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Summary 
We review progress in setting mass limits for supersymmet­

ric particles. Since missing energy is a prime signal for super­
symmetry, we have calculated several sources of "fake" missing 
energy in ordinary events. The techniques for finding qq and gg 
production are examined and contrasted for .;s = 0.63, 2, and 
40 TeVj methods of reducing backgrounds are described. The 
branching ratios of scalar quarks to the lightest supersymmetric 
particle are calculated with full gaugino mixing. We have con­
sidered signals and backgrounds involving hard photons from 
~otino decay apd other sources. The.process H -+ HO zo with 
H O -+ ,.,,:::, and ZO -+ ee:::, was examined in detail and found to 
have few backgrounds, and to provide a means of detecting 
a heavy Higgs particle. The direct production of charginos 
and neutralinos was calculated. Gluinos are considered as con­
stituents of the proton. 

I. Introduction 
Supersymmetry is a symmetry relating the fermions and 

bosons.1 Each boson has a superpartner fermion and vice versa. 
Empirically we find that no known particle is the superpartner 
of another known particle. Clearly then supersymmetry is a 
broken symmetry (otherwise each particle and its superpartner 
would have the same mass). There are good reasons to believe 
that the masses of supersymmetric particles will be less than 
0.5-1 Te V above those of ordinary particles. However, there 
is no compelling supersymmetric model to tell us precisely the 
masses or even the sequence of masses. Our knowledge is, there­
fore, based on current experimental limits none of which have 
reached 0.1 TeV. 

We are motivated to consider supersymmetry by its scarcity 
of divergences, by the hope it can provide a mechanism for uni­
fying gravity with other interactions, and by its potential un­
derstanding of the gauge hierarchy problem. This latter prob­
lem involves the vast difference between the electroweak scale 
and the scales of grand unification and gravity. 

The superpartners expected include the scalar quarks and 
leptons. There are two spin-zero superpartners for each fermion: 
h denoting the partner of h [the SU(2) weak doublet] and fR 
the partner of fR [the SU(2) weak singlet]. For the work re­
ported here, we have usually assumed that M(h) = MaR) 

F. Ukegawa (Univ. of Tsukuba) 
R. Wagner (Argonne Nat!. Lab.) 
A. Yamashita (Fermilab) 

and that 5 or 6 generations of scalar quarks are approximately 
degenerate in mass. 

The gluon, photon, W±, ZO, and neutral and charged Higgs 
bosons each have a spin 1/2 superpartner. Supersymmetric 
models require at least two Higgs doublets. The photino, Zino, 
and neutral Higgsinos mix, and the resulting states are call 
"neutralinos." The Wino and charged Higgsinos mix and are 
called "charginos." 

The current limits on the masses of scalar quarks and gluinos 
were provided by the monojet-dijet data of the UA1 experiment 
for M(:::') :::::I O. 

M(q) > 70 GeV 

M(g) > 60 GeV 

(1.1) 
(1.2) 

Work by Barnett and Haber in this subgroup and by Baer, 
Karatas, and Tata2 shows that these limits hold for M(:::') ~ 3~ 
40 Ge V (q) and 2~30 Ge V (g). The best limit for supersym­
metric particles is that for the scalar electron3 reported this 
sUmmer by combining the results of three experiments: 

M(e) > 84 GeV for M(:::') ~ 3 GeV. (1.3) 

The lower limits for neutralinos and charginos and other super­
partners are all less than 25 GeV. 

II. Fake Missing Transverse Energy 
The predominant signal for supersymmetry at hadron col­

liders is missing transverse energy, Episs• This occurs be­
cause the photino (or, more generally, the lightest supersym­
metric particle) leaves the detector undetected. However, there 
are many sources of "fake" missing energy in addition to real 
sources involving neutrinos. These originate in mismeasure­
ment due to resolution, "holes" in the detector, etc. Our group 
has considered three sources of mismeasurement; the first two 
were shown to be small whereas the last is important enough 
to require attention. 

The first source is from transverse energy lost down the 
beam holes. R. Wagner studied this problem using Monte Carlo 
generated two-jet events with qT of the hard scattering set to 
be greater than 5 Ge V / c. In order to have a check on the 
significance of the results, he studied both events generated 
by pythia4 and Isajet5 . The samples consisted of 500 events 
generated by Pythia and 1000 events generated by Isajet. 

* Supported by the Director, Office of Energy Research, Office of High Energy and 
Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under 
Contract No. DE-AC03-76SFOOO98, and by the U.S. National Science Foundation under 
Agreement No. PHY83-18358. 

i On leave of absence from the University of Warsaw 

2 



For each event he calculated the transverse momentum and 
pseudorapidity of each particle. Particles whose pseudorapid­
ity was greater than a given cut had their vector transverse 
momentum added to sums of PTx and PTy' Because we were 
dealing with sums for particles with large rapidity, the calcula­
tions were performed using double precision variables on a VAX 
11/780. Also to further avoid roundoff problems and division 
by extremely small numbers, particles with PT < 1 ke V were 
ignored. After all particles had been considered, the PTx and 
PTy sums contained the vector missing transverse momentum 
due to particles that had rapidities larger than the assumed 
beam hole. The magnitude of this missing PT vector was then 
calculated and histogrammed. 

The vector transverse momentum sums were in fact calcu­
lated for pseudorapidity cuts ranging from 4.0 to 8.0. Figure 1 
shows the magnitude of the missing PT vector versus pseudo­
rapidity cut for both Pythia and Isajet generated events. As is 
seen the missing transverse momentum due to the beam hole is 
quite modest, ranging from 1.0 to about 8.5 Ge V I e. The stan­
dard calorimetry coverage that has been considered for sse 
detectors is out to 5.5 in pseudorapidity (this corresponds to 
being within about 0.5 degrees of the beam line). For this cov­
erage, the average transverse momentum lost through the beam 
hole is 5.8 GeV Ie for Pythia generated events and 4.4 GeV Ie 
for Isajet events. In order to give some idea of the variance of 
the missing PT distribution, we show in Figure 2 the missing 
PT distribution for a beam hole at pseudorapidity of 5.5. The 
distribution is quite narrow and, even though the statistics are 
limited since only 1000 events were generated, beam hole losses 
do not represent a significant fake missing ET background. Fi­
nally, for completeness Wagner notes that the missing PT due 
to the beam hole is increased substantially if one only sums 
the scalar PT, i.e. the magnitude of PT for each particle escap­
ing through the beam hole. For example, for the case of Isajet 
generated events and a pseudorapidity cutoff at 5.5, he gets an 
average scalar missing PT of 31 GeV Ie. 
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Figure 1. Magnitude of the missing PT vector due to parti­
cle losses in the beam hole versus pseudorapidity cutoff of the 
detector. 
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Figure 2. Missing PT vector magnitude distribution for a de­
tector cutoff of 5.5 in pseudorapidity. (a) 500 Pythia generated 
events. (b) 1000 Isajet generated events. 

The second source of "fake" missing energy we have consid­
ered is that due to non-zero calorimetry resolution in minimum­
bias events or in the "background" of events with jets. By 
"background" we mean the remainder of the event when the 
jets are removed. The resolution of PT of this background is 
described6 by the distribution: 

(2.1) 

where for the UAI experiment7,8 at the SppS collider: 

U x = u y = 0.5VE'txtra (2.2) 

E extra _ Etotai ~ E jet8 
T - T -L.- T (2.3) 

The UAI collaboration measured the total scalar transverse 
energy E totai at 18 - 630 Ge V We assume that Etotai scales , T ' VO -. T 
as Va although it may well scale more slowly. Figure 3 shows 
the resultant E¥'tai distribution at sse energy. If we now 
assume that an sse detector has a resolution similar to that of 
UAl, we obtain the "fake" missing transverse energy spectrum 
shown in Fig. 4. This source should not present much of a 
problem for most supersymmetric signals. 

The measurement of jet momenta may provide a more trou­
blesome source of "fake" missing energy, because Ujet in the 
distribution 

(2.4) 

is 
(2.5) 

This resolution leads to much larger "fake" missing energy since 
Pjet can be much larger at sse. As a result we will have to 

,. 



3 
.£~ 
f.£l 
'0 

........... 
b 
'0 

0.0003 

0.0002 

0.0001 

0.0000 
0 

rs = 40 TeV 

1000 2000 3000 4000 5000 6000 

E~tal (GeV) 

Figure 3. The total scalar transverse energy, E¥>tal, in hard 
events but excluding hard jets themselves. This was extrap­
olated from UA1 results to sse energies by assuming that it 
scaled with Va [i.e. - do/dE¥'tal = !(E¥'tal/,f8)]. The actual 
distribution may be softer. 

consider cuts to minimize QeD backgrounds to supersymmetric 
signals. These will be discussed later. 

Ill. Detection of qq and 99 Production 

Since the supersymmetry report9 from Snowmass-84, we 
have learned much more about the observation and detection 
of gluinos and scalar quarks. This is due to the analysis of 
UAI data10 at the SppS collider. From this we learned about 
the difficulties of separating signals and backgrounds, but also 
we learned how to make this separation. U Al was able to re­
port substantial limits on supersymmetric particles (discussed 
above). 

In making the transition from Va = 0.63 TeV to Teva­
tron energies Va = 2 Te V and on to sse energies Va = 40 
TeV, some"'"issues become unimportant: 1) fragmentation ef­
fects(because the masses are high) and 2) the Epis8 > 40" cut 
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....... 0.005 
b 

-0 

0.000 
0 20 40 60 80 100 
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Figure 4. The "fake" missing transverse enegy, EpW(fake), 
distribution at Va = 40 Te V generated by mismeasurement of 
E¥'tal (from Fig. 3). This does not include any fake Er from 
mismeasurement of hard jets. The resolution is assumed to be 
the same as that of the UA1 detector 
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(because we can use much higher Epis8 cuts). For our analyses 
we have assumed the UA1 resolutions and the UAI jet defi­
nition criterion (see Ref. 6 for a discussion of our modeling of 
UA1 conditions). 

At the sse we should be able to use the primary cut: 

Er > 200--400 GeV. (3.1) 

This will be a powerful cut against most backgrounds. For these 
events we may also impose a cut (or trigger) on the momentum 
of the leading jet: 

ETUet) > 200 GeV. (3.2) 

Figures 5-6 show th~ cross-sections for missing-energy events 
before and after Er cuts (and the cuts described below). 
For design luminosity, these cross sections lead to about 106 

events per year for lighter gluinos and scalar quarks, and about 
10 per year for M = 4 TeV taking B = 1. (The question of 
the value of B, the branching ratio to the lightest neutralino 
is discussed later.) , 

102 
no cuts (--) 

101 Er- > 200 GeV (----) 

100 ~ > 400 GeV (_._.-

.,fS = 40 TeV 
,-... 10-1 
.0 
~ 10-2 .......- ~ 

10-3 
~ 

a:l .~ 

........... ~ b 10-4 
~ 

10-5 
~ 

'\ 
10-6 

100 500 1000 5000 

Mq (GeV) 

Figure 5. The cross sections divided by B for qq production 
where q -> qX~ with X~ the LSP. B is the branching ratio of q 
to qX~. The cuts are as described ~ the text except that the 
solid curve is the total cross section before cuts. 

102 
no cuts (--) 

E;-* > 200 GeV (----) 
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.~ 

a:l ~ 
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~ 
10-6 " 

100 500 1000 5000 
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Figure 6. The cross sections divided by B for 99 production 
where q -> qqX~ with X~ the LSP. B is the branching fraction 
of 9 to qqX~. The cuts are described in the text except that the 
solid curve is the total cross section before cuts. 
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Figure 8. "The ratios of events with different numbers of jets 
originating in 99 production. The cuts used are described in 
the text. 

Next we may ask about the topology of the events. This 
depends on our definition of jets. UA1 required ~Tt > 12 GeV 
for a jet to be called a jet (otherwise the energy was thrown 
in with the "background" scalar transverse energy). For sse 
energies we have chosen a very high cut E~t > 100 GeV. Fig. 7 
shows that qq production is dominated by dijets for Mq > 350 

GeV even with our E~s > 200 GeV cut. In Fig. 8 we see 
that dijets dominate in 99 production from Mg = 250 to 650 
GeV, but for higher masses, trijets and quadrajets dominate. 
The search for gluinos and scalar quarks, therefore, requires 
,he consideration of all missing energy events; the topology 
will give us important clues as to the masses and identity of 
the observed particles. 

The UA1 collaboration wu able to identify powerful cuts 
for reducing the QeD backgrounds of two jet events. When one 
of the jets is mismeasured, one can obtain large missing energy 
and the appearance of one-jet topology. To make these cuts 
UA1 lowered the definition of a jet from E~t = 12 to 8 GeV. 
They then required 

(3.3) 

5 

(3.4) 

Although these cuts also eliminated 99 events for very small 
Mg, they should have little impact for the masses of interest 
at sse (although continuing to eliminate QeD backgrounds). 
For the purpose of these cuts at sse energies, we chose to lower 
the E~t > 100 GeV jet definition to E~t > 60 GeV. One can 
require the angles to be greater than 45° without losing many 
monojet or dijet events of supersymmetric origin. 

These cuts, however, only apply to monojet and dijet events. 
For the more general topologies expected at VB = 2-40 Te V, 
new strategies must be devised. These have been examined by 
Atwood, by Barnett and Haber, and by Kamon and Kondo. 

Atwood considered QeD events and began by assuming (as 
do previous authors) that jet mismeasurement is parallel to the 
jet momentum. Then (as above) the error in measuring the i'th 
parton's momentum, Pi, is 

l~ 0.2 (3.5) 

The measured momentum is 

(3.6) 

with probability 

(3.7) 

The above formulae hold for transverse momenta also if we add 
the subscript T to Pi, preas, and (Ii (because (Ii ex Pi). 

If we define _ [Pri] 
PTi = Pyi , (3.8) 

then the missing transverse momentum in QeD events is 

miss "" meas "" \ • PT = - L Pi = - L "iPT.· (3.9) 

The probability of a given ppiss is 

_----.=1== exp (_ ~ pmw E-1 pmiss) 
27rJdet(E) 2 T T 

(3.10) 

where the error matrix, E, is 

(3.11) 

(superscript T means transposed). For QeD trijet events, one 
can deduce from momentum conservation the relation: 

(3.12) 

where 9i is the angle between PTj and PTk. The error matrix 
can then be written as 

E = (L::~ 9. ) 2 L l2 sin 
2 

9iPTiPti 

= (~) 2"" l2sin29.pm~aspm~as T 
L:sm9i L • T. T. 

(3.13) 

where ET == PTl + PT2 + PTa. Therefore, from the measured 
event one can deduce the ratios between the compone~ts of E, 
~d hence the shape of the probability contours in pplBS. 

Rotating to a frame where E is diagonal, we find 

E = [(Ii 0] o (12 
y 

(3.14) 



and thus 

For Ox = 0Il 

(3.16) 

For Ox ::I 01/ one can show 

(3.17) 

l 'd'f mise va 1 1 PT > OX,ol/' 

Notice that the major axis of the error ellipse gives the 
dominant contribution to the ppisa distribution for large ppiss. 
Since in the three-jet case we can tell, from the measured jets, 
the shape of the error ellipse, we know which direction this 
is. One cut to eliminate QCD trijet events is readily apparent: 
eliminate events in which 

angle(p~isa, major axis of E) < 80, (3.18) 

where we assume the event results from mismeasurement. 
Alternatively, we can try to make the best guess for the 

parton momenta of the original event (before mismeasurement). 
As shown in Eq. 3.12, for a given QCD event, we know the 

ratios of the true PT, and not their absolute magnitude. The 
probability of measuring preas is 

1 [IPil-lpr
eas

I)2] 
3 exp - L 2(£ *)2 

(211V £3piP2P3 P, 
(3.19) 

where we add a superscript "*" to the choice of p, which maxi­
mizes this probability. Substituting pi in Eq. 3.11 for E (which 
we then call E*) and using Eq. 3.10, another possible cut for 
eliminating QCD trijet events is to reject events with 

1 mise T E* -1 miss ~ D 
-PT PT < -(.n ro 
2 

(3.20) 

for some probability, Po. This has the effect of cutting Episs 

from an elliptical portion of the plane similar to the error el­
lipse. 

Kamon and Kondo have developed a likelihood method for 
separating 99 production from background. We will discuss it 
briefly here, since the details are given in their contribution to 
these proceedings. They were motivated to find which kine­
matical variables were the most useful and to find a general 
method for finding such variables. Their method consists of 
the following steps: 

1). Choose the initial kinematical parameters x, For their ex­
ample, they chose EPiss, PE, Pont, ET(total), the number 
of clusters with ET > 10 GeV, and six other variables. 

2). Generate the signal events and calculate the distribution in 
each variable and find the mean value (x,). 

3). Calculate the covariance matrix e'i of variables around its 
mean value: 

e .. _ (Xi - (Xi) HXi - (xi)) 
'3 - L N(J'(J' , 3 

(3.21) 

6 

where N is the total number of events. 
4). DiagonaIize eii and find the transformation matrix Uti' the 

eigenvalues Eii, and the new set of variables (eigenvectors) 
Zi where 

(3.22) 

for 

Yj == (Xj - (Xj))/Oj (3.23) 

5). Obtain the signal probability functions P$i(Zi) and by gen­
erating background events, the background probability func­
tions Pbi(Zi). 

6). Find the effectiveness of a variable zi in separating signal 
and background with the separation parameter Si 

(3.24) 

Si indicates perfect separation while Si = 0 indicates that 
Zi has no value in separating signal and background. Keep 
an appropriate number m of the variables with large Si' 

7.) Generate new sets of signal and background events. 
8.) For these new events, calculate for each event the ratio of 

the signal probability to the background probability 

Pat(Zt}PdZ2) '" Pam(zm) 
r= ~~~~~~--~~~~ 

Pb1(zl)Pdz2) ... Pbm(Zm) 
(3.25) 

9.) Define the likelihood that the event is signal rather than 
background by 

L= lnr (3.26) 

IT the likelihood distribution of events is well separated between 
signal and background, then this method of event identification 
works. 

It should be noted that only linear combinations of the ini­
tial variables can be generated (not products, quotients, loga­
rithms, etc.). Therefore the effectiveness of the method strongly 
depends on the choice of initial parameters. 

For the example variables chosen by Kamon and Kondo 
(with Mg = 200 GeV), they could obtain a rejection power 
against background of 1900 with signal acceptance of 6.6%. 
This gave a signal-to-background ratio of 6.2. 

Barnett and Haber examined a variety of variables in order 
to separate trijet and quadrajet events in 99 production from 
those in QCD (ggg,gqq, etc.). Here we discuss five of these 
variables. The results reported here for QCD are with matrix 
element M = 1 and therefore are normalized arbitrarily. Re­
sults with the full matrix element are in preparation and will 
be reported elsewhere. 

Since the most immediate results will come from the Teva­
tron, we have chosen to show distributions at Va = 1.7 TeV 
and Mg = 100 GeV (Mq = 2Mg). Here we chose the cuts 

Er > 40 GeV, ~;t(l) > 40 GeV, and jet definition E~t > 20 
GeV. 

Not surprisingly, the EPiss distribution, Fig. 9, is more 
sharply peaked for QCD trijets than for those from 99 pro­
duction. This means increasing the Ep is8 cut will increase the 
signal-to-background ratio. In Fig. 10 we consider the trans­

verse energy of the leading jet, ~t(I). In order to obtain 

significant fake missing energy (Episs > 40 GeV), we expect 
we will need very energetic jets since the mismeasurement is 
proportional to jet energy. This is precisely what we see in 
Fig. 10; the jets in background (QeD) events are much more 
energetic than those from supersymmetric origin. The latter 
are, of course, dependent on Mg. A useful cut may be to place 
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and assumes 9 -+ qq;:y. The dashed curve has the phase space 
for QCD trijets but has a constant matrix element (so normal­
ization is not significant). 

1.0 

gg' production (--) 

0.8 Phase Space (----) 

-. --- '\ -.IS = 2 TeV 
:> 
Q) 

\ ),( .. = 100 GeV 
0 0.6 ""-.0 \ 
p., 

\ ......... 
0.4 \ ... 

.!;E-< " r.:I "-'0 0.2 ""- ....... 
b "-
'0 

0.0 
0 50 100 150 200 

E~et (GeV) 

Figure 10. The E~t distribution for leading jets in trijet 
events at Tevatron energies. Other details are described in 
Fig. 9. 

an upper limit on ~;t(l) (e.g. - ~;t(l) < 80-100 GeV at 
Tevatron energies); this would be in addition to the lower limit. 

Two additional variables we found useful were 

-J. = angle(p-jet(l) p-miss) 
~lm ,-;- _, T ,T (3.27) 

(3.28) 

Examination of Figs. 11 and 12 shows that the distributions 
for <Plm and <P2m are dramatically different for QCD trijets and 
for supersymmetric trijets. Clearly cuts such as <P2m > 300 and 
Olm > 1600 would greatly reduce the background. 
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A final variable we found interesting was (3, the longitudinal 
velocity by which we boost a given trijet event in order to make 
it become coplanar. Since 99 production has two unobserved 
photinos, we speculated that the (3 distributions for signal and 
background would be quite different. We begin by writing the 
appropriate boost for a 4-vector P as 

where 

(
PO) ( PO cosh '1 + pz sinh '1 ) 
PT -+ PT 
pz PO sinh '1 + pz cosh '1 

'Y = cosh '1 

(3 = tanh '1 

(3.29) 

(3.30) 

Let us now consider the matrix P of the three jet momenta, a, 
b, and c in the boosted frame: 

ao sinh '1 + a3 cosh '1 ) 
bo sinh '1 + b3 cosh '1 
Co sinh '1 + C3 cosh I'J 

(3.31 ) 



To solve for (J we set det(P) = O. This gives 

Y sinh '1 + X cosh '1 = 0 

Y = X(3 +--+ 0) 

We now note that 

X = (a x b). c Y = (a' x b ') . c' 

where we define the primed momenta as 

so that 

11 = tanh '1 = [-(a(~:~)·.~'] 

(3.32) 

(3.34) 

(3.35) 

(3.36) 

(3.37) 

Having derived {J, the velocity of the f~ame in which, a given 
event is coplanar, we can now look at the distribution in {J for 
QeD and supersymmetric trijets, Fig. 13. This variable does 
not have as much impact as other variables discussed above. 

One may see evidence for some of the findings described 
above by looking at simulated events. In Figs. 14 and 15 we 
show simulated QeD and supersymmetric events. 

A primary difference between results for qq and gg produc­
tion at the SppS collider and results at the Tevatron and sse 
is that the dominant direct decay of gluinos and scalar quarks 
will not necessarily be to photinos. The allowed decay modes 
are likely to include other neutralinos and charginos. To our 
good fortune the cross sections (Figs. 5 and 6) for gluino and 
scalar quark production are very high at sse energies, so that 
a loss of a factor of 10 due to branching fractions is not impor­
tant. However, this may be a problem at Tevatron energies, 
depending on the details of a given scenario. 

Baer and Bergerll have examined this question at Tevatron 
energies in the context of a plausible scenario. They chose 

MW =60GeV M Z =68 GeV M::y = 8 GeV (3.38) 

and found the results displayed in Fig. 16. As shown, the 
branching fractions of UR and dR to photinos remain very high, 
but uL and dL drop to 25% and 5% respectively. Baer and 
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Figure 13. The {J distribution (described in text) for trijet 
events at Tevatron energies. Other details are described in 
Fig. 9. 
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Tata have extended their calculation for gluino branching frac­
tions to higher masses and found that the photino mode drops 
asymptotically to about 20% (for Mg ~ 400 GeV); for this 
calculation they chose Mw = MW and M Z = M z· 

Barnett and Haber12 examined the branching fractions of 
scalar quarks for masses of interest at sse and for a very 
wide range of scenarios. They have allowed full mixing in 
the neutralino and chargino sectors. Since with this generality 
one never finds pure photino states, the question of interest is 
the branching fraction to the lightest supersymmetric particle 
(LSP) assumed to be some neutralino (labeled X~). If the LSP 
is a pure Higgsino, then the branching fraction is quite small 
(or zero) depending on whether we are considering U, d, s, c, 
i, or t. 

Neutralino mixing can be described in terms of several pa­
rameters: 

a) tan{J = v2/Vl where V2 and VI are the vacuum expectation 
values of the H2 and HI. 

b) p. - a supersymmetric Higgs mass term. 
c) M,M' - gaugino Majorana mass terms corresponding to 

masses for the weak interaction eigenstates »'3 and B re­
speCtively (from which :y and ZO can be defined). 

In many models (those with a common mass for the SU(3), 
SU(2), and U(I) gauginos at the grand unification scale) M 
and M' are related by 

M' 5g12 5 - = -- = - tan2iJw M 3 g2 3 . 

In terms of the weak interaction eigenstate basis 
(E, W3, 1110 H2), the mass matrix is 

o 
M 

mZcW cf3 
-mZcW 8 f3 

-mZ8 W Cf3 
mZcW cf3 

o 
-p. 

mZ
8
W

8
f3 ) 

-mZcW 8 f3 
-p. 
o 

(3.39) 

(3.40) 

where 8W == sin iJw, Cw == cos iJw, 813 == sin{J, Cf3 == cos f3. 
The branching fractions for qL and qR are in general very 

different. The qL prefer to decay to charginos whereas qR can­
not decay to charginos. In fact as p. becomes comparable to 
other mass parameters, the branching fractions of qL and qR 
to the LSP (X~) approach 0 and 1 respectively. 

The next issue is which q are produced. qq pair production 
is the primary signal when Mq < Mg (as suggested by some 

superstring models). This may be qLqL, qRqR, qdR, or qRqL' 
We have not at this time calculated which mode is most com­
monly produced, but our expectations are that at sse ener­
gies gluon-gluon scattering dominates, and the first two modes 
will therefore be predominant. (The same argument applies to 
ULdL and URdR.) Given that B(qL --+ qX~) is small, it would 
be fortunate if qRqR occurs with a substantial fraction, sin<:e it 
would preserve our best signal (two jets and very large EpISS). 

When scalar quarks do not decay to the LSP (X~), then our 
primary signal is suppressed. In order to study this suppression, 
for "all" scenarios, we first assume that qLqR is not important 
so that we may plot the square of the branching ratios of the 
two scalar quarks produced. We then take an average over qLqL 
and qRqR and over up and down flavors. To the extent that 
qLqR can contribute, our numbers might be reduced somewhat. 

.' 
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taken M::y = 8 GeV, Mw = 60 GeV, and M Z = 68 GeV. 

We plot our results in Figs. 17 and 18 as a function of the 
parameter p. for various choices of M and tanp(= V2/vll. For 
Mq > 500 Ge V we find little difference from the results shownj 
for Mq < 500 GeV we find that the average branching ratio 
product generally increases. As shown, the greatest variation 
occurs with the parameter p.. Some differences in the curves 
occur because as p. increases, a different state becomes the LSP, 
and decay fractions to that state are different. When the curves 
are not shown at small p., it is because for these parameters, 
the mass of the lightest chargino is M(x+) < 45 GeV. Such 
light charginos can be discovered by lower energy machines long 
before sse. 

One can see that for most parameters of interest in the 
sse region, the average product of branching fractions (which 
measures the suppression of the dijet plus very large missing 
energy signal) is not small. The suppression is generally a factor 
of fu to ! which represents no problem since the cross section 
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Figure 11. The average product of branching ratios for the q 
pair to the LSP (x~): 

0.25[B2(UL) + B2(UR) + B2(dL) + B2(dR)J. 

The parameters as well as the rationale for ignoring B(UL)B(UR), 
B(UR)B(dR), etc. are discussed in the text. 
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is so large. 
Of course, this implies that at least half the time there 

are other signals because at least one of the scalar quarks has 
decayed to a chargino x+ or to a heavier neutralino, xg or ~l 
The decays of these gauginos mayor may not lead to interesting 
signals. 

One question of interest in other sections of this report, is 
the probability of a scalar quark decaying to a heavier neu­
tralino which in turn decays into x~ and a photon: 

q - qxg (3.41) 

(3.42) 

This tW<rbody decay occurs via a loop diagram. The competing 
decays are three-body decays occurring via tree-level processes: 

xg - x~f7 or xt f7 (3.43) 

In the sse context where we assume Mq - 500 GeV (V2/V1 -
0(1), and M, p. ~ 100 GeV), contributions involving virtual 
scalar quarks are small compared with those involving virtual 
W and Z bosons. In this parameter range x~ tends to have a 
substantial ZO component. xg and xg tend to have comparable 
masses and to be heavier than the lightest chargino, X+j one 
is mostly 1fO and the other is mostly;. There is no reason 
to expect significant suppression of the 3-body modes, so the 
branching fraction for (3.42) tends to be of order 1-10%. 

Given that the branching ratio for (3.41) could be as large 
as 50%, we see that even with a branching fraction for (3.42) 
of 1%, there should remain an important signal in qq pair pr<r 
duction of: 

This leads to two energetic jets, large missing energy plus a very 
hard photon. Investigation of this signal will help us unravel 
the details of the supersymmetric model. 

j 
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IV. Isolated Photons as Signals for Supersymmetry 
In most early analyses of data, it has been assumed that 

the photino is the lightest supersymmetric particle (LSP). As 
discussed in the previous section, this is not in general true. 
One possibility is that the Higgsino, 11°, is the LSP. However, 
because of its small coupling, its production in PP collisions is 
suppressed and it is rarely a direct decay product. As a conse­
quence, one usually finds that it is the photino (or neutralino) 
that is initially produced, which then subsequently decays to 
the Higgsino: 

:y (or X?) -+ ,1fO (4.1) 

We see that the observation of a hard photon along with 
missing energy can indicate the presence of supersymmetric 
processes. There are other scenarios in which one expects to 
find hard photons. One of these is discussed in the next section 
and in greater detail in a contribution to these proceedings by 
Barnett, Grifols, Gunion, Kalinowski, and Mendez. 

. Mikamo and Yamashita13 in a contribution to these pro­
ceedings have examined the possibility of discovering super­
symmetry via observation of a hard photon in the process 

(4.2) 

with 
:y -+ ,11° arid g -+ qq:r (4.3) 

In these events the Higgsinos carry off missing energy. As­
sumptions here are that branching fractions (4.3) are 100%, 
that Mq > Mg, Mg = 100-200 GeV, M, = 10--30 GeV, and 
Miio = 1-5 GeV. 

Mikamo and Yamashita have considered three types of stan­
dard model backgrounds. The first are those from 

(4.4) 

where the 11'0 (or 1]0) decays into photons which cannot be 

resolved for E('II'°) ~ 50 GeV (giving the appearance of a single 
photon). They have calculated both events with light quark 
and gluon jets and events with heavy quark jets. The former 
depend on mismeasurement to generate fake ErpU!s whereas the 
latter have .real Er from neutrinos. 

A second background is direct photon production 

PP -+, + jets (4.5) 

These photons have a comparable yield as 11'0, but should be 
better isolated from jets. 

The final background is from 

pp-+W+, 

pp-+ Z+, 

(W -+ lv) 

(Z -+ V17) 

where the W and Z decays provide the missing energy. 

(4.6) 

(4.7) 

All of the above were calculated using ISAJET except (4.7) 
which was calculated by H. Baer. IT no significant cuts are 
made, the sum of the Standard Model backgrounds completely 
dominates the supersymmetry signal. Mikamo and Yamashita 
discuss several possible cuts. The angle between the leading 
photon and PT'U!s was found to be not useful in separating 
signal and background. Similarly the total ET within ~ = 

1 
[(~1])2 + (~</»212 < 1 of the photon was not useful. However 
requiring ET with ~ < 0.2 of the photon to be less than 20 
Ge V was effective. Also effective was a cut on the total ET 
in the event to be less than 2500 Ge V. With these cuts, their 
results suggest that the supersymmetric signal (from g:y) might 
dominate for Et or ErpU!s > 0.5 TeV. 
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R. Wagner took a different approach. The question he 
asked was what probability is there for observing a leading, iso­
lated neutral particle in a jet (with particular concern for find­
ing photons). This question is also of interest in general since 
it constitutes a significant background in a variety of "new" 
physics processes and since it contributes to triggering on iso­
lated clusters in an electromagnetic calorimeter. The probabil­
ity of ajet faking a high PT photon was estimated by R. Wagner 
who studied the composition of QCD produced jets using the 
PHYTHIA Monte Carlo Event Generator and the JETSET jet 
fragmentation routine of Bengtsson and Sjostrand.14 Two-jet 
events were generated from QCD interactions of initial-state 
quarks, anti-quarks, and gluons from proton-proton collisions 
at a center-of-momentum energy of 40 TeV. Two different runs 
of 3000 events each were made with minimum qT of the hard 
acattering set to be greater than 30 or 50 Ge V I e. 

The probability estimated for faking a photon is obviously 
dependent on ones definition of an isolated lamma and the 
energy and spatial resolution of the electromagnetic calorime­
ter used to detect it. For this study Wagner defined a fake 
gamma event as a jet in which the leading particle has PT 
greater than some minimum value and with no other parti­
cles having PT greater than some cutoff. He has not made an 
isolation requirement on the cells surrounding the leading par­
ticle. Rather he has taken isolation to mean that the other 
particles in the jet are of low enough PT as to be lost in the 
underlying "event" which is expected to include both contri­
butions of a minimum bias type from the event giving the jet 
and contributions from multiple proton-proton collisions occur­
ring within the bunch crossing. No calorimeter simulation has 
been done. He has merely uniformly segmented rapidity-phi 
space, constructed jets with a simple clustering algorithm, and 

studied the composition of the jets. 
Jets were reconstructed using the JETSET supplied rou­

tine, LUCELL. This routine is a simple cluster algorithm that 
segments a selected pseudorapidty range into 1]-</> bins of equal 
size, searches for jet initiator bins over a given PT threshold, 
and adds the PT for all bins within a fixed 1]-</> distance of the 
initiator. For our study we used a pseudorapidity range of -5.5 
to 5.5, and 1]-</> segmentation of 0.06 by 0.06, and a fixed jet 
radius of 1.0 in 1]-</>. The PT threshold for the jet initiator 
was set to 5 GeV Ie and a jet was required to have a minimum 
summed PT of 20 GeV/e. LUCELL returned the number of 
jets found satisfying these criteria along with their location in 
1]-</> and their summed PT' Figures 19 and 20 are histograms 
of the number of jets with PT > 20 Ge V I e found per event by 
LUCELL and of the PT spectrum of the jets. 

For each event, each final-state particle was examined to 
determine which, if any jet it belonged to. During this process 
the particle type and PT were recorded for the highest PT and 
second highest PT particle in each jet. These data were used to 
check for the occurrence of an isolated neutral particle in the 
jet. 

In Table I we give the breakdown of leading particle type. 
There is very little dependence of leading particle type compo­
sition on qT of the hard scattering. About 17% of the events 
had a leading 11'0, which is the main source offake gammas. In­
cluding etas and real gammas from jets brings the percentage of 
jets with a leading neutral particle giving mostly e-m energy to 
24%. An examination of the jets indicates that, as is expected, 
the jet fragmentation properties do not dep.end on average on 
the leading particle type. Therefore, to get higher statistics we 
use all jets in our analysis and scale down any probabilities by 
the appropriate 11'0 or neutral fraction. 
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Leading 
Particle Jet PT Jet PT 
Type > 20 GeV/c > 50 GeV/e 

"t 0.43% 0.36% 
e+ +e- 0.28 0.23 
lie 0.27 0.26 
p.+ + p.- 0.36 0.27 
II~ 0.25 0.29 
II,. 0.13 0.15 
71"+ + 71"- 35.19 35.95 
K++K- 10.32 10.25 
71"0 16.89 16.55 
'7 7.58 7,47 

K2 5.26 5.22 
P 11.72 11.72 
n 11.32 7.43 

Table I. The Fraction of Total Jets ~ith Given Leading Par-
ticle Type. These numbers are for q'f/m > 50 Ge V I c. 

Figure 21 shoWi the probability of having a leading 11'0 jet 
versus the second leading particle PT for three different 11'0 PT 
cuts. The data shown are from the run with qT minimum 
set to 50 Ge V I e. Data from the 30 Ge V I c run give the same 
results to within 25%. Errors on the curves range from about 
15% for a second leading particle PT cut of 10 Ge V I e to 100% 
for a 2 GeV Ie cut. The errors are also highly correlated since 
the plot is of a cumulative form. The probability to fake an 
isolated gamma drops quickly with increasing PT of the 11'0, 

but this trend stops above about 50 Ge V I c. For 11'0 minimum 
PT cuts of 50-80 GeV Ie, the probability of getting a leading 11'0 

with a given second leading particle PT cut is constant to 25%; 

although the errors are quite large for PT cuts above 50 Ge V I e 
because of the small sample size. There are too few events 
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Figure 21. Probability of a leading 71"0 with PT greater than 
given cut versus PT maximum cut for the second leading par­
ticle. Data shown are from run with qT minimum of the hard 
scattering set to 50 Ge V I e. 
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in the sample to make any estimates above a 'lr
0 PT-cut of 80 

GeV Ie. We conclude from this figure that it is straightforward 
to reduce the probability of getting a fake high PT direct gamma 
from QCD jets to a level of a few x 10-5• 

The above an8.Iysis is fairly naive and a number of complex­
ities have been ignored. The events have not been put through 
a detector simulation to determine what effect calorimeter res­
olution -or a magnetic field has on the results. Also we have 
concerned ourselves only with a leading neutral particle and 
have neglected contributions from events with a leading neutral 
cluster containing more than one particle. Finally one might be 
able to improve the rejection of fake gammas from this source 
with a more intelligent clustering algorithm. The expectations 
are, though, that these complications don't drastically change 
the results and one can trust the probability estimates to within 
a factor of two or three. Thus, one would expect that fake gam­
mas can readily be eliminated with simple criteria to a level of 
10-4 or better. 

Morital5 made an independent study of the probability of 
a QCD jet appearing to be a photon due to the presence of a 
leading 'lr0 ('10) with little hadronic activity in a cone around it. 
He used ISAJET adapted to the CDF package, with a simple 
detector simulation. He studied the question of the criterion for 
the isolation cut of the electromagnetic cluster and also looked 
at the fragmentation properties of jets and the energy spectrum 
of the next-to-leading particle among jet fragments. Morita 
concluded that the probability of a QCD jet behaving like a 
single electromagnetic cluster is about 2-5 x 10-4 for E~t ~ 100 
Ge V, and argues that tracking information will probably allow 
an .even greater suppression. 

v. Detection of a Higgs Boson via Its 

Supersymrnetric Decay 

In all supersymmetric models there are at least two Higgs 
doublets. .One of the two neutral Higgs scalars (H~) may be 
light and resembles the Standard Model Higgs. By contrast 
the heavier neutral scalar (HP) is expected to have very dif-

ferent couplings. l6 In particular if m(Hp) ~ 200 GeV, then its 
couplings to W and Z pairs are greatly suppressed, and it is 
possible (depending on masses) that decays to charginos and 
neutralinos are very important. This is discussed in detail in a 
contribution to these proceedings by Barnett, Grifols, Gunion, 
Kalinowski, and Mendezl7 (BGGKM). 

The process considered involves the production of the heavy 
Higgs, HP via the t quark content of the proton or via gluon­
gluon fusion: 

gg or tt-+ HP -+ 11°zo 
with 

11° -+...,::y 

ZO -+ l+r::y 

In order to show a representative case, BGGKM take 

M(H~) = 400 GeV 

M(Zo) :::. m(Z) 

M(11°) = 10 GeV 

M(q),M(l) > 100 GeV 

In this case, we find from Ref. 16 

The resulting final state is 

l+ r..., + missing energy. 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 
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Whether or not this particular scenario turns out to be realis­
tic, it is worthwhile (as a general new physics search technique) 
considering the detectability of final states involving hard pho­
tons but no high-energy jets. 

The total integrated cross section for process (5.1) is 0.26 
pb. In order to reduce the backgrounds discussed below, BG­
GKM impose a variety of cuts. These are: 

E"I > 50 GeV 30 < M(l+r) < 83 GeV 

M(l+r...,) > 200 GeV Er > 50 GeV 

9(Pt,p;USS) < 60° or > 120° 

19(1±,...,)1 > 10° and 19h, beam) I > 10° 

(5.7) 

The signal cross section is reduced to 0.04 pb by these cuts . 
This corresponds to 400 events/year assuming an integrated 
luminosity of 1040 cm-2 (or of 104 pb- l ) per year. 

The backgrounds for this process include 

a) tt -+ 1fOzo (non-resonant) (5.8) 

b) qq -+ t,+r..., (via Z" and ...,") (5.9) 

e) qq -+ 'lr°Z" (Z" -+ t,+r) (5.10) 

d) qq -+ W+W- (W± -+ t,±II) (5.11) 

e) qq -+ Z· Z..., (Z· -+ t,+CjZ -+ IIV) (5.12) 

BGGKM calculated a) and b) in detail. The continuum pro­
cess a) was found to be very small, whereas b) is the only sub­
stantial background. The others (e-e) were estimated to be 
small. Without fine-tuning the the cuts, process b) can be re­
duced to a fourth of the signal. Furthermore if we define an 
effective Higgs mass (approximating the mass of H~) as 

(5.13) 

then we find that the Meff distribution, Fig. 22 shows a signif­
icant peak for the signal but not for the background. 

We conclude, therefore, that judicious choices of cuts can 
be used to clearly separate a small but distinctive signal from 
background. In this case it is the heavier Higgs boson of super-
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Figure 22. The distribution of Meff(HP) as defined by Eq. 5.13 
for the HP -+ 110 ZO signal (solid) and for the dominant back­
ground (dashes) given by Eq. 5.9. All of the cuts described 
in the text were imposed except for those involving missing 
momentum or energy. Fake missing momentum was generated 
randomly for the background according to a plausible distribu­
tion. 



symmetry which would be discovered via its supersymmetric 
decay modes. 

VI. Detection of Charginos and Neutralinos 

During the last two years, there has been considerable at­
tention to the production of winos and zinos at the SppS and 
Tevatron colliders.18 These papers have considered 

pp-+W;Y+ X 

pp-+WZ+X 
pp-+WW+X 
Jip -+Z;Y + X 

Jip -+ZZ + X 

(6.1) 

(6.2) 

(6.3) 

(6.4) 

(6.5) 

These may occur via W or Z boson decay if kinematically al­
lowed (e.g. - W -+ w;Y). There are other processes such as 
Wq or W~ production which have received less attention since 
their signals are not as distinctive. 

Once produced the decays include: 

W -+q7/;Y or tv;y 
Z -+qq;y or tl.;y 
Z -+qq'W or lriW 

(6.6) 
(6.7) 
(6.8) 

Baer, Hagiwara, and Tata19 observe that this latter decay would 
become important when Mq,Ml > 350 GeV for Mz = 45 
GeV. If M-l > Mw Z' then these decays are 3-body decays. If q, , 
Mq, Ml < Mw Z' then 2-body decays to scalar quarks and lep-

tons would do~nate. Finally, if Mw > Mw, we must consider 

W -+ w;Y. (6.9) 

The processes (6.2) and (6.3) lead with some branching 
fraction to multi-leptons plus large Episs. These are discussed 
elsewhere in the context of the Tevatron collider. 

The processes producing w;Y can give a single lepton plus 
very large missing energy. At first glance this seems to be an 
excellent signal. But as can be seen in Fig. 23, at Tevatron 
energies this signal (W -+ w;Y) is buried in the background 
(W -+ ev or TV) without being distinctive. 
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Figure 23. Distributions for the process pp -+ W + X where 
W -+ W +;y, W -+ ev;y (dashed) or W -+ eV,TV (solid). These 
curves for the Tevatron collider were made by Baer and Tata. 

This signal has been analyzed by Ukegawa, Takaiwa, and 
Kondo (UTK) at this workshop for SSC energies. They take 
Mw = 250-500 Ge V and make the simplifying assumptions 
that the photino is very light and a pure state. The back­
grounds they consider are 

pp -+ W + X (W -+ tv) 
pp -+ W + Z + X (W -+ tv and Z -+ vv) 

(6.10) 

(6.11) 

Using ISAJET, UTK find the following cross sections before 
cuts: 

(W -+ ev) 
(W -+ ev) + (Z -+ vv) 
(W -+ W -+ ev) + ;Y 

4.5x104 pb 
0.89 pb 
0.22 pb Mw = 250 GeV 
0.05 pb Mw = 500 GeV 

They then examine the ET and Epiae distributions. To the 
extent that the W is produced at rest in the transverse plane, 
the W background could be eliminated by requiring ET > 100 
GeV and/or EpUs > 100 GeV. The W + Z background drops 
below the signal when these cuts are made at 200 GeV (with 
these cuts the signal has been reduced severely). UTK next 
study the transverse mass of the electron and missing energy: 

(6.12) 

Making cuts in MT and assuming an integrated luminosity of 
1040 cin-2 , UTK find that the background due to real W's is 
entirely removed, and the signal and W + Z background are: 
for MT > 300 GeV 

11 events 
63 events 

for MW = 250 GeV 
for Mw = 500 GeV 

52 events background 

for MT > 400 GeV 
1.1 events for Mw = 250 GeV 
28 events for Mw = 500 Ge V 
0.4 events background 

Clearly this process (W + ;Y) will not be useful at SSC en­
ergies unless Mw > 250 GeV. It suggests that more attention 

should be given to the W + Z and W + W processes which yield 
more distinctive signals. 

VII. Conclusions 

The supersymmetry working group at Snowmass has ex­
amined in detail several missing energy signals. We have taken 
advantage of theoretical and experimental progress which has 
taken place in the two years since the last Snowmass Summer 
Study. 

In addition to the theoretical advances described in this re­
port, a project developing the proper methods for calculating 
the distributions of heavy particles in the proton was completed 

, in Snowmass (and is described in Ref. 20). That work is rele­
vant to supersymmetry since it can describe initial-state gluino­
quark scattering. The distribution of t ~arks is important to 
the work of Sec. V (describing HO -+ ZO HO). 
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Our knowledge of the appropriate techniques for searching 
for supersymmetry was greatly refined by examination of re­
sults from the SppS hadron collider. More can be learned from 
experiments which will soon begin at the Tevatron collider. Our 
studies indicate, however, that a comprehensive understanding 
of the structure of the supersymmetric theory cannot be ob­
tained without the availability of a collider with the power of 
the SSC. 
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