are equal 
to the Kobayashi-Maskawa angles 1 6, then we get 1 1 1 

^ ^ < 10~7GeV2 (5.22) 
M 2 m | v 

for squarks of the first two generations. Here M is the larger of the squark and wino 
masses. This implies that the squark flavors of the first two generations must be 
almost degenerate if the squarks and winos have masses near the bounds discussed 
in the previous sections. The bounds on the masses of the third generation squarks 
are weaker since the mixing angles are correspondingly smaller. 

The contribution from gluino exchange could be much l a rge r 1 1 3 4 1 2 than that 
from winos, since the couplings are larger. Unfortunately the values of the F.-y are 
critical and it is not possible to discuss the gluino contribution without reference 
to a specific model. I will therefore specialize to the case of a model based on the 
coupling to supergravity. 1 1 3 I shall assume that the terms A and B in equation 1.7 
are zero and that all the squark masses terms are diagonal in flavor and equal to 
m„ when evaluated at some large scale, corresponding either to the Planck mass or 
the scale of grand unification. 

If there were no renormalization effects, the squark mass matrices for the charge 
2/3 (ma) and charge 1/3 (m-d) squarks would have the following form 
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ml = mil + m+mu 

(5.23) 
m l = m » 1 + mdmd 

where m u and m,& are the corresponding quark mass matrices, 1 is a unit matrix. 
Hence, m„ would be diagonal and rrA would be diagonalized by the same rotation 
which diagonalized m,j. The gluino couplings would be flavor diagonal and there 
would be no contribution from gluinos to the Ki — Ks mass matrix. 

Once renormalization effects are taken into account this simple picture will 
change. Graphs of the type shown in figure 5.6 which involve the exchange of 
charged Higgs fields can cause mixing between the charge 2/3 and charge 1/3 squark 
mass matrices. 3 , 1 1 3 

m\ — m\mi + am*mu + lmj (5-24) 

Now m? is not diagonalized by the same rotation which diagonalizes mj How big 
is a? It is likely to be 0(1), since the renormalization group scaling from the 
unification scale produces shifts in the scalar masses which are of the same order as 
the starting values. This is true at least for the Higgs masses if weak interactions are 
to be broken as a result of this scaling. Notice that the Yukawa couplings present 
on the vertices have been absorbed into the quark masses. 

It is then apparent that the mixing angles present in equation 5.18 are of the 
same order as the Kobayashi-Maskawa angles, and the splitting between different 
flavors m|. — rr&. is of order m*. — mj. . Using the first two generations for which 
Am 2 = 2GeV2 and leads to the bound* 

m-aZQ(35)GeV (5.25) 

if I assume that m$ = m-t. The box graph with top squarks for which Am 2 ~ 
{AOGeVf and T ~ s i n 4 ^ . yields 

m-3 > 0 ( 1 0 0 ) ^ 6 ^ (5.26) 

*The estimates quoted here rely upon a perturbative estimate of the box graphs of figure 5.5. It 
has been claimed that effects involving gluino bound states results in much tighter bound. 1 1 * The 
result of reference 114 appear to be in error since the contribution from such bound states must 
vanish when the momentum flow though the graph goes to zero. I am grateful to R. Barbieri for a 
'discussion of this point. 
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These bounds are competitive with those obtained from the direct searches in the 
previous section, but their model dependence cannot be overemphasized. It is also 
possible to obtain constraints by considering the CP violating terms in the K^ — Ks 
sys tem. 1 1 5 , 1 1 6 Again the constraints are model dependent. 

Rare decays of the kaons can also provide constraints. An analysis of K —> n + 
missing neutrals can be sensitive to the existence of very light photinos. 1 1 7 , 1 1 8 The 
graph of figure 5.7 yields 1 1 7 

BR{K -> xtf) = 7 x ID" 1 1 P ^ ) H [ l + 0-43 l o g ( ^ : ) ] (5.27) 

where mi is the mass of the charm squark. Experiments under at Brookhaven 1 1 9 can 
expect to be sensitive to branching ratios of order 10~ 1 0 , so that they are unlikely 
to make a significant contribution. If the photino is sufficiently light then 

K -* ir+ir° 

U 7 7 

which occurs with a branching ratio of1 1 7 

_u,20GeV... m=. ., , 
2 x 10 " ( TT717 5.28 

may be observable. Recall however that a stable photino in this mass range is 
excluded by the cosmological arguments of Section 2 unless its mass is less than 100 
ev. 

Transitions involving B mesons may ultimately provide some constraints on 
supersymmetric theories. 1 1 9 If m$ <! 80GeV and m$ ~k. 25GeV, there could be 
observable mixing in the JSjj — B% system, leading to final states of like sign muons 
from initial 66 configurations. An effect at the 25% level is produced if the masses 
are in the above range 1 2 0 The limits from rare processes, impressive though they 
may be, are easily accommodated in the most fashionable models, those based on 
supergravity. It is therefore likely that we will have to look to future direct searches 
for supersymmetric particles. 

56 



6. Summary and Outlook 

I shall begin this section with a brief review of ail the limits from the previous 
sections and their implications for supersymmetric models. I shall then discuss 
some options for future quests. 

We have seen that the cosmological bounds imply that the lightest sparticle, if 
it is stable, is unlikely to be strongly interacting or to have electric charge. If this 
sparticle is a sneutrino we have no bound, otherwise it must be a linear combination 
of Higgsino, Zino and photino (see equation 1.29), in which case it must be heavier 
than a few GeV, or lighter than 100 eV. This is sufficient to invalidate the super-
symmetric signals in K —• 7r+ missing neutrals of section five unless the photino is 
very light. 

The other limits from section five are easiest to satisfy if all the squark flavors are 
degenerate. It was precisely this assumption that was made in extracting bounds 
on squark masses from the searches for missing energy events at the SppS collider 
in section four.These bounds could be invalidated if the Higgsino is lighter than the 
photino so that the photino emitted in squark and gluino decay could decay within 
the detector, so diluting the missing energy signal-. 

It is difficult to be absolutely certain that a very light gluino is excluded. The 
constraints from the beam dump experiments discussed in Section four are model 
dependent. Although the production cross section of such light gluinos at the SppS 
collider is enormous, very few events pass the cuts, and the resulting excluded mass 
region is uncertain. However, in most models a gluino with mass in this dubious 
region also implies the existence of photinos with masses in the region excluded by 
the cosmological arguments. 

The limits are summarized in Table 4. In view of the good limits from the SppS 
collider, models with radiative gaugino masses in which m^» m$ are disfavored.121 

Since they would require very large squark masses. Recall that the squark masses 
cannot be much larger than the scale of electroweak symmetry breaking if super-
symmetry is to be relevant to the hierarchy problem. 

Most of the limits can be evaded if the lightest sparticle is not stable. In order 
for this to occur the model must have a broken R parity. 1 2 2 The R parity of a 
particle of spin S, baryon number B and lepton number L is given by 

R = (_ 1)"+i+3i3 ( 6 jg 
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Hence, if R parity is to be broken the model must also violate baryon or lepton 
number. Models of the former type will have proton decay via 

p — e + + 7 (6.2) 

or will have neutron anti-neutron oscillations. Since the scale of breaking of the R 
parity will be of the same order as that of supersymmetry breaking, transitions of 
this type will occur at a disastrous rate. 

Lepton number can be broken in two ways. A non-zero vev for the sneutrino field 
results in the spontaneous breaking of lepton number. 1 2 3 The theory will now have a 
Goldstone boson, the Majaron, 1 1 2 which couples to leptons via a term proportional 
to gj mi/mw, where mt is the lepton mass. Consequently the Majaron cannot 
be emitted in K or n decays since it has no coupling to the neutrino current. If 
the Majaron is a truly massless it will cause Red Giants to loose energy at an 
unacceptable ra te . 1 2 4 The second mechanism, explicit breaking, must be present in 
order to give the Majaron a small mass. Once its mass exceeds the temperature of 
a Red Giant, about 10 MeV, there is no further constraint. 

If the non-zero vev is that of the tau sneutrino then there is very little constraint 
on its value. The vev causes a mixing between the bare tau, wino and charged 
Higgsino states, so that the physical 'tau' is a linear combination of the wino, the 
bare r and the charged Higgsino. 1 2 6 , 1 2 7 The mixing of w is very small, proportional 
to 

More mixing occurs with the charged Higgsino, proportional to 

K + v 2 ) 1 / 2 " [ ' 

The Higgsino has the same couplings to the gauge bosons as the bare r. Hence 
the 'tau' has the usual production rate and lifetime, and we have little constraint 
on (vT) from this mixing. 

Explicit R parity breaking 1 2 2 requires additional terms in the superpot jntial of 
equation 1.3. 

W 3 CiLEL + DiQDL (6.5) 

The term 
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LH2 
(6.6) 

is also allowed bu t can be eliminated by redefining the L and Hi supermutiplets so 
tha t the 'L ' is defined to be tha t combination which does not couple to H-i. I shall 
therefore ignore this term. R pari ty could also be broken by the soft mass terms of 
equation 1.6 

mttn^ (6.7) 

Constraints on the coefficients C,,Di and m 2 arise from neutr ino masses and 
from the absence of observed lepton number violating processes. The neutrinos 
acquire a t ree level mass only if there is a non-zero sneutrino vev. The experimental 
limit on the t au neutrino mass is poores t , 1 2 8 * I will assume only {uu) 7̂  0 the 
mixing occurs between the zino, the photino, the two neutral Higgsinos and the T 
neutr ino. Under reasonable assumptions of the soft mass parameters are obtains 
the c o n s t r a i n t 1 2 6 ' 1 2 7 

( f r > ^ few MeV. (6.8) 

T h e constraints on (fj) and (i/^) are much stricter, since the limits on the muon 
and electron neutrino masses are t ighter. 

T h e terms C< and D, can be constrained since they give rise to neutrino masses 

a t one loop from the graphs of figure 6.1 . A tighter constraint is obtained from the 

lepton number violating decays 

p. --+ e~t (6.9) 

and 

fj+ - , e

+ e - e + (6.10) 

which proceed via the graphs of figure 6.2. The constraints from these processes 
can be satisfied if 1 2 2 

"The lighter astrophysical constraint on the T neutrino mass is not applicable if the tau neutrino is 
unstable. 
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C , , A £ 0 ( 1 ( T 3 ) (6.11) 

These models with R parity breaking are unappealing. Nevertheless their phenome
nology 1 2 6 ' 1 2 7 can be quite different form that of the standard supersymmetric mod
els. Single production of sparticles via processes like 

pp -* q + T + X (6.2) 

can occur, but the rates are small. Sparticle decays of the type 

q -* qr (6.13) 

are usually suppressed relative to q —> q + g by factors of order mt/Mw , and are 
not likely to be important. 1 2 7 

However, the lightest sparticle is not stable, consequently missing energy signa
tures are diluted. If I assume that the lightest sparticle is a photino, then it can 
decay via 

7 —> 71/ 

-+ qqu 

-* udl~ 

-> tl'v 

The lifetime r(7 —» 71/) is 

from the process of figure 6.3 and 

, , „ _ 9 / m-, \*/lGeV\s/10GeV\2 

from that of figure 6.4. The lifetime for 7 —» qqu , see figure 6.5 is 

r(7 - qqu) - 10 » ( j g ^ ) ( _ ) ^ sec . (6.17) 

(6.14) 
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The lifetimes are short enough so that the cosmological constraints of section 2 are 
evaded. Indeed if m, > 10 GeV or so, it is possible for the photino to decay inside 
a detector so that the missing energy signatures will be diluted. This is shown in 
figure 6.6, 1 2 6 which shows the distribution in missing pt arising from 

PP -» 99 +X 

^g + g + q + g + i + i (6.18) 

followed by 

or 

is displayed. It is clear that the current data cannot exclude a 40 GeV gluino if 
the decaying photino scenario occurs. The presence of extra photons may provide 
a good signal in one case. 

Where can we look for a significant step in the search for supersymmetry? The 
searches discussed in section 3 1 3 0 can be carried out at the next generation of e +e~ 
machines, LEP and SLC. 1 2 7 Particles with electro-weak charges and masses less 
than the beam energy should be produced copiously enough for a discovery to be 
made. 

Using the same techniques as I discussed in Section 4, the Tevatron collider with 
center of mass energy of 2 TeV should be sensitive to squark and gluino masses less 
than about 140 GeV. A comparison of gluino production rates at the SppS and 
Tevatron colliders is given in figure 4.15 and for squark pairs in figure 6.7. 

HERA 1 3 1 will enable a search for supersymmetry in electron-proton collisions. 
The largest rate occurs for final states of a selectron and a squark which is produced 
via the processes of figure 6.8. The rate is model dependent, but a reasonable 
estimate can be obtained by neglecting the zino contribution and assuming that the 
photino is massless. The cross section is then given by 4fi° 

S ( e 9 ~* l'q) = V+lnf) ' [ , r t + "* + m ' ? " l < 6 - 1 9 ) 
where Q,- is the quark's electric charge. The resulting rate is shown in figure 6.9 
where I have assumed that all squark flavors are degenerate. The present limits 
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m-c > 20GeV and m$ > 50GeV imply tha t HERA is left with a search in the mass 
region where the cross section is below 1 pb . The signal consists of a lepton and 
a jet(s) which have unbalanced transverse momenta . The final s ta te squarks are 
dominantly u and d squarks so the limit m, > hOGeV, which is arrived using in 
the assumption tha t all flavors are degenerate, may not be relevant. Nevertheless 
squarks with masses below 40 GeV will probably be found at L E P 1 2 9 or S L C ' 3 0 

before HERA. 

Squarks can be pair produced via the graph of figure 6.10 with a ra te shown in 
figure 6.11. Given the current limits discussed in section four, the cross sections 
are likely to be less than 1 pb . The final s tates will involve jets with unbalanced 
transverse momenta . The small rates make it unlikely tha t HERA will be able to 
see this process. 

Squarks can also be produced in association with gluinos via photo-product ion 

as shown in figure 6.12 with the rates shown in figure 6.13. Again it difficult to 

be optimistic about HERA's chances, since the cross-section are less than 1 pb for 

masses not ruled ou t by the previous analysis. 

It has also been proposed to search for the final s ta te of a selectron and a photino 
produced from the process e + q —* e + g+'y. The cross sections are given in reference 
132 and are too small to be of much interest. This process is similar to the single 
product ion of sleptons in e + e ~ annihilation discussed in section three (c.f. equations 
3.4). In conclusion it seems tha t , given the small rates for all these processes, it is 
difficult to be optimistic about HERA's prospects for finding supersymmetry. On 
the other hand , should supersymmetric particle be discovered elsewhere in the near 
future, HERA may be able to provide further insight into their propert ies . 

I will conclude with a few comments about searches for supersymmetry at the 
S S C . 1 3 3 The production rates a t this proposed high energy (40 TeV) high luminosity, 
( 1 0 3 3 c m ~ 2 s e c . _ 1 ) proton proton collider are very large. It will be possible even to 
search for sleptons up to ra ther high masses. The sleptons are pair produced in 
quark anti-quark collisions with the following cross-section 

da. _ 4*<*l„ a eg(L, + Rq)(4sm76w-1) 
e" 8 s i n 2 ( ? w cos 2 8W(1 - M | / s ) 

[L\ + J g ) ( l + 8 s i n 4 6W - s in 2 0„) 
+ 64 s in 4 Bw cos 4 0W (1 - M%/s)2 
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where for change § quarks Rq = 1 - | s in 2 0 ( y , Lq = ~^sm26w and for charge | 
quarks if, = - 1 + |sin 20vv, £, = | s i n 2 0 i y The final state consists of an electron-
position pair arising from the decay chain 

pp^e + e + X 

U e + + e" + T + 7 
There is a background from W pair production, but sleptons of masses up to 400 
GeV should be observable.7 3 

The searches for strongly interacting sparticles will involve techniques similar to 
those discussed in section four. Indeed the event rates are so high that it may be 
possible to look for rarer final states with cleaner signals. As an example, consider 
the search for a gluino of mass of order a few hundred GeV. The cross section for 
pair production is shown in figure 6.15. As was discussed in section four, the missing 
Pt signature can be diluted since the momenta carried off by the photinos in the 
decay chain 

99 -* qqqq + 77 (6.21) 

will tend to cancel if the gluinos are produced with appreciable momentum. In this 
case it may be better 1 3 4 to search for the final state 

91 — 99 + 77 (6.22) 

which has a much smaller production cross section ( see figure 6.16 ) but a poten
tially cleaner signal. 

A detailed analysis of supersymmetric signals at the SSC was carried out as part 
of the 1984 Snowmass Summer Study and may be consulted for more details. 1 3 4 

Despite some false alarms, we still have no experimental evidence in favor of 
supersymmetry. Should we be discouraged? Probably not, since, as I ind'cated in 
section one, the natural mass scale for the superpartners is the W mass and searches 
have not yet reached this value. We are getting close however, and something has 
to show up soon. I hope that the extra energy range opened up by the Tevatron 

63 



collider will prove decisive, and that we do not have to wait for the SSC. Suppose 
nothing is found, when should theorist, give up? The mass range accessable at the 
SSC is so large that if it fails to find supersymmetry we can safely assume that 
supersymmetry is not relevant to the hierarchy problem, and that all the currently 
fashionably supersymmetric models are wrong. 
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Figure Captions 

Figure 1.1 Diagrams showing contributions to gluion masses from a loop of quarks 
and squarks, the suffices L and R refer to chirality states. 

Figure 1.2 Diagrams showing contributions to gluino masses from loops involving 
gravitinos G. 

Figure 1.3 Diagram showing the scattering of xo states from a nucleon. 

Figure 1.4 (a) Diagram showing the decay 7 —» ffH°. 
(b) Diagram showing a contributions to 7 —• # 7 . 

Figure 2.1 Feynman graphs contributing to the annihilation of neutrinos. The 
first graph is relevant only if m„ > mi. 

Figure 2.2 The quantity f (see equation 2.22) plotted against x for various values 
of the parameters appearing in equation 2.22. 

Figure 2.3 Feynman diagram to the annihilation process 77 —» / / where f is a 
quark or lepton. 

Figure 2.4 Figure showing the region of squark and photino masses which is al
lowed by the cosmological considerations of section 2 . 3 0 All squarks and 
sleptons are taken to be degenerate and the photino is assumed to be 
stable. 

Figure 2.5 Feynman diagrams showing the annihilation of Higgsino pairs. 

73 



Figure 2.6 Feynman diagram showing a contribution to the annihilation of sneu-
trino pairs. 

Figure 2.7 Feynman graphs showing regeneration of gravitinos by scattering of 
other fields. 

Figure 3.1 Feynman diagrams for the process e +e~ —» ££. The first graph is rele
vant only for final states of selectron pairs. 

Figure 3.2 Excluded regions in slepton-Xo space. 5 0 The data assume that m | and 
m\ are degenerate and decay via £ —> £ + Xo where the xo escapes 
undetected. The solid line applies to selectrons and the dashed to 
smuons. 

Figure 3.3 Feynman diagram contributing to the process e +e~ —• e'je*. 

Figure 3.4 Feynman diagrams showing the pair production of neutral inos in e + e _ 

annihilation. 

Figure 3.5 Feynman diagram showing a contribution to the process e +e~ -* 7 + 

Figure 3.6 Radiative Bhabha scattering. This process is a background to that of 
figure 3.5 if the outgoing e+e~ pair is undetected. 

Figure 3.7 The excluded region 6 1 in photino-selectron masses from the non-observation 
of the process of figure 3.5. Ex, and IR are assumed to be degenerate. 

Figure 3.8 Feynman diagram showing a contribution to the decay u —> v + 7. 

Figure 3.9 Feynman diagram showing a contribution to the process 1/ —> e+q+q+g 
or £ —> e + q + q + i. 

Figure 4.1 Figure showing the missing transverse momentum (pT) distribution 
arising from the process pp —* Z + X —* e +e + X —>e+ + e~ + 
7 + 7 + X + x. The photino is taken to b massless, and the electron 
mass is GeV. The curves are normalized to 100 events in the channel 
Z —* e+e~. The solid line corresponds to electron position pair masses 
of 10-30 GeV and the dashed line to 50-70 GeV. 6 7 

Figure 4.2 The transverse momentum distribution of electrons arising from the 
process pp—*W + x—*e + Z> + x-*e + X with m-c = 40GeV mt, = 
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lOGeV (dashed line). The solid line shows the distribution from W —* 
ev for comparison. The curves are normalized to the same area. 6 3 

Figure 4.3 Diagram showing the process pp —> X + X+ anything (see equation 
4.3). 

Figure 4.4 Curves shov/ing the x dependence of the structure functions / , ( i , Q2). 

Figure 4.5 Comparison of the jet cross-section measured at the CERN SppS collider72 

with the prediction using the structure functions of ref. 73. Shown is 
dajdptdy at y = 0 and i/s = 540GeV. 

Figure 4.6 Feynman diagram showing a contribution to the process g + g —• g + 
9 + 9-

Figure 4.7 Feynman diagram showing the formation of a squark in a gluino quark 
collision. 

Figure 4.8 A comparison of the exact and leading log approximations for the rate 
PP —* 9 + ? + X at y/s = 630GeV. The squark mass has been set to 
100 GeV. 

Figure 4.9 The distribution 8 3 3 in x = Po/Pmax of D mesons seen e +e~ annihilation 
at 10.5 GeV (CLEO) (diamonds) 10 GeV (ARGUS) (squares) and 29 
GeV (DELCO) (stars). For comparison the distribution of IT'S from 
the TPC (crosses) is shown. 8 4 The quark which initiates the hadronic 
shower is at x = 1. 

Figure 4.10 The fragmention function at D(z, Q) for gluino 7 9 at Q = <0GeV. The 
solid lines have £3 = £ t ( ^ ) 2 , and the dashed has ej = |eb(^-) 2 . 

Figure 4.11 The cross-section for producing a pair of gluinos in proton proton col
lisions at low energy. The dependence upon m 5 is slight, it has been 
set to 50 GeV. 

Figure 4.12 The excluded region in squark and gluino masses arising from the beam 
dump experiments discussed in the text. 9 0 

Figure 4.13 Contour plot sharing the number of missing 'rai verse energy events 
per 100 n b _ 1 of luminosity in pp collisions at 60O GeV. The cuts are 
described in the text. Figure courtesy of M. Barnett. 0 4 
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Figure 4.14 The cross section pp —> g + g + X as a. function of gluino mass for 
rriq = lOOGeV. The curves are insensitive to the precise values of the 
squark mass. 

Figure 5.1 Feynman diagram shoving a contribution to the muon (g-2) from smuon 
loops. There are other contributions involving winos. 

Figure 5.2 Feynman graphs showing a contributions to electron proton scatter
ing which results in a different cross-section for left and right handed 
electrons. 

Figure 5.3 Graphs showing contributions to a parity violating interaction between 
quarks. 

Figure 5.4 Graphs showing a contribution to the process n —> e-y due to the mixing 
terms of equation 5.17. 

Figure 5.5 Diagrams showing supersymmetric contributions to the KL —KS mass 
matrix. 

Figure 5.6 Graphs showing a contribution to the renormalization of m-d by u-
quarks and Higgs particles. The contribution is proportional to m 2 . 

Figure 5.7 Diagram showing the process K —> n + 7 + 7. 

Figure 6.1 Figure showing the contribution to neutrino masses from radiative cor
rections involving the terms of equation 6.3. 

Figure 6.2 Contributions to the process y. —* cy horn the terms of equation 6.3. 

Figure 6.3 Diagram showing a contribution to the decay process 7 —• 7 + u from 
the terms Cf of equation 6.3. 

Figure 6.4 Diagram showing a contributing to the decay process 7 —• 7 + u from 
a non zero sneutrino vev. 

Figure 6.5 Diagram showing a contribution to the decay process 7 -» 5 + 5 + 1/ 
from the terms D; of equation 6.4. 

Figure 6.6 The missing transverse momentum spectrum 1 2 6 from the process pp —> 
j + 9 + X at v/J = 540GeK with m 5 = lOOCeV, m-a = 40GeV and 
mi, = \GeV. The solid line is due to the decay g —* q + q + 7 where 

76 



the photino is stable. The dashed line has the decay 7 —» 7 + v and 
the dot-dashed line 7 —> g + g + v. 

Figure 6.7 The cross section for the process pp —> qq + X. The solid lines have 
m i = m i a n d t n e dashed lines have mj = lOOGeV. 

Figure 6.8 Feynman diagram showing the process ep —• i + g + X. 

Figure 6.9 Cross section from the process ep —* e + g + X a.t y/s = 318GeV\ The 
photino mass as assumed to be zero. 

Figure 6.10 Feynman diagram showing to process ep—> e + q + q + X. 

Figure 6.11 The cross-section for the process ep —*e + q + q + XaX y/s = 318GeV. 

Figure 6.12 Parton diagram showing the process ep—*e + g + q + X. 

Figure 6.13 The cross-sections for the process ep —• e + g + g + X at y^s = 318GeV. 

Figure 6.14 The cross-sections for pp —> ee + X as a function of the selectron mass 
at y/s = 10, 20, 40 TeV. 

Figure 6.15 The crosection pp -^> g + g + X asa. function of gluino mass. The squark 
mass has been set to 1 ToV. 

Figure 6.16 The cross section pp—tg + i + Xasa. function of photino mass. The 
gluino and photino masses are equal to the squark mass. 
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T a b l e 1 

Par t ic le decay mode lifetime sec 

e + 7 2 x 1 0 - " ™~' 2.J^) 
(mf — mi\2 \ a V 

q + g 6 x 1 0 - " « 
(m? - m?) 2 

"»| , 1 

g + W 6 x l 0 - 2 3 -
mi 

irn\-mlY 
ml 

g g + q 4 x 1 0 - " , ' 
(m? - mf) 2 

Table Capt ion 

Lifetime estimates for sparticle decays.4 Quarks and lepton masses 
and neglected. If the photino is not the lightest state a reasonable 
approximation is obtained by including the factor in parenthesis. The 
term a is given by equation 1.30. All masses are GeV. 
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Table 2 

Spart icle Excluded Mass Region Comment 

e,q 

9 

v 

2 GeV £ m^lOOeV 

5GeV ^ m ^ < ! lOOeV 

5.5 GeV £ mAo < lOOeK 
mji&m^o^lOOeV 

m;A^,350GeV 

m-s £ 350GeV 

lOMeV £ mp^lOOeV 

m$ w 2QGeV 

valid if Vi ^ u 2 

valid if vi = u 2 

valid only if lightest 
shadron is charged 

Table Capt ion 

Limits on superparticles from cosmology. The limit stated on each 
sparticle assumes that it is the lightest and is absolutely stable. 
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Table 3 
Process UA19S UA2135 Theory Theory 

LO HO 

a[pp~*W± + x)B(W -» eu) 630 ± 50 ± 90 529 ± 64 ± 49 310 403 

<j(pp~* Z + x)B(Z -f e+e~) 79 ± 21 ± 12 110 ±39 ± 9 38 49 

Table Capt ion 

A comparison of the predicted cross-sections for W and Z production 
at the CERN SppS collider with those observed by the UAl and UA2 
collaborations at y/s — 630GeV. The predictions indicted by L0{HO) 
are without (with) the higher order QCD corrections. All cross-sections 
are given in picobarns. 
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Table 4 
Par t ic le Excluded Mass Range Comment 

e, jl, f < 20 GeV Valid provided decay is I -+ t + xo or 
I - • I + 7 + Xo 

e < 50 GeV Valid if m , is small and 
7 is an eigenstate of mass. 

valid provided decays are 
g £ 60 GeV 5 -> 5 + X 

or g —• q + q 
q £ 60 GeV or g -* q + q + X 

or q —• g + g 
X must be long lived. 

7 100 ev < m < few GeV Valid if 7 stable J; 
H 100 ev < m < few GeV Valid if H stable 
t> 100 ev < m < 10 MeV Valid if u stable 

Table Capt ion 

Limits on sparticle mass from the processes discussed in sections 2-
5. This table assumes that all squarks masses are approximately equal, 
that R parity is not broken. 

Appendix 

This appendix given the renormalization group equations which determine the 
evolution of the masses and coupling constants 1 5 , 1 , 1 discussed in section one. For 
simplicity I will assume that the superpotential contains only two terms viz 

W = XQuHi+nH^Ht (Al) 

where Q is a quark doublet, U is a right handed quark and Hi and H2 are Higgs 
doublets: I will further assume that the supersymmetry is broken in the appearence 
of the following terms. Scalar masses: 

SI 



mllQf + m^m' + mlluf + m^lHrf. (A2) 

Soft Operators: 

AXmQuH? + B^HiHi +,h.c. (A3) 

The scale m has been introduced so that B is dimensionless. 
Gaugino masses: 

Here B is the gauge boson associated with the group U(l)y. If we assume that there 
are 3 generations of quarks and leptons, then the evolution of the gauge coupling 
constants or,- is given by 

| « M = £«?M (AB) 
where t = log Q 2 and &i = y , 62 = 1 and b 3 = —3. I have assumed that there are 
3 generations of quarks and leptons. Note that the coupling constant o:i = gi/Air is 
normalized so that if the theories grand unified at scale MQ-

cti{MG) = aa 

for all i. Hence |<?'2 = g\. The gaugino masses evolve according to 

The Yukawa coupling A evolves according to 

dX A . 16 „ 13 6A2, , , 

The other superpotential parameter fi evolves according to 

dfi H , „ 3 3A 2 , , x 

at 4n 5 47T * ' 
A and B evolve as 
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dA 
dt = - l -

4TT1 

3 2 xt 
- — a3M3 -

- 6ci2Mi 
26 

O i , 
15 

Afi + -
12A 2A 

4TT 

dB 
dt 

= — [-ba2Mi -
6 

- -atMi + 
6A 2A 

4TT ' 
Finally the scalar masses 

Tt[ml ) -
(tiT^M? + -1 8TT2 ' $ 

' « + •ml + m£ + 
v l ' 

(A10) 

(All) 

d t ^ = - ^ i : ^ ^ ui2) 
d , 2 

Here 7% = £ A ? i a ^ >s t n e quadratic casimir of the a"1 scalar with respect to the i'* 
gauge group. As a consequence of equation A l l , models which have large gaugino 
masses at Ma tend to have squark masses where are comparable at low energy. The 
equations given in this appendix are valid to lowest order in a,A2 A and B. 
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