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Signatures for Squarks in the Light Gaugino Scenario
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When the gluino is light and long lived, missing energy is a poor signature for both squarks
gluinos. Instead, squark pair production leads to events with$4 jets. If a chargino can decay to squar
and quark, missing energy is also a poor signature for the chargino. Properties of 4-jet events origi
from squarks and charginos are discussed. ALEPH’s preliminary report of an excess of 4-jet e
with a peak in total dijet mass of 109 GeV (not confirmed by other experiments) is analyzed in t
of SqSp

q and chargino pair production; concomitant signatures are noted. [S0031-9007(96)00085

PACS numbers: 14.80.Ly, 12.60.Jv, 13.65.+i
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Motivations are accumulating for believing the gluin
and photino may be light. This is inevitable in certa
scenarios, such as when supersymmetry (SUSY) br
ing is transmitted to ordinary particles by the exchange
very heavys,Md states, and is not due to gauge sing
vacuum expectation values. In this case gaugino ma
and other dimension-3 SUSY-breaking operators are
pressed by a factorM21 compared to squark masses a
other dimension-2 SUSY-breaking operators. This ha
number of attractive features: (i) There is no SUSYCP
problem [1]. (ii) Gluino, neutralino, and chargino mass
are calculable in terms ofm, tanb, and squark and Higg
masses. Given constraints on these parameters, gluin
photino masses are&Os1d GeV [1]. The mass of the light
est gluino-containing hadron, the gluino-gluon bound s
calledR0, is ,1.3 2.2 GeV [2]. One chargino is lighte
than theW , unlessm * few TeV [3]. (iii) With these
R0 and photino masses, the photino relic density is na
rally of the correct order of magnitude to account for t
dark matter of the Universe [4]. (iv) TheR0 lifetime
tsR0d * s1027 10210d sMsqy100 GeVd4 sec [1] is long
enough that it is unlikely to have been detected in ex
ing searches [2]. (v) An “extra” pseudoscalar is predic
in the flavor singlet meson spectrum at,1 1

2 GeV; such a
state has been observed [2,5]. The papers cited above
references therein treat the phenomenology of light glu
containing hadrons and strategies for detecting them. H
I focus on the modifications of the squark signature wh
this scenario implies, as well as the consequent modifi
tions to chargino signatures if these can decay to a squ

Squarks decay dominantly viaSq ! q 1 g̃. A heavy
gluino is short lived and promptly produces a wea
interacting neutralino, so that missing energy is a go
signature [6]. However, a light gluino hadronizes formi
an R0-containing jet, due to the long lifetime of theR0

s.10210 secd. When theR0 finally decays, the energ
carried by the photino is so small that missing energy
not a useful signature [7]. Existing collider limits do n
apply. [Squarks decay directly to a photino and qu
with a branching fractionQ2

sqaemy 4
3 as. Rescaling the

UA(1) and Fermilab Tevatron collider limits to accou
for this factor of 100 loss in sensitivity produces lim
0031-9007y96y76(22)y4115(4)$10.00
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inferior to those discussed below from theZ0 hadronic
width.] In principle, squarks can be reconstructed
pairing jets. However, experience withW ! qq andt !
bqq suggests that at a hadron collider further constrai
will be necessary to reduce QCD background, except
very large squark mass. The remainder of this pape
devoted to establishing a search procedure for squa
when their predominant decay is to two or more jets.

Aside from having spin 0 and larger mass, squa
are produced much like quarks. Pair produced squa
generate events containing four or more jets. At
e1e2 collider, squarks can be pair produced and, abo
chargino pair production threshold, produced via dec
of charginos. If anL squark (say,SuL) or the R stop
is lighter than the chargino, major chargino decay mod
will be x1 ! SuLdL, x1 ! StRbL, etc. Note that the
best chargino mass limits rely on a missing ener
signature; when the branching fraction to such state
reduced by competition fromx6 ! Sqq0, the limits on
chargino masses are impaired.

The best limit on squark masses prior to LEP running
130 GeV, if missing energy is not useful, comes from t
determination of the hadronic width of theZ0. Neglect-
ing quark masses,sse1e2 ! SqSp

qd 
1
2 b3sse1e2 !

qqd for any given flavor and chirality. Production of
suL, uR , dL, dRd-type pair would increase the total hadron
width of the Z0 by a fractions0.06, 0.01, 0.09, 0.003db3.
The limit on “extra” hadronic width of theZ0 then limits
the mass of squarks. If there are four or more degene
“light” squarks, their mass must be greater than,MZy2.
If only a single flavor of squark is light, this limit is greatl
reduced, to&30 GeV for anL-chiral squark. Masses o
R-chiral squarks are quite unconstrained due to their w
coupling to theZ0. Consideringe1e2 ! Sqqg̃ 1 Sp

qqg̃
and virtual corrections toe1e2 ! qq allows the degen-
erate squark limit to be improved to 50–60 GeV [8]. A
analysis with newZ0 width values andassQd determined
assuming a light gluino is needed.

Consistency between the observed top mass and n
ber of events in conventional signatures requires the m
of at least one stop eigenstate to be*mt since otherwise
t ! St 1 g̃ would be the top’s main decay mode. Lim
© 1996 The American Physical Society 4115
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its on isospin-violating radiative corrections to precise
measured electroweak parameters can be used to con
the sbottom-stop splitting [9].

In the recent LEP run atEc.m.  130 136 GeV,
ALEPH found 14 events which meet their 4-jet criteri
when 7.1 events are expected from standard mo
physics and less than one 4-jet event is expected f
either hA or H1H2 production. (L. Rolandi, Joint
CERN Particle Physics Seminar on First Results fr
LEP 1.5, 1995.) Furthermore, 8 of these 4-jet events h
a total dijet mass of,109 GeV. No significant excess o
such events has been reported by other LEP experim
Approximating the statistical error associated with
events by6

p
7, the ALEPH data giveR$4  2.0 6 0.4.

If the 7 event excess is averaged over all four LEP exp
ments, assuming equal sensitivity and no excess in o
experiments,R$4  1.25 6 0.1. We will see below
that such events have a natural interpretation in te
of squark production. The ALEPH excess may pro
ephemeral, so the characteristics of squarks discu
below are applicable in any squark search.

The most striking feature of squark pair production
the excess number of events with 4 or more jets. De
the fraction of ordinary events with four or more jets, f
a given energy and jet-finding algorithm, to bef$4. In
ALEPH’s analysis,f$4  0.1. Squark pair production
can be a small fraction of the totale1e2 cross section
and yet make a large perturbation on the number of
jet events becausef$4 is small. The ratio, denotedR$4,
of the actual number ofnjet $ 4 events to the numbe
expected in the standard model is shown in Fig. 1
the illustrative case (called dls) of degenerateu, d, s, c
squarks, as a function of their mass, forE  133 and
190 GeV. A LEP measurement ofR$4  1.25 2.4
at Ec.m.  133 GeV implies in the dls case a commo
squark mass in the range 54–62 GeV. This is consis
with the 109 GeV peak in the total dijet mass distributi
reported by ALEPH. The dotted curve in Fig. 2 show
the energy dependence ofR$4 for 55 GeV dls squarks.

An ,55 GeV chargino and slightly lighter squark ca
also account for the rate of excess 4-jet events and
ha-

-
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f

to

FIG. 1. R$4 for degenerateu, d, s, c squarks as a function
of their mass in GeV. Solid (dashed) curve is forEc.m. 
133 s190d GeV.
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FIG. 2. R$4 as a function ofEc.m. for a 55 GeV chargino
with tanb  1 (solid) and 1.8 (dash-dotted), and for 55 Ge
dlsquarks (dotted) curves.

peak in total dijet invariant mass reported by ALEP
From a parton point of view, the chargino casca
mechanism produces 6-jet and not 4-jet events. Howe
when the chargino-squark mass difference is small,
energy of each primary quark jet (q0 in x ! Sqq0) is too
low for it to be distinguished as a separate jet and
particles of the soft primary jets are associated to the h
jets of the event, producing 4-jet events. Furthermore,
ALEPH analysis procedure merged jets in order to ha
no more than 4 jets.

In order to account for a peaking of the dijet tot
mass at 109 GeV, the lighter chargino mass must
around 55 GeV. Without tree-level gaugino masses,
masses and mixings of the charginos and their produc
cross section depend only onm and tanb. The range
of m and tanb corresponding to a given chargino ma
is quite restricted: e.g., forms x6d  55 f65g GeV, tanb
ranges from 1 at the maximum allowed value ofm

(62 [34] GeV) to 1.8 [1.4] whenm  0. ( In the minimal
supersymmetric standard model such small tanb can
conflict with Higgs mass bounds; however, addition
scalars are expected in most models and this is
a generic problem.) As for production of any hea
fermion pair, the threshold dependence of the cr
section is,bs3 2 b2dy2.

The $4-jet event rate in the chargino cascade mec
nism depends also on the branching fractionb for x6 !

Sqq0. Figure 2 showsR$4, for a 55 GeV chargino and
one 53 GeVL squark, as a function ofEc.m.. m has been
fixed by the chargino mass, taking tanb  1 and 1.8;b
has been taken 0.45 and 0.50 so that in each caseR$4  2
at 133 GeV.b of this order is quite plausible. For exam
ple, if a singleL squark and three sneutrinos are lower
the mass than the chargino and their phase space d
ences can be neglected,b  1y2.

Given b, the total branching fraction forx6 ! Snl 1

Sln is s1 2 bd. Letting N4j denote the number o
$4 jet events in the chargino mass peak,N2jSl denote
the number of events with one chargino decaying
Sqq and the other toSnl or Sln, and NSlSl denote the
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number of events with both charginos decaying toSnl
or Sln, we have N4j:N2jSl :NSlSl  1:2s1 2 bdyb:s1 2

bd2yb2. The main decay mode forSl and Sn is likely
to be the two body decay to the photino:Sl ! l 1 g̃

andSn ! n 1 g̃. In the example above with only sne
trinos and a squark lighter than the chargino, the2jSl
events contain two jets, a very soft charged leptonfE ,
ms x6d 2 msSndg and Emiss , msSnd. These alternate
decay modes should be sought; possibly they can be
to exclude the chargino scenario. However, the reade
cautioned that for the moment the number of event
too small for these productions to be more than indica
of where to look. Averaging over all four LEP exper
ments gaveR  1.25 6 0.1; so, interpreting the ALEPH
events as a lucky upward fluctuation in the rate and
others as unlucky downward fluctuations, a more rea
tic value might beR  1.45. With a 58 GeV chargino
and a 55 GeV squark, this can be accommodated
b  0.35.

Now let us turn to features of events withnjets $ 4
which would be indicative of squark production: (i) dije
from direct SqSp

q production should have equal mass
(ii) the angular distribution of jet clusters should
,sin2u for squarks and1 1 cos2u for charginos; and (iii)
tagging may be possible for the gluino jet.

Gauge interactions (including their SUSY transfor
involving gauginos) conserve chirality. The absence
flavor-changing neutral currents implies that gauge in
actions of squarks are flavor diagonal to high accura
except possibly for stop scharm. Furthermore, themixing
between eigenstates of chirality for a given flavor squar
small [mmqyM2

q times cotb stanbd for charge2y3 s21y3d
squarks], except possibly for stops. Thus thedijets from
a directly produced squark pair have equal masses w
the jets are correctly reconstructed and paired.This is
a crucial point. Since the various squark flavors need
be degenerate, the dijet invariant mass spectrum ma
messy, with nearby, overlapping peaks. Nonetheless,
in this situation one has a clear signal since correct p
ing of jets leads to a vanishingdifferenceof dijet invariant
masses. Henceforth jets are always taken to be paire
the dijet mass difference is minimized.

If the squarks are decay products of charginos t
need not be identical. However, aside from stops, t
would be left-chiral so their splitting isMUL 2 MDL 
fcos2bs1 2 sin2uW dM2

Z0 1 m2
U 2 m2

DgysMUL 1 MDLd
at the SUSY breaking scale.

Spin-0 and spin-1y2 particles produced ine1e2 scat-
tering through the spin one photon orZ0 have a sin2u and
1 1 cos2u angular distribution, respectively. If the even
with total dijet mass,109 GeV were due to the decay o
directly produced squark or chargino pairs and the de
partons were perfectly reconstructed, taking these ev
alone should produce one of these angular distribution

Unfortunately, near the threshold it is difficult t
reconstruct the primary quarks and gluinos from
observed hadrons. This means the angular distribu
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and invariant mass difference of the primary squarks
charginos are poorly determined. ALEPH modeled t
distribution of dijet mass difference atEc.m.  135 GeV
resulting from two 55 GeV particles each decaying toqq
and found the peak in reconstructed dijet mass differe
to be ,15 GeV FWHM. Requiring the minimum dijet
mass difference to be less than 20 GeV only reduced
number of events expected in the standard model fr
8.6 to 7.1. Thus while the data are consistent with eq
mass squarks, this is not a very stringent test of
hypothesis. Fortunately, the situation improves asEc.m.

is increased. When the jets from chargino or squ
decay are collimated by a Lorentz boost, the ambiguity
associating observed hadrons with the correct primar
reduced. Then the invariant mass and angular distribu
of the primaries can be better determined and the cut
remove background can be tightened.

If both direct and cascade production of squarks
important and the squark and charginos are close
mass, the event properties near chargino threshold
complicated. The particles of the soft primary qua
jets in chargino decays would be associated in a mo
or-less random way with the 4 hard jets. This wou
tend to broaden the dijet invariant mass distributi
compared to direct squark pair production, although
average invariant mass of the dijet remains centered on
chargino mass, to leading approximation. The ALEP
cut minsmi 1 mjd . 10 GeV removed 5 events from th
Monte Carlo calculation of the SM prediction, but only
events from the data. This may be a hint of chargi
cascade, because when the particles of the very
primary quark jets are associated with the 4 hard jets,
invariant mass of the resultant jets increases.

Squarks are pair produced in approximate flavor eig
states so thatSqSp

q events should contain 2 gluino jet
and 2 jets of the same flavor, e.g.,b and b or c and c.
There will often be additional gluon jets since with typ
cal jet definitions (e.g.,ycut  0.01d, 40% of the hadronic
Z0 decays have$3-jet final states. The hadronization o
gluino jets will nearly always produce anR0 [2] which
ultimately decays to a photino which escapes.R0 tagging
may allow confirmation of theSqSp

q origin of an excess of
$4-jet events. TheR0’s decay to a photino and a sma
number of pions [1]. The photino typically has a mome
tum transverse to theR0 direction of,0.4 0.8 GeV [1],
depending on the relative mass ofR0 and g̃. The aver-
age momentum fractionxR of an R0 with respect to its
jet can be determined in a Monte Carlo or other model
jet fragmentation, or taken by analogy from, say, cha
fragmentation. If the lifetime of theR0 is short compared
to the transit time of the calorimeter and its decay is tw
body, the photino momentum along the jet ranges up
xRMsqy2. On the other hand, if theR0 lifetime were long
enough that it loses it kinetic energy in the calorimeter b
fore decaying, the momentum carried away by the phot
would be small, and distinguishing a gluino jet from
gluon jet would be difficult.
4117
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As can be seen from Fig. 2, with improved statist
and higher energy, LEP measurement ofR$4 will provide
a powerful tool to support or exclude the hypothe
that squarks are being produced. The threshold beha
clearly distinguishes cascade and direct production.
threshold for chargino production is well defined and
chargino mass inferred from it should agree with the p
in “dijet” (really, $3-jet cluster) mass.

If a chargino with mass less thanmW is eventually
excluded, SUSY breaking which does not produce tr
level gaugino masses will be ruled out unlessm is much
larger than has been considered plausible up to now
If, on the other hand, a chargino is found below theW ,
the search for squarks in$4-jet events should be pursue
at higher energy. The range of LEP can be exten
somewhat by allowing one member of the squark pai
be off shell. Then only one pair of jets will reconstruct
a definite invariant mass.

At a hadron collider the background to the multijet s
nal is more severe. Chargino pair production is param
rically smaller than squark pair production by a factor
,awyas. (See [11] for a discussion of associated squa
gluino production.) With good resolution, a peak sho
be found in the mass difference of dijet pairs, and the
vor one jet of each pair should be the same. At a cos
a factor ofQ2

sqaemy 4
3 as , 100 in rate, one could trigge

on events in which a squark decays to quark and phot
This produces events with missing energy, 1 dijet an
or more additional jets.

Although cascade production via charginos would
count for only a fraction of squark production in hadr
collisions, such events might be more readily identifi
If there is a 55 GeV chargino, the tree-level mass of
heavier charginosx6

2 d falls in the range 99–117 GeV, de
pending onm and tanb. Important final states in its deca
are W6 1 x0, g 1 x

6
1 , Sqq, Sln, and Snl. Z0 1 x

6
1

is not kinematically allowed becausemsx6
2 d 2 msx6

1 d ,

msZ0d. Thus this scenario predicts events withW or g,
but notZ0, recoiling against “dijet” (actually$3-jet) clus-
ters with an invariant mass peak at the mass of the hea
chargino, at a level possibly observable at the Tevat
Events with other striking combinations of chargino d
cay products are also predicted [10].

In e2p collisions a produced squark is 4–8 times
likely to be au squark as ad squark depending on thex
regime of the collision: a factor of 4 from the quark char
squared and a factor of1 2 from the relative probability
that the initial parton is au vs d quark. Ignoring therefore
the production ofd squarks, the probability that squa
production leads to a prompt photino is 4%. Half the tim
the photino is associated with a dijet which reconstru
to MUL or MUR; the other half of the time the 2 jet
accompanying it have no particular relation as one ca
from the decaying squark and the other was the prim
gluino associated with the squark production.

To recapitulate, the signatures of squarks and charg
have been discussed when SUSY breaking does
4118
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produce tree-level gaugino masses or scalar trilin
couplings. In this case a chargino must be lighter th
the W and the gluino is light and hadronizes.,99%
of pair-produced squarks produce events with 4 or m
jets and little missing energy. If anL squark is lighter
than the chargino, a primary decay of the chargino
squark1 quark and chargino signatures relying on t
decayx6 ! x0ff

0 are diminished in utility. Emphasis
was placed on features of events with 4 or more j
which are characteristic ofSqSp

q production or of chargino
production and decay to squarks. Properties of glui
containing jets which could be helpful in discriminatin
them from quark or gluon jets are discussed. The ene
dependence of events with 4 or more jets is a powerful t
to establish the existence of a signal and to discrimin
between cascade and direct squark production.

The excess of 4-jet events reported recently by ALEP
if confirmed by other experiments and higher statisti
could be circumstantial evidence that at least oneL
squark or stop has a mass&55 GeV and decays to quar
and hadronizing gluino. The number of 4-jet events
the total-dijet-mass peak at 109 GeV is consistent w
direct production of two generations ofL squarks with
mass 55 GeV, or production of a 55 GeV chargino wh
decays to a squark and quark. In the latter case, ev
with a pair of jets and decay products of sneutrin
or sleptons are expected, and the mass of the hea
chargino would be in the range 99–117 GeV. High
energy running at LEP will easily exclude or confir
these possibilities.

A careful study of 4-jet events should be a stand
part of squark search techniques until a light, hadroniz
gluino has been excluded.

I have benefited from discussing these matt
with L. Clavelli, J. Conway, P. Janot, S. Lammel, a
R. Rattazzi. This research was supported in part
NSF-PHY-94-23002.
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