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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 and
gluinos. Instead, squark pair production leads to events mithjets. If a chargino can decay to squark
and quark, missing energy is also a poor signature for the chargino. Properties of 4-jet events originating
from squarks and charginos are discussed. ALEPH's preliminary report of an excess of 4-jet events
with a peak in total dijet mass of 109 GeV (not confirmed by other experiments) is analyzed in terms
of §,5; and chargino pair production; concomitant signatures are noted. [S0031-9007(96)00085-3]

PACS numbers: 14.80.Ly, 12.60.Jv, 13.65.+i

Motivations are accumulating for believing the gluino inferior to those discussed below from t#¢ hadronic
and photino may be light. This is inevitable in certainwidth.] In principle, squarks can be reconstructed by
scenarios, such as when supersymmetry (SUSY) brealpairing jets. However, experience with — ¢g andt —
ing is transmitted to ordinary particles by the exchange obgq suggests that at a hadron collider further constraints
very heavy(~M) states, and is not due to gauge singletwill be necessary to reduce QCD background, except for
vacuum expectation values. In this case gaugino massesry large squark mass. The remainder of this paper is
and other dimension-3 SUSY-breaking operators are sumlevoted to establishing a search procedure for squarks
pressed by a facta¥/ ~' compared to squark masses andwhen their predominant decay is to two or more jets.
other dimension-2 SUSY-breaking operators. This has a Aside from having spin 0 and larger mass, squarks
number of attractive features: (i) There is no SUEP  are produced much like quarks. Pair produced squarks
problem [1]. (ii) Gluino, neutralino, and chargino massesgenerate events containing four or more jets. At an
are calculable in terms qgf, tan3, and squark and Higgs e"e™~ collider, squarks can be pair produced and, above
masses. Given constraints on these parameters, gluino aodargino pair production threshold, produced via decay
photino masses areO(1) GeV [1]. The mass ofthe light- of charginos. If anL squark (say,S,;) or the R stop
est gluino-containing hadron, the gluino-gluon bound statés lighter than the chargino, major chargino decay modes
calledR?, is ~1.3-2.2 GeV [2]. One chargino is lighter will be y* — S, d;, x™ — Sixb;, etc. Note that the
than theW, unlessu = few TeV [3]. (iii) With these best chargino mass limits rely on a missing energy
R° and photino masses, the photino relic density is natusignature; when the branching fraction to such states is
rally of the correct order of magnitude to account for thereduced by competition frony™ — S,4’, the limits on
dark matter of the Universe [4]. (iv) ThR® lifetime  chargino masses are impaired.

7(R% = (1077-107'9) (M,,/100 GeV)* sec [1] is long The best limit on squark masses prior to LEP running at
enough that it is unlikely to have been detected in exist130 GeV, if missing energy is not useful, comes from the
ing searches [2]. (v) An “extra” pseudoscalar is predicteddetermination of the hadronic width of tiﬁé’ Neglect—

in the flavor singlet meson spectrum~al > GeV;sucha ing quark massesy(ee™ — S 4Sy) = 2,830'(6 e” —
state has been observed [2,5]. The papers cited above agg) for any given flavor and chirality Production of a
references therein treat the phenomenology of light gluinotu; , ug, d; , dr)-type pair would increase the total hadronic
containing hadrons and strategies for detecting them. Hengidth of the Z° by a fraction(0.06, 0.01, 0.09,0.003)3°.

| focus on the modifications of the squark signature whichThe limit on “extra” hadronic width of th&® then limits

this scenario implies, as well as the consequent modificahe mass of squarks. If there are four or more degenerate
tions to chargino signatures if these can decay to a squarKight” squarks, their mass must be greater tham; /2.

Squarks decay dominantly v, — ¢ + g. A heavy If only a single flavor of squark is light, this limit is greatly
gluino is short lived and promptly produces a weaklyreduced, to<30 GeV for anL-chiral squark. Masses of
interacting neutralino, so that missing energy is a goodk-chiral squarks are quite unconstrained due to their weak
signature [6]. However, a light gluino hadronizes formingcoupling to theZ°. ConS|der|nge e — 8,98 + S,q8
an R°-containing jet, due to the long lifetime of tR®  and virtual corrections te*e~ — ¢g allows the degen-
(>10719 seg. When theRr° finally decays, the energy erate squark limit to be improved to 50—60 GeV [8]. An
carried by the photino is so small that missing energy isanalysis with newz? width values andv,(Q) determined
not a useful signature [7]. Existing collider limits do not assuming a light gluino is needed.
apply. [Squarks decay directly to a photino and quark Consistency between the observed top mass and num-
with a branching fraCtIOI’quaem/3 a;. Rescaling the ber of events in conventional signatures requires the mass
UA(1) and Fermilab Tevatron collider limits to account of at least one stop eigenstate to:be:, since otherwise
for this factor of 100 loss in sensitivity produces limits 1 — S, + g would be the top’s main decay mode. Lim-
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its on isospin-violating radiative corrections to precisely

measured electroweak parameters can be used to constra . C
the sbottom-stop splitting [9]. 3 .
In the recent LEP run atE., = 130-136 GeV,

ALEPH found 14 events which meet their 4-jet criteria, 55l
when 7.1 events are expected from standard model
physics and less than one 4-jet event is expected from
either hA or H"H~ production. (L. Rolandi, Joint 2
CERN Particle Physics Seminar on First Results from
LEP 1.5, 1995.) Furthermore, 8 of these 4-jet events have / ’

a total dijet mass of-109 GeV. No significant excess of
such events has been reported by other LEP experiments . , )
Approximating the statistical error associated with 7 140 160 180 200
events by++/7, the ALEPH data giveR=4 = 2.0 = 04. [, 2. R-4 as a function ofE,,, for a 55 GeV chargino
If the 7 event excess is averaged over all four LEP experiwith tang = 1 (solid) and 1.8 (dash-dotted), and for 55 GeV
ments, assuming equal sensitivity and no excess in othg#squarks (dotted) curves.
experiments,R=4 = 1.25 £ 0.1. We will see below
that such events have a natural interpretation in termpeak in total dijet invariant mass reported by ALEPH.
of squark production. The ALEPH excess may proveFrom a parton point of view, the chargino cascade
ephemeral, so the characteristics of squarks discussedechanism produces 6-jet and not 4-jet events. However,
below are applicable in any squark search. when the chargino-squark mass difference is small, the
The most striking feature of squark pair production isenergy of each primary quark jej'(in x — S,¢’) is too
the excess number of events with 4 or more jets. Definéow for it to be distinguished as a separate jet and the
the fraction of ordinary events with four or more jets, for particles of the soft primary jets are associated to the hard
a given energy and jet-finding algorithm, to lfes. In jets of the event, producing 4-jet events. Furthermore, the
ALEPH’s analysis,f=4 = 0.1. Squark pair production ALEPH analysis procedure merged jets in order to have
can be a small fraction of the total e~ cross section no more than 4 jets.
and yet make a large perturbation on the number of 4- In order to account for a peaking of the dijet total
jet events becauspg-4 is small. The ratio, denotel~4, mass at 109 GeV, the lighter chargino mass must be
of the actual number ofij; = 4 events to the number around 55 GeV. Without tree-level gaugino masses, the
expected in the standard model is shown in Fig. 1 fomasses and mixings of the charginos and their production
the illustrative case (called dIs) of degeneratel,s,c  cross section depend only gm and ta. The range
squarks, as a function of their mass, fBr= 133 and of w and tar8 corresponding to a given chargino mass
190 GeV. A LEP measurement at-4 = 1.25-2.4 s quite restricted: e.qg., fon( y*) = 55 [65] GeV, tarB
at E..,, = 133 GeV implies in the dIs case a common ranges from 1 at the maximum allowed value gqf
squark mass in the range 54—62 GeV. This is consister{62 [34] GeV) to 1.8 [1.4] wher = 0. (In the minimal
with the 109 GeV peak in the total dijet mass distributionsupersymmetric standard model such smallgtacan
reported by ALEPH. The dotted curve in Fig. 2 showsconflict with Higgs mass bounds; however, additional
the energy dependence Bf, for 55 GeV dlIs squarks. scalars are expected in most models and this is not
An ~55 GeV chargino and slightly lighter squark can a generic problem.) As for production of any heavy
also account for the rate of excess 4-jet events and thiermion pair, the threshold dependence of the cross
section is~B(3 — B2)/2.
~ The =4-jet event rate in the chargino cascade mecha-
3.50 > - nism depends also on the branching fractlofor y= —
~ S,q'. Figure 2 showsR=4, for a 55 GeV chargino and
3 ~ one 53 GeVL squark, as a function df. ,,. « has been
~ fixed by the chargino mass, taking far= 1 and 1.8;b
has been taken 0.45 and 0.50 so that in eachRase= 2
~ at 133 GeV. b of this order is quite plausible. For exam-
~ ple, if a singleL squark and three sneutrinos are lower in
~ the mass than the chargino and their phase space differ-
ences can be neglectdd= 1/2.
. . . Given b, the total branching fraction foy ™= — S,/ +
50 55 60 65 70 75 80 Siv is (1 — b). Letting Ns; denote the number of
FIG. 1. R-, for degenerates,d,s,c squarks as a function =4 jet events in the Char.glno mass pe%ﬁl denqte
of their mass in GeV. Solid (dashed) curve is B¢, = the number of events with one chargino decaying to
133 (190) GeV. Sqq and the other taS,/ or S;», and Ng;5; denote the
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number of events with both charginos decayingStd  and invariant mass difference of the primary squarks or
or S;v, we haveNy;:Nyjsi:Ngs; = 1:2(1 — b)/b:(1 — charginos are poorly determined. ALEPH modeled the
b)?/b*. The main decay mode faf; and S, is likely distribution of dijet mass difference &, = 135 GeV
to be the two body decay to the photin§; — / + ¥  resulting from two 55 GeV particles each decaying;ip
andS, — v + %. Inthe example above with only sneu- and found the peak in reconstructed dijet mass difference
trinos and a squark lighter than the chargino, )&l  to be ~15 GeV FWHM. Requiring the minimum dijet
events contain two jets, a very soft charged leditBn~  mass difference to be less than 20 GeV only reduced the
m(x*) — m(S,)] and En;ss ~ m(S,). These alternate number of events expected in the standard model from
decay modes should be sought; possibly they can be us&d6 to 7.1. Thus while the data are consistent with equal
to exclude the chargino scenario. However, the reader isiass squarks, this is not a very stringent test of the
cautioned that for the moment the number of events isiypothesis. Fortunately, the situation improvesriag,.
too small for these productions to be more than indicativés increased. When the jets from chargino or squark
of where to look. Averaging over all four LEP experi- decay are collimated by a Lorentz boost, the ambiguity of
ments gaveR = 1.25 = 0.1; so, interpreting the ALEPH associating observed hadrons with the correct primary is
events as a lucky upward fluctuation in the rate and theeduced. Then the invariant mass and angular distribution
others as unlucky downward fluctuations, a more realisef the primaries can be better determined and the cuts to
tic value might ber = 1.45. With a 58 GeV chargino remove background can be tightened.
and a 55 GeV squark, this can be accommodated with If both direct and cascade production of squarks are
b = 0.35. important and the squark and charginos are close in
Now let us turn to features of events with = 4 mass, the event properties near chargino threshold are
which would be indicative of squark production: (i) dijets complicated. The particles of the soft primary quark
from direct S,S; production should have equal masses;jets in chargino decays would be associated in a more-
(iiy the angular distribution of jet clusters should be or-less random way with the 4 hard jets. This would
~sin?6 for squarks and + cosé for charginos; and (i) tend to broaden the dijet invariant mass distribution
tagging may be possible for the gluino jet. compared to direct squark pair production, although the
Gauge interactions (including their SUSY transformsaverage invariant mass of the dijet remains centered on the
involving gauginos) conserve chirality. The absence ofthargino mass, to leading approximation. The ALEPH
flavor-changing neutral currents implies that gauge intereut min(m; + m;) > 10 GeV removed 5 events from the
actions of squarks are flavor diagonal to high accuracyiMionte Carlo calculation of the SM prediction, but only 2
except possibly for stop scharm. Furthermore,rttieing  events from the data. This may be a hint of chargino
between eigenstates of chirality for a given flavor squark icascade, because when the particles of the very soft
small Lumq/Mg times copB (tanB) for charge2/3 (—1/3)  primary quark jets are associated with the 4 hard jets, the
squarks], except possibly for stops. Thus tiets from  invariant mass of the resultant jets increases.
a directly produced squark pair have equal masses when Squarks are pair produced in approximate flavor eigen-
the jets are correctly reconstructed and pairedThis is  states so thaf,S; events should contain 2 gluino jets
a crucial point. Since the various squark flavors need naand 2 jets of the same flavor, e.g.,and b or ¢ andc.
be degenerate, the dijet invariant mass spectrum may behere will often be additional gluon jets since with typi-
messy, with nearby, overlapping peaks. Nonetheless, evearal jet definitions (e.g.ycoc = 0.01), 40% of the hadronic
in this situation one has a clear signal since correct pairZ® decays have=3-jet final states. The hadronization of
ing of jets leads to a vanishirdjfferenceof dijet invariant  gluino jets will nearly always produce aR’ [2] which
masses. Henceforth jets are always taken to be paired sdtimately decays to a photino which escap&. tagging
the dijet mass difference is minimized. may allow confirmation of the,,S; origin of an excess of
If the squarks are decay products of charginos they=4-jet events. TheR”’s decay to a photino and a small
need not be identical. However, aside from stops, thepumber of pions [1]. The photino typically has a momen-

would be left-chiral so their splitting i34y, — Mpy = tum transverse to the® direction of ~0.4-0.8 GeV [1],
[coxB(1 — sinZHW)Méo + m¥y — mpl/(My. + Mpy) depending on the relative mass B and y. The aver-
at the SUSY breaking scale. age momentum fractiony of an R® with respect to its

Spin-0 and spin/2 particles produced ir*e~ scat- jet can be determined in a Monte Carlo or other model of
tering through the spin one photon#! have a sifd and  jet fragmentation, or taken by analogy from, say, charm
1 + cog6 angular distribution, respectively. If the events fragmentation. If the lifetime of th&° is short compared
with total dijet mass~109 GeV were due to the decay of to the transit time of the calorimeter and its decay is two
directly produced squark or chargino pairs and the decapody, the photino momentum along the jet ranges up to
partons were perfectly reconstructed, taking these eventsM,,/2. On the other hand, if thg? lifetime were long
alone should produce one of these angular distributions. enough that it loses it kinetic energy in the calorimeter be-

Unfortunately, near the threshold it is difficult to fore decaying, the momentum carried away by the photino
reconstruct the primary quarks and gluinos from thewould be small, and distinguishing a gluino jet from a
observed hadrons. This means the angular distributiogluon jet would be difficult.
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As can be seen from Fig. 2, with improved statisticsproduce tree-level gaugino masses or scalar trilinear
and higher energy, LEP measuremenRef, will provide  couplings. In this case a chargino must be lighter than
a powerful tool to support or exclude the hypothesisthe W and the gluino is light and hadronizes=-99%
that squarks are being produced. The threshold behaviaf pair-produced squarks produce events with 4 or more
clearly distinguishes cascade and direct production. Thgets and little missing energy. If ah squark is lighter
threshold for chargino production is well defined and thethan the chargino, a primary decay of the chargino is
chargino mass inferred from it should agree with the pealsquark+ quark and chargino signatures relying on the
in “dijet” (really, =3-jet cluster) mass. decayy®™ — x°ff are diminished in utility. Emphasis

If a chargino with mass less thamy is eventually was placed on features of events with 4 or more jets
excluded, SUSY breaking which does not produce treewhich are characteristic df, S, production or of chargino
level gaugino masses will be ruled out unlgsss much  production and decay to squarks. Properties of gluino-
larger than has been considered plausible up to now [3kontaining jets which could be helpful in discriminating
If, on the other hand, a chargino is found below tie  them from quark or gluon jets are discussed. The energy
the search for squarks |4-jet events should be pursued dependence of events with 4 or more jets is a powerful tool
at higher energy. The range of LEP can be extendetb establish the existence of a signal and to discriminate
somewhat by allowing one member of the squark pair tdetween cascade and direct squark production.
be off shell. Then only one pair of jets will reconstructto  The excess of 4-jet events reported recently by ALEPH,
a definite invariant mass. if confirmed by other experiments and higher statistics,

At a hadron collider the background to the multijet sig-could be circumstantial evidence that at least dhe
nal is more severe. Chargino pair production is parametsquark or stop has a masss5 GeV and decays to quark
rically smaller than squark pair production by a factor ofand hadronizing gluino. The number of 4-jet events in
~a,,/a;. (See [11] for a discussion of associated squarkthe total-dijet-mass peak at 109 GeV is consistent with
gluino production.) With good resolution, a peak shoulddirect production of two generations @f squarks with
be found in the mass difference of dijet pairs, and the flamass 55 GeV, or production of a 55 GeV chargino which
vor one jet of eachpair should be the same. At a cost oflecays to a squark and quark. In the latter case, events
a factor onEqaem/gaS ~ 100 in rate, one could trigger with a pair of jets and decay products of sneutrinos
on events in which a squark decays to quark and photin@r sleptons are expected, and the mass of the heavier
This produces events with missing energy, 1 dijet and khargino would be in the range 99-117 GeV. Higher
or more additional jets. energy running at LEP will easily exclude or confirm

Although cascade production via charginos would acthese possibilities.
count for only a fraction of squark production in hadron A careful study of 4-jet events should be a standard
collisions, such events might be more readily identifiedpart of squark search techniques until a light, hadronizing
If there is a 55 GeV chargino, the tree-level mass of theyluino has been excluded.
heavier chargingy, ) falls in the range 99-117 GeV, de- | have benefited from discussing these matters
pending onu and tarB. Important final states in its decay with L. Clavelli, J. Conway, P. Janot, S. Lammel, and
areW* + x° v + xr1, Sqq, Siv, and S, 1. Z° + X R. Rattazzi. This research was supported in part by
is not kinematically allowed because(y; ) — m(y;) < NSF-PHY-94-23002.

m(Z%). Thus this scenario predicts events withor 1,

but notZ°, recoiling against “dijet” (actually=3-jet) clus-
ters with an invariant mass peak at the mass of the heavie
chargino, at a level possibly observable at the Tevatron.
Events with other striking combinations of chargino de-
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