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Signatures of Supersymmetry in e+e~ Collisions 

Over the put dozen years electron-positron collisions have been an extremely 
fertile source of discovery in elementary particle physics. Signatures of new phe
nomena are clear and backgrounds are usually quite predictable. To date • 
number of searches for evidence for supersymmetiY in e + e - collisions beve been 
made, all with negative results, b these lectures well review the techniques 
used in these searches and examine their results in some detail. Many of these 
techniques will be directly applicable to future experiments at the SLC and LEP. 
These new machines may also provide some unique signatures of raperaymmetry, 
and we'll take a look at these possibilities. First we brieBy review the general 
theoretical and experimental features of supersymmetry. 

I. Minimal I fe l SUSY 

The simplest model of supersymmetry can be summarized with the following 
postulates - the Black Letter Law!1'; 

• Every particle belongs to a lupermultiplet that contains equal numbers of 
fermionlc and bosonic degrees of freedom, 

{S, 5 + 1 / 2 ) (it,} 

(S, S + 1/2, S + 1/2, S + 1) . ( l i ) 

For example, a Dirac spinor represents a two-component fermion and its antlpai-
ticJe, and therefore requires two complex scalar sr.perpartners. 

• There is only one (N=l) generator of supersymmetric transformations. This 
is a raising and lowering spinor operator, 

t?|fennion >= jboson > (2a) 
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Qlbattm > s ircimioD > . {») 

In particular, there an no SUBY transformations between left and right-handed 
reunion, ao SUSY model* preserve the known V-A weak interactions. 

a Supewymmater Implies, a mnltiplicatitre quantum, number R. Known perti-
daa at* assigned R m +i and their SUSY partners B =* - 1 . R-par$Jy guarantees 
that auperpartoen a n produced in pain, and that the lightest R » ±1 particles 
are stable. 

• Saptfpartncn share all conserved quantum number* except spin. Tins 
raportant postulate means that all Interaction couplings on known. 

Tha partlela spectrum that i* needed is fulfill this model li given in Table 
.I-Each eJectreweak elgsnstate if matched by asuperpartaer that differs only 
,in.,lti iptn quantum number. In addition, a spontaneously broken theory will 

: coiitaln famlons (floldttlno'f 5) associated with the corresponding super-Higgs 
meeaaiilr u. In supergravliy models with loeiUy broken symmetry, the Goldstino 
C M ba a.'bsorbed by the grivlttao to produce & gravitino o u i . In either case these 
models contain a neutral, weakly interacting particle S which might be extremely 
light. 

Note that tho mau alganitates in Table I are not necessarily also weak in
teraction atatea. This feature should not be surprising; we already bum it from 
the mixing of the normal weak neutral rwwralar SP and the neutral component 
of the Isotliplet (Vj° to form the mass eigenstates t and 3 ° , 

7 - B 0 « B « « , + W,°»ine„ (3o) 
Z°m-B°*mew+Wfzoa6m, (34) 

when eV b tha Weinberg angle. Left and right-banded iermionlc elates belong 
to different aaparmultlplete, 

(A,. A) *>* 0*./*) W 

J 

Tablet 
Minimal SUSY particle spectrum 

S = »+ l Rm - i 

Weak Mass Weafc Man 
Kigenstate Eigenstate Eigenst&ta Eigenstate 

££< <s ** h. ia It cn0 -l- lg sin' 
-it sln#-t If cos* 

"t. "L i>t. ti. 

it 4 V* hi « qt cmO ' ig f'uiO 
-it, sin 8 • ift casfl 

V 0 S b 

m, W,, Hi, Hi If*, A* W, , lTs, /?,, H, jf,1 -• mixture 

Wg, .0 0 , III # ? 1, 2, *?, hi *•§ wS . So. ill S? JJ " mixture 



while the mass eigenstatas are generally linear combinations. 

ti = II to* Q + IR fiin 9 (5a) 

£2=-*£sintf-{-Z Kcos0 , (56) 

Interactions are governed by //, and IR, but detectors see Zi and £j. For example 
consider the Urj vertex shown in Fig. 1. The interaction Lagrangian is given by, 

£ = V2e [l(^yiL-l(l2Ji-yiE] + h . t . (6) 

If the mixing angle $ = 0, then l\ = II and / i = £#, which can lead to rather 
striking results when these particles are produced in collisions of polarized elec
trons and positrons. We1.! look more closely at this later. If 6 = 45* then Eq. (6) 
reduces to, 

t^^lii^ii-nh] (7) 

and we see that l\ and 1% exhibit, respectively, pseudoscaiar and scalar interac

tions. 

Mixing in the gauge sector is more complicated. Unlike the R = +1 case in 
wliich the spia of the weak bosons Wj, W% differs from that of the scalar Higgs 
particles, the R = —1 charge states Wi, Wj t -fftT JTJ share common quantum 
numbers and therefore result in thargtno mass states x" that generally are mix
tures of all four weak eigenstates. The neutralino states x° similarly are mixtures 
of the neutral states W 3

n, B°, H°, Hj°. In neither case are the mixing param
eters constrained in the simplest theories. The lesson here is that experimental 
searches for these particles should be defined carefully in terms of the topologies 
and range of kinematic variables to which they are sensitive. Limits can then be 
placed on regions of particle masses and mixing angles for particular theoretical 
models. 
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Figure 1. The ll'j electromagnetic vertex. 



D. Detecting SISSY 

Before beginning detailed discussion of the production of suj-ersymmetric 
particles by e+«- collision, it's useful to summarize whet is generally known. 

e from «+£- experiments it's ctsxr that scalar lepton masses mest be larger 
than Pt 20 GeV almost independently of decay modes or other panicle masses, 
and > SO GeV i f m ; is email. 

• Scalar quark masses are, perhaps surprisingly, not well constrained. They 
must be target than a few GeV since we do not see of or qqq hadronic states. 

• Only modest limits from r-decays exist on scalar neutrino masses. 

• limits en gaugino masses are complicated and extremely dependent upon 
detailed assumptions or upon masses of other R = — 1 particles. Gluinos » have 
been looked for in beam dump experiments and pp annihilation final states. These 
experiments rule out the possibility that both a gluino with mass less than a few 
GeV and a light scalar quark exist. Searches in e +e~ annihilation similarly rule 
out simultaneous existence of light photinos and scalar electrons. 

All searches For supersymmelric particles rely on the fact that the lightest R = 
—1 particle must be stable. Searches for heavy stable particles in e+e" and fixed 
target experiments have not found airy hint of charged supersymmetric particles 
with masses within the kinematic range of present-day machines. Operationally 
it's usually assumed that the lightest SUSY particle is neutral. Fnotinos, scalar 
neutrinos, and neutral ganginos or Goldstinos may be stable and perhaps not too 
massive. It's important to see how these particles might behave in a detector. 
The production of any stable, weakly interacting state B,jporG would result in 
energy that is unseen by most detectors. Possible electromagnetic interactions of 
the photino shown in Fig. 2 all involve the internal propagator of what is assumed 
to be a massive charged particle, either a scalar electron or quark. For example, 
the cross section for the interaction of the ^ with a quark is approximately (for 

7 

( 0 ) 

(b) 

12-85 

Figure Z. (a) Complon scattering of photinos. (b) Photino badronic interaction 
in matter. 



•nfdmvhM 
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when the gtructnre function F(ms, E$ is » 0.1 — 0.2. This eraas taction ia 
stautar in magnitude to a. standard weak interaction. The conclusion ia that If 
the Ughteit SUSY particle Si neutral, then its production, either directly or in 
the decay chain of a mow Missive particle, will result in energy and momentum 
that ii sot visible to meat detectors. It's this missing momentum that becomes 
the signal of new phenomena, Dated in Table II are probable decay chains for 
particles In the minimal BUSY model.!8) The circled decay products are likely 
to be undetectable. Notice that, except for a lew speria! cases corresponding to 
nearh; degenerate mast cc«llbuiations, the lifetimes <if these particles are all ô He 
abort. They wul probabh/ not be seen as krar-Gved particles in high resolution 
vertex detectors. 

ID. Searches for BUSY at Present-Day c+c~ storage Rings 

A. Scalar Lcptons 

Solar lentous can be pair produced by e+e~ annihilation through the *• 
channel neutral current si In Pig. 3a, or in the case of the scalar electron, by the 
t-chennelexiibangc diagram shown in Fig. 3b. For unpolarixed initial electrons 
and positrons, the aupcrpsrtnero of the left and right-handed leptons, & and in, 
are produced with cross sections that depend upon the masses mj t and m^, and 
in the case of the e on the mass of the neutnlino jj° exchanged in the t-channel 
diagram. At the energies of PEP and PCTBA we can ignore the contributions 
of the 2" in Fig. 3a, and if wo assume that the mass of the 2° is also large, then 
the scalar lepton pair-production cross section is/ 4) 

^ ^ . m r t f i r (, 4* y] (9 ) 

Table U 
Decay chains and lifetimes of supersymmetrit partirlos 

Particle Decay Approx. Lifetime (sec) 

* n*® TX,O-" {&)'% 

* + S « ml 

8 • + '+© ">"' (ft)* jjj 

o © + © w» fa 

W, Z typical electroweak decays 

O — UNSEEN 
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Figure 3 . Fair production of scalar lepton pairs in e+c~ annihilation. 

where 0 = {1 - 4m? js)i is the velocity of the <£, and u* = (m^/Et)1, and 

\l foTt=eJ 

The leading term is due to the ^-channel diagram (Fig. 3ft) and exhibits the 0* 
threshold factor and sin3 B angular distribution characteristic of scalar pairs pro
duced by e +e~ annihilation. When integrated over polar angle this leads to a 
total cross section (normalized to c** - —* n*ji~) of R = I/4,5 s - Most experi
ments are done with unpolarized electron beams and therefore have no control 
over the separate production rates for £R and £j> There are two limiting possibil
ities for the mass cigenstates £* and h (Eq. 5) that are of practical experimental 
interest. The absence of a signal in a search can be interpreted as a limit on the 
production cross section for the lighter mass state (i.e. if mj >> m: ), or on 
the production of degenerate states (m^ = m; ) . These two eases correspond to 
a factor of two in the expected signal. 

Whether the £* is stable or not, the pair production process leaves an ex
tremely clear signature. Production of stable I* pairs will result in apparent 
deviations from the known QED production of lepton pairs, and the £* may also 
be seen as new lu^sjve charged particles by time-of-flight and/or ionization mea
surements. Studies of lepton pair production at PEP and PETRA agree with 
QED to within 2-3%, and several searches Tor anomalously heavy charged par
ticles in e +c~ final states are all negative.'8) These clearly rule out the existence 
of stable e, jit and f particles with masses within the kinematic range of these 
machines. 

Possible decay modes of scalar leptons arc shown in Fig. 4a. If m^ > m*, then 
the electromagnetic decay £ —* Is} will dominate, but in any case, the lifetime 
of the I is expected to be very short (Table II), and the production of £* pairs 
will result in a pair of acopJanar leptons a? shown in Fig. 4b. Two examples*6' 
of searches for this signature are shown in Fig. 5- Both the * + e " and ;**>>" 
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final states have a background at Urge acoptanarity angles doe to two-photon 
processes e T e~ - • « * e - t + t - ; n w hich the outgoing beam electrons remain close 
to the beam line. The data are completely consistent with these sources and role 
out the possible existence of unstable e and p. with masses S 20 GeV/e s. A set 
of limits given by the JADE Collaboration!7) is shown in Fig. 6a. It's assumed 
that if r i j > ma, then the ji will be stable, otherwise it decays into fil- If the 
mass of the photino is less than, but nearly equal to the mass of the A. then the 
moon from the ji —* $17 decay becomes too soft to detect, so a narrow band at 
mj £ nip is not excluded by these searches. 

Limits on the mass of the scalar tau r are slightly less stringent because the 
T itself decays essentially always to either one or three prongs. The mass of the r 
is small compared with the beam energy, however, so the decay products follow 
closely along the direction of flight of the parent. An example of an e + e~ —• r+r~ 
event as seen in the Mark 11 detector is shown in Fig. 7. Detailed studies of the 
r-pair production rate and acoplanarity distribution lead to limits on the f mass. 
The best value of 17 GeV is given by the Mark J group.'8' See Fig. 6b. 

AU of the searches for scalar leptons discussed so far are limited by the avail* 
able energy of present machines and not by statistics. As a result these limits 
are not very sensitive to parameters that change the production cross sections 
such as the mass mixing angle (Eq. 5}. For example, the best of these limits on 
the selection mass is 23 GeV if the two mass eigenstates are degenerate, and 22 
GeV if one is much larger than the other. 

It is possible to produce a single scalar electon in e + e" collisions by the two 
diagrams sbown in Fig. 8. 

. e + e" -< ee-i (10) 

The Q* of the photon in either or these diagrams tends to be small, and the recoil 
angle given by Q* sa £?(P is aba small. The outgoing beam particle from most 
events of this type would not be detected, and the signal from such an event 
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Figure 0. (a) Limits on scalar muon mass, (b) Search for scalar tau events. No 
events were observed placing a limit at 17 GeV/c 2. Cross hatch is the limit from 
r-pair production rate. 
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Figure 7. The c*f —> T + T ~ as observed in the MARK II detector. 
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would then be a single isolated electron or positron with significant momentum 
transverse to the beam. The observable cross section is not small and extends 
to selection masses that are larger than the beam energy. For example, the 
calculated cross section within the acceptance of a search made by the Mark II 
group/") shown in Fig. 9, indicates that with accumulated luminosities in excess 
of 100 phr 1 , it is possible to search for a signal produced by scalar electrons with 
masses that are - M « greater than the beam energy. 

Most detectors leave a major background to this signal caused by radiative 
Bhabha events 

e+e" -» e +e"T (11) 

when only one of the electrons is seen [Fig. 10). These occur with well-determined 
kinematics, however, so for a particular search it is possible to define regions of 
energy and angle which are background free. Shown is Fig. 11 is the result of the 
Mark n search. As can be seen, there is a large number of events at the lower 
energies, but there exists a region that corresponds to large momentum transfers 
in process (11) that is empty of events. The cross section for the production of 
signal events in this region is just that shown in Fig. 9. 

In this case, the sensitivity of the search is determined by statistics, and 
the limits depend more sharply on possible mixing of the interaction eigensiates. 
The limits from the Mark TJ search are shown in Fig. 12 for the two extreme 
mixing hypotheses. Notice that the experimenters choose to not place limits in 
the region msj > m,-. The assumption is that if this were the case, then the 
selectron would not decay. The best limits on this process come from the JADE 
Collaboration^0) at PETRA and extend to m« = 25.2 GeV/c 2 for the degenerate 
mass case and nxj = 0. 

B. Ph,"1'1"" 

Although SUSY doesn't require that a photino mass eigenstate exist as the 
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Figure 10. A single electron event in the MARK TL 

- ' ' ' ' ' ' ' 1 ' I ' i 

0.5 

•S o 
c Sfcu \ 

\ 

-0.5 

, 1 I 1 1 1 
* 

i l l ! 

6 8 10 12 14 16 18 
ENERGY (GeV) 

Figure 11. Signal region and observed background from radiative Bhatha scat
tering in MARK II search for aingk i. 

5 10 15 20 
m, (GeV/c2) 
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particular mixture of neutral gauge bosons, 

T = eos&Vfl+sin»VJV| (12) 

It is still important to consider this possibility since it leads to couplings to 
electrons and positrons that are purely electromagnetic. The pair-production 
process shown in Fig. 13 occurs with a cross section'11) 

^ ' " r ^ ^ t l + c o s f f j ) (13) 

with fl = (1 — 4m?/s) r and the assumption m; t » m;„ » Vs. The actual 
propagator is given by 

t7~(mr« + mT<) (14) 

which reduces to {2/mjjJ 4 in the limit miL = tn£R, Notice also that since the 
photinois a self conjugate (Majorana] fernuon, then Fermi statistics require that 
the photino pair be produced with the 02 threshold factor of a p-wave process. 
The cross section (Eq. 13) differs !n scale from the pair-production of normal 
photons only because of the mass of the exchanged selection. It is large at small 
e mass, and will become weak, but not unusably small, for mt- ~ mw-

If the photmo is more massive than the selecCront then the decay 7 —* e+e" 
is possible, but as we have seen, a selection of mass within the range of PEP or 
FETRA has already been ruled out. It's not going to be fruitful to pursue this 
possibility. A more interesting signature occurs if the Goldstino G exists either 
as a particle or as a component of, for example, the gravitino and is lighter than 
the photino. Then the decay shown in Fig. 14 proceeds wilh a lifetime (ignoring 
the mass of the S).l i a> 

where d = ^USY* a n < ^ &.SOSY is the mass scale at which supersymmetry is 
broken. If AsusY & w»t too large or m^ too small, then the pair-production 

e ' x y? 
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Figure 13. Production of photino pairs by e+c~ annihilation. 
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Figure 14. Photino decay. 



process (Fig. 13] and subsequent decay of the photinos will result in a pair or 
photons with missing energy and momentum. A search can be made for acoplanar 
photon pairs, or alternatively, for colinear photon pairs with energies t"hat are 
not equal to the beam energy. A pJiotino with a mass greater than — 10% of the 
beam energy will produce a -visible signal in the first case, while light photmos 
will fall into the back-to-back photon sample. The result of such a search^3) at 
PETRA is shown In Fig. 15. In neither case is there any signal. This experiment 
is sensitive to a region of m^ and d that depends upon m; (Eq. 13); for mj 
= 40 GeV/c 2 this region is shown in Fig. 16. The upper edge of the region is 
determined by the beam energy and the lower diagonal edge is determined by the 
radius of the detector and the photino lifetime (Eq. 15). Also shown in the figure 
is a bound taken from cosmological arguments; if m^ is too small or d too large, 
then the photino lifetime becomes long, and we would expect a sea of photinos 
to fill the universe-

Many presently fashionable theories of supersymmetry place h-susY ~ 10 1 1 

GeV, in the so-called "hidden" sector. This would make the photino essentially 
stable to ->G decay. If the mass of any scalar neutrino !E less than that of the 
photino the 7 might still decay through the "photino /?-decay" diagram shown 
in Fig. 17. The signature would be a final state consisting of four Ieptcns with 
missing energy and momentum. This would need to be separated from a r^-pair 
background, and no limits on this possibility have been reported in the literature. 

If the photino exists but is stable or long-lived, then it stilt creates a signature 
with e + e~ collisions in which one of the initial state leptons radiates a photon as 
in Fig. 18. The result is a single isolated photon with no other particles visible 
in the final state. The cross section for this process is written as a function of 
the energy E^ and polar angle 0 7 of the produced photon^11*1*) 
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pairs with missing energy. 
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Figure 16. Limits on photino decay. 

Figure 17. Photino ^3-dccay. 
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Figure 18. Radiative photino pair production. 



For mgL » r o s , »i/», 

da -,—= , 2L. '.f{E~ cosft,) , (17) 
d E y 1 " 5 * ! £ , s in J en »»|» 

where / ( © , , cos ft,) Is a relatively weak function of B , and ft,. This cross section 
leads to a few detected events even for miA much larger than the beam energy. 
A compuisonC^ of the cross section with the standard weak interaction process 

e+t-->~tv<> (18) 

is shown in Fig. 19 for mvj = I GeV and two values of m-tK. At machines like PEP 
and PETRA the production of photino pairs is larger than process (18), and with 
data, samples in excess of 100 p b - 1 corresponds to observable signal rates of 10 
events or so for m;,, as large as 40 GeV. Larger values of i/s are less favorable 
for tikis particular technique because the weak cross section grows quickly while 
the 777 process begins to fall as y ^ exceeds "!;„. 

The isolation of the 1177, or ivD, final state from backgrounds is a difficult 
experimental task. Electronic noise, debris from stray beam particles, and cosmic 
ray interactions must be eliminated by careful reconstruction and identification 
of photons. It's particularly important to be able to reconstruct the origin in 
space and time of single photon candidates. Elimination of backgrounds that 
might be created by c*c~ interactions is done by applying kinematic constraints 
to candidate events. For example, radiative Bhabha scattering (Fig. 20) is po
tentially the most severe problem, but can be eliminated by requiring that the 
momentum transverse to the beam line or the detected photon be above a partic
ular minimum value. In that case, at least one other particle must appear above 
a minimum recoil angle 

'""••• " W < 1 9 ) 

to balance momentum. As an example, if we want to cut at oj^" = 1 GeV with 
beam energy £1 = 14.5 GeV, then the detector must be sensitive to charged 
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Figure 19. Comparison of CTOSS sections lor -\vv and 777. The peak of the ^uO 
cross section is shifted by the requirement £", > 0.2Fj. 



Figure 20. Radiative Bhabha scattering. 

particles and photons at all polar angles greater than 30 mr to eliminate back

grounds from normal hadronic, two-photon, and QED processes. It's clear that 

the search for single-photon events demands a quiet* well-shielded detector with 

large solid angle coverage. A detailed account of the searches that have been 

reported is given in another paper in these proceedings.'16' There is no signal 

in these data above that expected from the standard weal process (18). The 

best limits placed on m^ and m; by all search techniques discussed BO far are 

summarized in Fig. 21. 

C. Scalar Quarks 

At first thought it might seem that e+e*~ annihilation would be a good place 

to look for the production of scalar quarks. The signatures left by these particles 

are not, however, as distinctive as one might hope. The lowest-energy bound state 

of two scalar particles must be produced in c +e~ annihilation through a p-wave 

because the overall spin-parity must be Jpe = l~ ". Unfortunately this means 

that the leptonic width of this ground state is proportional to the derivative of 

the wavefunction at the origin,'1 7' 

r„[V-tSr)=24*>r?l-^l . (20) 
m. 

V 

This results in estimates of very small production rates. For example, the calcu

lations shown in Fig.. 22, made with a potential given by,' 1 7) 

and parameters k and a 2 taken from fits to the charmonium spectrum, yield lep

tonic widths that are below the sensitivity of experiments^18' at SPEAR, CESR 

and DORIS even for the more optimistic choice of a charge = 2/3 scalar quark. 

Production of unbound qq pairs (Fig. 23) proceeds with a cross section pro-
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Figure 2 1 . Summary of limits on m^ and m^. Curve A: stable massive charged 
particles. Curve B: acoplanar e + e~ pairs. Curve C: single election production. 
Curve D: single photon production. 
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Figure 22. Computed electron partial widths for gluino bound states. Limits 
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* j . = o{Sc- - qKjR)/c(<+f - J ^ - ) = ?«,-»^» , (22) 

where y? is the velocity of the q in the center of mass system. Notice that & light 
{/? es 1) charge 2/3 scalar quark is produced at the same late as a normal charge 
1/3 quark; R$n =e 0.33 for e$ = 2/3 and 0-1. The threshold factor 0 3 , shown 
in Fig. 2-1, is not negligible for large masses, and hinders the detection of such 
particles. The best experimental measurements^1 9' of the total e + e~ hadronic 
cross sections are summarized in Table III. At y/s = 34.4 GeV the data are in 
agreement with the QCD expectation within the quoted systematic errors, but 
they are consistently above the QCD va,Iue, so the upper limit that they place on 
any excess is comparable to the signal that would be produced by even a light 
charged 2/3 g/j. No conclusions can be drawn from these numbers. 

It's possible that a massive scalar quark would have two-body decay modes 
as shown in Fig. 25a. Production of qq pairs would then lead to a final state that 
consists of a pair oTacopUnar quark jets. An example of a search' 3 0) for events 
of this type is shown in Fig. 26. Decays of heavy quarks and gaps in the coverage 
of the detector generate a background of events with acoplanarity angles as large 
as 45-50 degrees, but the presence of a signal at larger values \s clearly mled out. 

While two-body decays of a scalar quark would leave a sharp experimental 
signature", they are unfortunately not the most likely decay mode of this strongly 
interacting particle. Decays through the gluino, as in Fig. 25b, will obviously 
dominate unless prevented by kinematics (e.g. if mg » m^). A search for 
evidence of these decays can be made by closely examining the shape parameters 
of hadronic events. If the scalar quark is not too light, then its decay will produce 
a highly acoplanar spherical event which will be visible against the background 
of normal two and three-jet QCD events. Tig. 27a defines the triangle diagram 
used to plot the apianarit} A and sphericity S which are defined in terms of the 
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MAKKJ 34.4 3454:0454:022 

TASSO 34.4 «.O5±0j0S±0.t9 

o(«;; <JCD 34.4 3.83 ± 0.03 



a 
(a) 

?\ 
N 
^ 

«-BS 
susnt <b) \ 7 

n g U M SS. Dacava of aealar anacto. 

M 

1000 * 

soo 

z 

T" 
la) MOC _ 

•v—(A 

Data 

0 Evfii obM'vtd 

* t » i « . . . l 
r 

Doto Imegnrfiid) 

Menli Carlo 
54 Evim nipicltd 

0 SO 100 
ACOPLANARlTYANfilE Idigrutl 

—-r 1 r— | • • -

100 
ffl 

£ 

r i t ! JABE 

s 
\ l 95%Ct." 

w u 
1 J J - . 
10 20 

nig (GWWZ) 

Figure 20. (a) Search for acoplanar Jot pain produced by £+*~ annihilation, 
(b) Limits on masse* ef aealar quark that dacaya dactracnacneticattir. 



s = | ( Q | + 0 2 ) 
t-66 C 5 1 B 9 A 3 1 

Figure 27. Triangle plot of jet shape parameters sphericity and aplanarity. 

normalized eigenvalues Q\ of the momentum tensor, 

*W = £ PJPJ • (23) 
i 

The sum runs over all particles in the event. Data taken by the TASSO Collab
oration'11} and platted in Fig. 27b consists primarily of two-jet events bundled at 
low S and A, with a band of three-jet events long the upper A = 0 axis. There are 
few events at large aplanarity. These data have been used by the TASSO group to 
search for evidence of heavy spin-I/Z quarks, but have not been analyzed yet to 
place limits on scalar quark production. To see what limits might be obtained, we 
can make a simple (and perhaps dangerous) extension of the published results. In 
the TASSO analysis, the fraction of events with aplanarity greater than a certain 
value [A i 0.18 is used in this case) is found from the data and is compared to 
the fraction that would be expected if, in addition to the Sve known quarks, a 
new heavy charged 1/3 quark were being produced with the standard point cross 
section, 

fi(e+e--<?+<?-) = e^/J(3-/3 ! ) /2 . (24) 

This comparison is summarized in Fig. 28. The presence of a new spin-1/2 quark 
would increase the fraction of events with large aplanarity to the value shown in 
the figure. The data clearly rule out such a new particle with mass up to nearly 
the beam energy 17 GeV. We can estimate the effect that a scalar quark would 
have on this fraction if we assume that its decay is similar to that of a normal 
quark. This leads to the curve shown in the figure for the charged 2/3 case, and 
would rule out the region m,- S HCeV. This certainly needs to be analyzed mors 
thoroughly to include the proper production and decay distributions for scalar 
quarks, and also to examine the uncertainties in the QCD prediction, which might 
be substantial. It seems, though, that it may be possible to set interesting limits. 

The best existing constraints on scalar quark masses are inferred from hadron 
spectroscopy and studies of heavy quark decays. Light scalar quarks Would pro
duce an entire spectrum of qqq b?ryons and qq mesons. The absence of these 
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Figure 28. Fraction of hadromc events with apl&narity greater than 0.18. 
Shaded region is the range allowed by the data (±1©- around the mean value). 
Dashed line is the QCD expectation for the known five quarks and gluons. Solid 
curve is the estimated fraction that would be observed if, in addition to five 
quarks, there were also a charge 2/3 scalar quark of mass M. 

states requires m$ £ 1 - 2 GeV. We can do slightly better by noting that the 
existence of a Jighl super partner to the charm or bottom quark would disrupt 
the decay distributions of these fermions. For example, if mg < ntt, then the 
electromagnetic decay shown in Fig. 29 would dominate the 6-quark lifetime. 
The leplon spectrum, shown in Fig, 30, fairly well establishes, however, that the 
6-quark decays primarily through the Cabibbo-suppressed weak charged current 
to a charm quark.(23J Furthermore, the 5-quark lifetime is longer than would be 
expected if it had an electromagnetic decay.l33) 

The conclusion that should be drawn from this discussion is that scalar 
quark masses are not very well constrained. Studies of shape parameters in 
e +e~ hadronic events, or perhaps of momentum distributions of leptons found in 
these events, may be able to rule out the existence of scalar quarks with m$ & 
15 GeV, but no limits have been reported in the literature. 

D. Cluinos 

The spin-l/2 euperparLner of the gluon can be produced as a secondary par
ticle in two and three-jet processes as shown in Fig. 31a and Fig. 32a. Neither 
of these will lead to an easily discernible signal. The bremsstrahlung process in 
Fig. 31a, and subsequent decay of the gluino into qqi (Fig- 31b). will yield two 
photinos in the final state, but the multiplicity of quarks is large, so the missing 
energy is Email. The process shown In Fig. 32 results in a three-jet event which 
might be analyzed^1) to extract the Ellis-Karl'iner angle 0 defined in Fig, 32b, If 
it were possible to isolate the gluino by a combination of topological and missing 
energy requirements, then the distribution of 6 would be that shown in Fig. 33 for 
the spin-l/2 to spin-1/2 -t- scalar decay. This appears to be extremely difficult, 

A more interesting possibility is to look for bound states of gg produced 
in radiative decays of heavy quarkonium.l2&,as' Two possible ways to produce a 
gluinonium bound state (glueballino ?) arc shown In Fig. 34. The gluino is a selP-
conjugate fermion GO the gg state is antisymmetric and must haw even charge 
conjugation parity. Furthermore, the § is a color octet state, so the ground state 
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Figure S I . (a) Bremsstrahtang production of gluino pairs, (b) GJuino decay. 

to) 

(b) 

Figure 32. (a) The process e + e~ -» $q<j. (b) EIlis-Karliner angle. I \ is the 
principle thrust axis. The reference frame is boosted along 7i to align J i and T3. 
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Figure 33. Distribution of lhi El :s-Karliner angle observed in three-jet events 
compared with that expected if 'h\ spin of the gluoji is 1. The < +c~ —• qqg 
process would follow the k —* I + (J cu'-ve. 
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Figure 34. Gluinonium bound state production in decays of 3 5 t quarkonium. 

of the color singlet combination will be generated through an S-wave interaction. 
It's important to notice that, unlike the gluor., there ifl no triple gluino vertex. 
The decay of a gg stale must proceed fay the exchange diagram shown in Fig. 35, 
and will have a Zweig-like suppression if the masB of the gluino is not small. 

With these properties, the gluinonium ground state, denote it rj f f, will be 
similar tD the channonium 0~+ state ije(298D), except that it is made of colored 
constituents. The binding potential will be strengthened by color factors 

Vgg =*9/4Vo$ , (25) 

which will enhance the amplitude of the wavefunction at the origin relative to 

that of a similar quarkonium state, 

! i ? 5 , ( 0 ) p K 3 - 4 | f i „ ( 0 ) | 5 . (26) 

Estimates of the total width, made using the formula, 

r ( S , - s 5 ) = ^ | R s . { Q ) l ! , (27) 

yield(26> 

T^ ~ 5 0 - 3 0 0 M e V (3ft) 

for m,jjt ranging downward from 10 GeV/c 2 to 2 GeV/c 2 . 

The branching ratio of the 3S\ quarkoniuin ground state uitg lijg has been 
estimated as / 3 6 ) 

BRfSt - iH,) = ^ % • ';<„-, (0) Is • f[mv, m,-,) (29) 

where eg is the charge of the initial quark type and n.v is the mass of the 
quarkonium state. The function / depends only mildly on the values of my and 
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Figure 35, Decay of a gluinonlum bound state. 

ma . This can be normalized to the decay into the 0 " 4 pseudoscalar quarkonium 

state 
rpsi 
rps. 

The 27/4 is a color factor. From Eq. (26) and with / ' taken from Ref. 26, 

r ( 3 S i - 7 ^ ) K 20. r{ 3 5i -+ -w,) (31) 

for gluinos with mni PS m 7 ( . As an example, the branching ratio for Jfiji into 
-yi7(550) is 0.1%, so we would expect B R ( J / ^ -» 7Jfy) « 1%, which is quite large. 

The decay of the r/( is primarily to two gluons (Fig. 35). Light quarts will 
appear in approximately equal numbers of decays, while heavy quarks may suffer 
some suppression of available phase space. If the mass of the rje is less than 
~ 2 GeV/c 2 , then it will mix with other 0 ~ + states. This has been one of the 
difficulties in the identification of gluoniuto candidates and would be no less of 
one in the case of the ijs. At larger masses the situation is not as complicated. 
The width of the fjB is expected to be more narrow (Eq. 28) and there are fewer 
G~+qq states. The CUSB Collaboration has looked for monochromatic photons 
in decays of the T(9460). No signal corresponding to hadronic masses above 
2 GeV/c 2 has been foundf5'37); the limits are given in Fig. 36 along with the 
expected branching ratio of the jjg. It can be seen that the experiment is not yet 
sensitive to the expected signal, but perhaps will be in the future. 

E. Scalar Neutrinos 

In our discussions of charged scalar leptons we have been careful to take 
account of the passible mixing between the superpartners of left and right-handed 
Dirac states. Since only left-handed neutrinos are observed in nature, we only 
consider the case of a single scalar neutrino state &£ = £/. 

Scalar neutrinos can be produced in pairs by e + e~ annihilation through the 
standard weak neutral current (Fig. 37a) or, in the case of i>c, through the (-
channel exchange of the superpartner of the weak boson (Fig. 37b). The Z° 
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Figure 3T. Pair production of scalar neutrinos in e +e~ annihilation 



partial width created by a scalar neutrino is given by(n) 

At PEP/PETRA this corresponds to the production of « 20 pairs per species 
(with 0 = 1) in a data sample of 100 p b - t . The t-thennel diagram can be 
important fin the production of v, if the mass of the W ia not too large; for 
rnff «mar we can expect •* 100 t&m pairs in the same date sample. 

Clearly if the mass of the P is aero (or small), then ft will be stable. In 
that event it can only be detected by a measurement of the cross section for the 
radiative process 

« V - i w . (33) 

We've already discussed this experimental technique, but it's worth pointing out 
that, if a signal in this channel is observed, it will be important to determine 
not only the aiu of the cross section, but also it's dependence on beam energy. 
Photinos are produced through the electromagnetic interaction with a different 
dependence on <J* than that expected for scalar neutrinos. 

Possible decay modes of a massive v are shown in Figures 38 and 39 . These 
can become rather intricate. If the mass of the S is larger than the mass of the 
pfaotino, then the decays in Fig. 38 result in all neutral, and invisible, final states. 
The lifetime for these decays is given byP*' 

where the structure function F depends upon masses of the scalar leptons. For 
ni£ s; row and m« « raw- it turns out that f is of order unity, and m* must 
be ^ 1 MeV to generate Tp % 10~" sec. 

If the mass of the C is large enough, then the charged decay channels shown 
in fig. 39 become open. The lifetime will became < 10~ u sec If the gluino is 
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Figure 38. All neutral decays of scalar neutrinos. 
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Figure 39. Charged decays of i scalar neutrinos. 

light and trig es m£, then (c) will dominate (unless m^ » mw)- One estimate, 
for example, gives^29' 

BR{v — hadrons) - 80% 

BR[v — Ieptons only) ~ 1% (35) 

remainder ate Vs} . 

If the gluino is heavy, then diagram (aj may become dominant and the u decay 

loot similar to that or a heavy neutrino. 

The hadronic decays generate essentially no signature by themselves because 
the missing energy is not large. The scalar neutrinos are produced in pairs, 
however, BO &.very clear signature can he left if one of the 0 decays to t^ , and the 
other decays to charged particles. This topology appears in a detector as a single 
isolated monojet with a large missing momentum. There have been searches for 
roonojet events at PEP and PETRA, but they are not completely independent 
of assumptions about the decay characteristics of the parent particles. They 
depend most sensitively upon the particle masses involved. Shown in Fig. 40a 
is an example of a set of limits obtained from results reported by the Mark II 
Collaboration/3 0^ (The published numbers have been reseated to produce the 
curve displayed in the figure.) What is plotted is the limit on the fraction of 
i/v events that contain one all-neutral decay and one all-charged decay that is 
consistent with the limit placed by the experiment on monojet production. A 
sample calculation^5) of the expected fraction is ehown in Fig. 40b for the choices 
ut = 5 GeV/c 2 and m/p ta mw. At small values m^ < < m ^ , the £ decays 
mostly into hadronic final states, while at Jarge mass m^ > > m^, the v decays 
are primarily into v^. It would appear that some range of m^ and m^, could be 
ruled out, but notice that the expected production and decay rates depend also 
upon the unknown masses of other supersymmetric particles (i-e. r/i~, m^, and 
rn-g). 
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Figure 40 . (») Limits on one-sided charged decays of uv pairs, (b) Expected 
one-sided charged decays of scalar electron neutrino pairs. 

A less convoluted, if not more Iiraite J, analysis can be done of r * decays to 
search for evidence of a scalar uT. I fm c > < m T and if there exists another P c with 
m;, < in,, then the decay shown in Fig. 41a will proceed with a partial width ' 3 1 ' 

where x is the lcpton momentum fraction and F(x) is the momentum distribution 
for a three-body decay. There arc constraints imposed on the size of this potential 
decay channel by measurements or the r lifetime, the final state Icplon spectrum 
in T decays, and the leptonic branching ratio of the rj the r behaves in every 
way like a sequential Upton in the Standard Model. One analysis of the experi
mental data ' 3 1 ) yields the limits shown in Tig. 42. These can be approximately 
summarized by the requirement 

">;. + ">i,, > m, (37) 

if m$ Srniv. 

F. Gauginos and Higgsinos 

Because of the complexity introduced by possible mixing of weak interaction 
eigenstatcs, searches for evidence of the gauge sector of supersymmetry become 
more generic than the searches that we've discussed so far. The weal isospin 
structure of these particles is displayed in Table IV. All or the R = - 1 super-
partners are spin-1/2 fermions, and all exhibit normal eleclroweak couplings, 
Far example, the Higgsirro coupling is [jrnportioned to the mass of the fermion 
at the vertex, 

ff(//w)~m/ . (38) 

The only conserved quantum number that is not common to all particles listed 
in Table IV is the electric charEe. States with common charge will mix to form 
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Figure 4 1 . Tau decays into scalar tau neutrinos compared with normal tau 
decay. 
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T A B L E I V 
Weak Uospin structure of gauginos and Biggsmos 

Triplet: 
(r s »±i , o) 

{w*. wg) *• — (JK H$) 

Doublets: 

pi =±1/2) 
(%) (?) • -mm 

Singlet: 
Pi-0) 

fl° ». _. B° 

mass eigenstates. This, unfortunately, makes it possible to essentially "torn o(T 
any particular production or decay channel that might *erve at a aignature for 
the existence of these particles. 

1. CharginoB 

The charged gauge fcrmion mass eigeftstates are Direc spinon of the form 

and the orthogonal state i j . Thf decay R* — i", for example, is generated by 

the Lagrangian 

which projects out the W component of the J since the mass of the neutrino is 
zero. Purely electromagnetic couplings must be strictly to the mass eigenstate, 
while the Z° will couple as usual to Tj — Qsin ! 9*'. 

The chargino states are fertnions and can be produced in. pairs in e*e" an
nihilation through the diagrams shown in Fig. 43. The photon propagator in 
Fig. 43a produces a cross section of one unit of R independently of mixing, and 
notice thai i is not necessarily equal to j . The production of the H component 
of x by the f-channel diagram in Tig. 43b is suppressed by the electron mass. 

Possible decay channels of eharg'mos are assembled in Fig. 44. The strong 
decay is expected to be dominant unless suppressed by kinematics, while the 
two-body weak decays (b and d) could be as ouch as 20%. The three-body 
lepionic piece (c) is likely to be small. (I is not likely that the hadronk decays 
of these panicles have been missed at PEP and PETRA, but If the mass of the 
gluino is large enough to suppress (a), and the mass of the lightest neutralino i f 
is «£ £ i / 2 , then the weak decay (c) would either not be kinematically allowed, 
or would yield too little visible energy for the events to survive the cuts that are 
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typically used to analyze hadronic final states. For example, the visible energy 
spectrum of events used by the MAC Collaboration^2) to measure R is shown 
•n Fig. <5. A cut has been made at approximately 1/3 of the total center of 
mass energy. It would require some work to determine the limit contour in a plot 
of rrijja and mĵ ±, but a proper analysis of the total hadronic cross section data 
should yield 

m j i 2 20 GeV for mg, S 10 GeV . 

Production of x* pairs followed by their leptonic decay 

jf* —• £vx° or ID 

(11) 

(42) 

would create a clear signature in the searches Tor scalar Icptons described in 
Section HLA- Production of a single chargino state by the diagram in Fig. 43c is 
Eimilarly excluded by the search far single scalar electron production presented in 
the same discussion above- For example, the limits given by the Mark J group,(33) 
displayed in Fig. 46, are similar to those shown in Fig. 6a for the selection. 
These limits have been obtained by simply assuming a- particular leptonic decay 
branching fraction (1035 was used), but since they are limited primarily by the 
beam energy and not statistics, they are not very sensitive to the assumed value. 
Any leptonic branching fraction larger than 2 - 3% would have generated a signal 
in these data. 

2. Neutralinos 

All four of the neutral -weak eigenstates can mix with each other 

(x°A fs°\ 
xl 

= Cij (43) 

to produce mass eigenstate x°. The nature of the mixing is quite model depen
dent, but there is always a lightest neutral state. Take it to be x\- This is an 
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Figure -15. Visible energy from hadronic final states in the MAC deicrio 
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important particle since, as we have seen, it wilt be stable and is one of the end 
products of many decay chains. It is possible that x® is the phetiso, bui not 
necessarily EO. In some models, for example, the lightest state is a Higgsino, 

X? = h° = (vifl? + v j t f j 0 ) / l /v? + " ! (44) 

(vi and vz are vacuum expectation values), while in other models it contains 
gaugino and Higgsino components. 

Neutralinos can be produced in pairs in c + c~ annihilation through either 
the weak neutral current or through the i-channel exchange of a selectron. The 
Higgsino component is not produced efficiently by the latter process, while the 
2° couples to Ta - Q sin 2 6w which is zero for bnth of the gauge components W$ 
and B°. 

Possible decay modes of all but the lightest ne utralino are shown in Fig. 47. 
We will denote by £2 a L n 3 r neutralino except the lightest. The 6rst graph will be 
small if x° is predominantly Higgsino unless the fermion mass my is large. The 
eecond graph will similarly generate decays through the gaugino component of 
the neutralino, while as noted above, the Z° will couple solely to the Higgsino 
component of xj . What should be recognized from this discussion is that these 
decays are terribly convoluted with unknown masses and mixing parameters, so 
experimental results should be presented in terms of simple branching ratios, 
or at least, simple models which can easily be reinterpreted in terms of othrr 
models. 

There are several distinctive event topologies that would be generated by 
neutralino pair production more or less independently of masses and mixing, 
They arise from the following combinations of x° and x% 

' ' - - X?X? (45) 
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Figure 47 . Neutralino decays. 

^«--*!x$ an 
Process (45) is just the generalization of the photino pair production channel that 
we have discussed in Section I1JH. Process (46} will lead to a monojet, or perhaps 
an energetic lepton pair, with a large momentum imbalance. Searches for these 
topologies have all been negative. The HftS Collaboration^ has presented limits 
on the monojet final state and interpreted their results within the framework of 
a particular model. They assume x° is a maasless photino and 

xi = X2Z°+(l-X2)X° . (48) 

The assumption that x® is the photino means that only the (-channel exchange 
of the selectron will contribute to the production rate, so the observable cross 
section is 

a • BR * O.G(l - R2) (l + f } A3 ( — ) ' • BR (49) 

where R = Tn\h ***& a • BR will have units of picobarns. The limits, which 
depend upon m;, m^o and the product X2 • BR, are given in Fig. 48. Notice 
that, when the mixing parameter A2 becomes small, £§ becomes mostly Higgsino 
and the sensitivity of the experiment is reduced in this model. 

Events of the type (46) in which the x§ state decay? to a lepton pair would be 
easily recognized in mast detectors. In a manner similar to their handling of the 
search for charginos (Fig.46), the MARK J Collaboration*33' has assumed a 10% 
branching fraction for x° "*" £ + ^~X? a n d arrived at the limits shown in Fig. 49. 
Even with the simplifying assumption for the leptonic branching fraction, the 
limits still must be considered as functions of three parameters, mj, m^o, and 
mx°,-

Process (47) will be difficult to discover unless the neutralino Btate has a 
large branching, fraction into two leptons. Then a useful number of four-lepton 
event with missing energy and momentum might be produced. No limits on this 
possibility have been reported. 
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IV. S tan* . , for BI1KV -t y^ure e»e- Colliders 

In this section we'll concentrate on the characteristics of the production of 
supersymrnetric particles at beam energies near the Z° peak. We'll discuss several 
unique searches and measurements that can be made with e+e~ beams. Evidence 
for new particle production through the weak current can appear indirectly as 
as unexpected shift in the mass of the Z° or increase in its width, or through 
observation of individual events (or samples of events) that contain these new 
states. The ability to polarize the initial electrons and positrons can provide 
useful testa of the couplings of these particles to the Z°, and the measurement 
of Z" —> flip (the ao-called "neutrino counting" experiment) will either discover 
evidence for supersymmetry or place important constraints on the possible masses 
of scalar neutrinos and neutralinos. 

We remind ourselves that normal R = +1 fcrmions are arranged in left-
banded weak isodoublets with third component of isospin Ta « ±1/2, and right-
handed singlets with Ta = 0. The left and right-handed couplings to the weak 
neutral current are 

SL = T3L-Qs\nI6w (5D) 

ffft=-'7bfi-l?sin5fl^ . (SJ) 

The total width of the 2° is 

where the sum runs over all species that can contribute. The couplings of the 
JZ s —1 superpartners are prescribed by the Black Letter Law: they are identical 
to that of their JJ = +1 supcipaitners. So we have, for example, 

0t(«Z) = - J + S">S **> i53) 
and 
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»«('*) = "in'Stv . (S4) 

This gives the ratio of partial widths, 

T(Z° - frfr) _ _ £ | _ , 

The factor of 1/2 In Eq. (55) arises from the spin algebra. If ti and £# are mass 
degenerate, and WE sum over the two states, then 

Similar results hold for scalar quarks and neutrinos. A summary of the expected 
branching fractions for scalar Jeptons (degenerate masses are assumed when ap
plicable) is given in Table V. The j33 threshold factor, shown in Fig. 24, may not 
be negligible for masses near that of the Z°. 

Many of the event topologies and experimental techniques that result in sig
natures of supersymmetry at PEP and PETRA will continue to serve us well at 
the SLC and LEP. We'll not dwell at any length in this section on issues that are 
common to the two energy regimes. 

A. Scalar Lept.ons 

A glance at Tabk* V will reveal that scalar leptons do not produce a large 
effect on the total width of the Zc. Since we expect the mass of any scalar 
lepton to be greater than 20 GeV or so, then only — 155 of all Z° decays will 
be to H. Th< accuracy with wrhich Vtat can be determined is not known, but it 
would be fairly optimistic to expect less than ~ 2% systematic uncertainly in the 
measurement. 

Ev-n with BR{Z° —* It) «* 1%, however, the direct observation of the acopla-
nar lepton pair left by the decay t —- I7 (if it occurs) should be quite clear in 
data samples with £ 1000 produced Z°s. Radiative Z° —» *)t+£~ decays could 



TABLE V 

Branching fractions of the 2 * Into fermions and their 
supeisymmetric partners. 

Type r(«; • +l)/Tror r(a=-i)/r T O T 

656 355 0 1 

t 3% 1.5SS 0* 

72/5 115* 5.55S P' 

fl/S 14% rap* 

i-
i , 

i •• 

7T 

be a. background in detectors that do not possess nearly complete solid-angle 
coverage with electromagnetic calorimetry, but notice that initial State radiation 
will not generate any Enable contamination. If a signal is observed, then it Will 
be important to establish the Za branching fraction and momentum and angu
lar distributions of the final stile leptons. These can all be used to determine 
whether or not the source is a scalar lepton. Of course, if the I is stable, then 
it will appear as a massive charged particle that should be identifiable by TOP 
and/or dEJdx measurements, 

B. Scalar Quarks 

Scalar quarks with masses not too near the beam energy (m; <S *r>z/4) will be 
produced in ~ 5% of all Za decays. This is a sizable contribution to the total Z" 
width. To establish the existence of a scalar quark, however, would require more 
direct evidence of its production. Light scalar quarks (m$ £ 10 GeV/c 1) will 
produce final state jets that are' collimated enough to allow the reconstruction 
of the production angle of the parent, but it will require a sufficiently large data 
sample to reveal the excess created near 90° by the sin9 0 distribution of the scalar 
quart over the much larger background of normal quarks. Studies indicate"5) 
that, for masses larger than 10 GeV/c 3, it should be possible to isolate the decays 
of heavy quarks, or scalar quarks, by relatively simple cuts on the jet shape 
parameters that we've encountered before. A scalar quark can be distinguished 
from a norma! sequential quark by measurement of the ZB partial width (Table 
V) and studies of possible leptonic decay modes. The leptonic decay rate of scalar 
quarts will depend upon masses and mixing parameters of gauginos. 

C. Sca|ar Neutrinos 

If there are three light scalar neutrino species, theft their combined contri
bution to Tz is quite large (Table V). As mentioned previously, the existence of 
a light v may be visible in the neutrino-counting experiment described below. 
If the v is stable, or has a significant decay branching fraction to V7, then the 
neutrino-counting measurement will lead to an ambiguity between it and a fourth 
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generation R = -\-i neutrino. Remember that 

BR{2° - tt4P4) =6%0 (Dirac v) (57) 

BR{Z° -» » 4 0 4 ) = 6% 03 (Majorana v) (58) 

BR [Z° - . i>5) = 3% 0* . (59) 

Furthermore, the probability that the parent particles in the final state are stable 
(or at least invisible) must be included to obtain proper estimates of the sizes or 
the contributions to the single photon data sample from Eqs. (57) - (50). It may 
not be possible to distinguish between these cases if the t> (or v+) has no visible 
decay modes. 

The decays of massive scalar neutrinos into leptons and hadrons should be 
revealing. A fourth generation neutrino should decay to £f £3v unless it simply 
doesn't mix with the lighter neutrino states. LepIonic decays of a scalar neutrino, 
on the other hand, are four-body final states, so the Iepton spectrum will differ 
from that of the f4 decay. The most important parameter that can be estimated 
from Ieptonic and hadronic decays is clearly the mass of the parent particle. This 
combined with Eqs. (57] - (59) should allow the ambiguity to be resolved. With 
a large enough data sample it may also be possible to determine the production 
angle distribution of the parent, but this may be difficult if the mass is near the 
beam energy. 

It should be noted that neutrallno states x° can also counterfeit the signature 
of a scalar neutrino. In particular, the lightest x?» if it is stable as we have 
assumed, will contribute to the neutrino-counting result an amount that depends 
on the s«e of its Higgsiho component. The x* states are Feraoions, however, 
so if there are any teptonic or hadronic decay modes that can be isolated, then 
the production angle distribution can be measured, and will clearly separate it 
from a scalar neutrino. It's clear that detectors that possess large solid-angle 
electromagnetic and hadronic calorlmetry or tracking will be needed to sort out 
the various decay modes of these new particles. 

T9 

D. Gauginos and Higfisinos 

The vector and axial vector coupling constants for several possible mixtures 
of gauge and Higgs formions are given^35' in Table VI. For comparison g0 and 
ga are also listed for a normal lepton. Notice that it is possible for one of the-
couplings to vanish. The branching fraction of the ZQ into the charg'mo stales Is 
given by(37^ 

where the function F can be as large as unity for some values of mixing angle 
and chargino mass. The production cross section for several cases is compared*38) 
with the j;-pair cross section in Fig. 50. Neutralinos have a similar form except 
that the production rate for identical fermiofls jffXi contains a factor of 1/2 to 
account for Fermi statistics. 

Some mixtures of chargino states result in Z° decay rates that are close to that 
expected for a heavy lepton L*. If this is the case, then the absolute production 
rate cannot be used to distinguish between the two possibilities. The semileptonic 
decay modes illustrated in Fig. 51 provide probably the best discrimination. The 
three-body decay of a heavy lepton (Fig. 51a) is a purely (V" — 4) interaction, 
while that of a heavy gaugino is an unknown combination of [V—A) and (V + ,4). 
The observed lepton momentum spectrum depends on this mixture as Ehownt3 9' 
in Fig. 52. In addition to perhaps signalling the production of the chargino state, 
this spectrum will also be an important indication of the nature of the mixing 
parameters that define the mass eigenstates. There also can be two-body decays 
(Fig. 51c) of a gaugino which are not present in the case of the heavy lepton-
This signature will be quite clear, especially if there is more than one light scalar 
neutrino so that, for example, acoplanare—^events would appear with momenta 
spectra that differ from that expected for the tau. 

One of the more striking features of particle production at center of mass en
ergies near the £D-pole is the strong forward-backward charge asymmetry created 



TABLE V I 
Some possible mixtures of gauge and Eiggs fermiDiu and 
their vector and axial vector weak couplings. 

State a, o„ 

"556- ( f | ) -*+'m*^ 

Mixtures ( ^ " J - f - a i n ' 6V 
-O 
E 

?b 

10" 

E - 1 — l — ' — I — « — I — ' — I — r 

mv}=40GeV 
Pure gougino 

80 
_i L J L 
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•Ss (GeV) S139AS3 

Figure BO. Production cross sections for gauginos and Higgsinos for different 
possible mass mixings. The p-pair cross section is shown for reference. 
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Figure 51. (a) The V-A weak decay of a heavy lepton. (b),(c) Decays of i 
Bupersymmetric gaugino. 
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Figure 52. Lepton spectra produced by a pure V-A decay (A), and by decays 
with an increasing amount of a V + A interaction mixed into the V-A piece (B-D). 



by the Interference of the weak neutral current end the electromagnetic current. 
The differentia] cross section due to the graphs in Fig. 53a is(") 

| | j = 2 p . [Cl + ^)( l + cos»fl) + 24 ,cosfl] (61) 

where A and A' are functions of the x* mass and A' is proportional to 8o0$ gal. 
This is the cross section for the production of the jj* relative to the direction of 
the Initial e* as defined in Tig. 54. The asymmetry is determined by the axial 
vector coupling jig. The front-back charge asymmetry is defined by 

dg (g ) -dg ( i r -« ) _ 2 cos tf A' 
A F B do(«) + do-(x-e) 1 + cos'fl l + A ' * ' 

la addition to the s-ehannel process in Fig. 53a, a chargino state may be pro
duced through the (•channel exchange of a scalar electron neutrino as shown in 
Fig. 83b. Unless the mass of the De is much larger than the mass of the W^, then 
this graph will dominate the production of jj* gaugino states. (The Higgsino cou
pling is suppressed by the election mass.) The expected' 3 6' 3 8' forward-backward 
asymmetry for a variety of 2 * mixture is shown in Fig. 55. The same quantity is 
klso plotted for /i-pairs. At first glance this would appear to provide a clean sep
aration of charglno production from that of a heavy lepton, but there are several 
problems. Firstly, it will probably be necessary to use the leptsnic decay modes 
to identify the parent particles (including their charges). These decays are per
haps 1-3096 for a x*, and the lower end of this range may be too small. Shown 
in Fig. S6b is a Monte Carlo generated'35) set of points that indicate how well 
the /i-pair asymmetry can be measured. Each of these points represents a month 
of continuous running at a machine luminosity of 10 3 0 cm - * s e c - 1 . The loss of 
another factor of SO in signal size would have to be offset by an increase in lu
minosity. Perhaps more importantly, radiative corrections drastically reduce'35' 
the size of the asymmetry (Fig. 56a). The reduction in the measured asymmetry 
Is easily understood - even though the beam center of mass energy may be set 

as 

*Z \ 

. - x + 

"e 
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Figure 53. Pair production of chargino states. 

12-85 S189A57 

Figure 54. Polar angle of \ + stale with respect to e + direction. 
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Figure 55. Expected forward-backward charge asymmetry for rouon pairs pro
duced at the 2° peak (solid curve), and for various mixtures or charged gaugino 
and Higgsino states (dashed curves). No radiative corrections have been made. 
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line) radiative corrections, (b) Monte Carlo simulation or a measurement of the 
/i-pair charge asymmetry at the Z° peak. 



above the mass of (he 2 ° , the product «T the bnansstrahlimg photon spectrum 
and the 2 s Brelt-Wigner b not small for a photon of just the right energy to 
place the reduced cms energy on the 2 ° peak. The asymmetry is smaller there, so 
the measured asymmetry is diminished. A glance back at Fig. 55 will show that 
much of the difference between the various curves will be eliminated by radiative 
corrections. 
E. Polarisation 

One of the unique features of electron-positron machines is the ability to 
control the polarization of the initial slate particles. In the case or the SLC the 
electron polarization is controlled at the t~ source by using circularly polarized 
light to excite a solid itate cathode. This allows the longitudinal polarization to 
be quickly changed (pulss-to-putse if necessary), and will create polarizations or 
5D-905S. LEP it a storage ring that can naturally produce transversely polarized 
electron and positron beams. 

One of the most striking predictions!"1) of supersymmetry is that the longi
tudinal asymmetry or a right-handed scalar tepton should be opposite in sign to 
that of a left-handed scalar lepton. Let's see how this comes about. Shown in 
Fig. 57 are two Interfering diagrams that lead to the production of scalar muon 
pain. The electromagnetic coupling (57a) is the same for PR and £ t . The cou
pling of the 2" is determined by SL for the Pi and by SR for the ftR state. As 
shown In the figure as *> ~9L = 1/e. This means that the interference between 
the Z" piece and the electromagnetic piece will have opposite signs in the two 
cases! Since the Z° amplitude will depend upon the polarization of the electron 
beam, we can measure the magnitude of the change in the overall cross section 
as the spin of electron is flipped, and (for non-degenerate mass states) determine 
whether the final state particle is a fa or £j}. Define the longitudinal asymmetry. 

The expected longitudinal asymmetry for a 20 GeV ft is shown in Fig. 58 along 

(o) 

(b) 

( p o l o r i r e d ) 

Figure 57. Schematic description of the factors Dial generate the longitudinal 
spin-flip asymmetry in c*t~ annihilation near the Z" peak. 
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Figure 58. [a) Expected longitudinal asymmetry for /JR and jij, scalar muons. 
The same quantity For muons is plotted for reference, (b) Expected transverse 
asymmetry for JIR and UL~ 

with the same quantity for muons. If the i±n and £ L w e mass degenerate, then 
the combined asymmetry will reduce to that of the muon. A parameter A± 

defined similarly to Eq. (63) can be defined for transversely polarized beams. 
Observation of this asymmetry in the production of scalar particles would be a 
beautiful .signature of Eupersymmetry at work. 

F. Mass and Width of the Z° 

The appearance of new R = — 1 supersymmetric particles in decays of the 2° 
will modify both its mass and width. Fermion loop corrections to the Z° mass 
total about 5% for the known R = -+1 particles, and they raise the expected mass 
from 8S GeV/c 2 to 93 GeV/c 2. If a light Hig&sino exists then it can further shift 
the 2° mass, but most other R = — 1 superpartners either do not contribute to the 
loop corrections or their effect is reduced by their masses. One calculation^ of 
the effect of a light Higgsino yields a 500 MeV upward shift for m^ ^ 10 GeV/c 2, 
but the correction rapidly reduces to less than 200 MeV at larger k masses. This 
is still large enough to ultimately be seen in measurements of ein7€w, but it will 
require some additional evidence of the Higgsino to fully comprehend this effect. 

We have already listed in Table V (and VI) the Z° partial decay widths of 
various supersymmetric particles. Here we discuss the contributions of super-
symmeLry to the "neutrino counting" reaction 

e + e " -» i + Za (64) 

followed by the decay of the Zc into a final state that consists entirely of particles 
that interact only weakly in matter. We know of three neutrino generations that 
will create events of this type. The cross section produced by Nv sequential light 
neutrino species is^*2' 

Fi( i s cos0 7) -5 
dxdtcsO*, GTr^xsm-^ 

(65) 



Tn this formula x = E^fE^ and F\ and Ft are not strongly dependent on x 
and c o s 0 r This can be integrated with Nv = 3 and Mx = 93 GeV/c 2 to give 
the detected cross section shownt43J m Fig. 50. The cross section at y/s — mz 
corresponds to a Z° branching fraction oF « 1/4%. The photon line shape is 
shown in Fig* 60 for several center-of-mass energies. The difference tn the signal 
provided by three families and that provided by four families is 25%, so a 2a 
separation will require an 8% measurement of the cross section. 

It is important to note, however, that the cross section for process (64) need 
not be given by Eq. (65) with JV„ equal to an integer. Even a standard sequential 
neutrino will contribute a fractional amount if its mass is not small and it doesn't 
mix with the lighter species. The relative contributions of stable neutrinos and 
scalar neutrinos are given by Eqs. (57) - (59). A light scalar neutrino will be 
produced in one half as many Z° decays as will a light standard sequential neu
trino. Neutralinos will further increase the detected single photon cross section 
(Eq. 60]. Almost any value up to the neutrino cross section (Eq. 65) is possible. 
A light HSggsino state would be produced quite prolifically in this channel. 

The measurement of the cross section for the single photon process is a diffi
cult one. An accurate normalization, either a luminosity measurement or a large 
and clean acceptance for muon-pairs, is required; the Z° line shape must be ac
curately known; and the detector resolution and acceptance must be optimized 
and well understood. It is particularly important to be able to reconstruct the 
origin of photon candidates in space (and time if possible) in order to reject and 
measure cosmic rays and machine related backgrounds. As a benchmark to the 
analysis, a 4a discovery of a light scalar neutrino will require the measurement 
of the single photon production rate with an overall uncertainty of 2%. 

V. Summary 

The search for supersymmetry has so far yielded only negative results. The 
next generation of e + e~ machines will be able to extend the hunt to masses that 
are ~ 10 2 GeV/c 3, but the role for which supersymmetry was invented demands 
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only that it appear on a mass scale that is still an order of magnitude larger. 

Supersymmetry is Likely to be with us for some time to come. 
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