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Constraints on light gluinos from Fermilab Tevatron dijet data

JoAnne L. Hewett and Thomas G. Rizzo
Stanford Linear Accelerator Center, Stanford, California 94309

Michael A. Doncheski
Ottawa Carleton Institute for Physics, Carleton University, Ottawa, Canada
and Department of Physics, Pennsylvania State University, Mont Alto, Pennsylvania®17327
(Received 6 June 1997

The effects of light, long-lived gluinos on-22 processes at hadron colliders are examined. Such particles
can mediate single squark resonant productiorgga: g— qg which would significantly modify the dijet data
sample. We find that squark masses in the range<li3g<694,595,573 GeV are excluded for gluino masses
of 0.4,1.3,5.0 GeV from existing UA2 and Fermilab Tevatron data on dijet bump searches and angular
distributions. Run Il of the Tevatron has the capability of excluding this scenario for squark masses1p to
TeV. [S0556-282197)02021-3

PACS numbegps): 13.85.Rm, 12.60.Jv, 14.80.Ly

Supersymmetry is a compelling candidate for physics bemost noticeable consequence of this model is that the stan-
yond the standard modéSM) and has engrossed both the dard signals for gluino and squark production are modified in
theoretical and experimental communities. Most of the attenthe presence of light gluinos. The bounds on the gluino mass,
tion has been focused on the minimal version of supersymig>144—224 GeV from the Fermilab Tevatr¢6] (with
metry (MSSM); however, many other incarnations of super-the range being due to the assumed relative sizes of the
symmetry could exist. In most cases these nonminima$quark and gluino massesare invalidated in this case as
models can significantly alter supersymmetric phenomenolthey depend on the fact that tigeis short lived and decays
ogy and the associated search strategies, and hence all covith the characteristic missing energy signature. Thus to be
sequences of such models must be examined before regiolght, gluinos must be long lived and appear to hadronize as
of supersymmetric parameter space can be positively exets. Since they are unable to appear as free particles, light
cluded. Here, we examine one such nonminimal case: thgluinos will indeed form hadrons, with the bound states hav-
light gluino scenario. In some models it is natufal] for  ing longer lifetimes, and fragment in such a way as to mimic
gluinos to be much lighter than, e.g., squarks, if they acquirgets in a high-energy detect¢r]. If kinematically allowed,
their masses radiatively. While several experiments presentiiie gluino hadrons will eventually decay into a final state
cast doubt on the existence of the low-mass gluino windowcontaining jetst+ )(8, wherexg is the lightest neutralino. The
(mz=<5 GeV), it has yet to be conclusively ruled ogbr  crucial ingredient for detection is then the ability of the final
verified). In fact, the experimental bounds on this possibility statexg to pass the detector's missing energy cuts, which
are surprisingly spotty and controversial as evidenced by thdepends, amongst other things, on how theadron frag-
continual debate in the literatuf@]. It is thus imperative to  ments. It has been estimatggl that formg=5 GeV theg
examine all implications of this hypothesis in order to quellwould have been detected at UA1. However, as the gluino
this dispute. In this work, we investigate an additional datamass decreases, the missing energy signal disappears alto-
sample which provides strong constraints on the light gluinggether. Standard squark searches are also nullified in this
scenario, namely 22 processes at high-energy hadron col-model as now the primary decay &%—qg, which again,
liders. escapes searches based on missing energy. In this case, the

The window for a very light gluino was pointed ol8]  squark mass bounds are reducedntg>M/2, with the
many years ago and its effects have since been analyzed imgass constraint being extended to 50—60 GeV from preci-
variety of processes. A resurgence of interest in this scenarigsion electroweak measurements at SLC and I[EP We
surfaced with the relatively recent observatiph that an  expect LEP Il to strengthen the squark mass bound to
apparent discrepancy between the value oineasured from =80-85 GeV.
jet production at SLAC Large Detect¢SLD) and CERN We now discuss the results from a variety of light gluino
e"e” collider LEP and that discerned from low-energy datasearches. At present, the least controversial bound on light
is resolved by the slower running ofs in the presence of gluinos is from a search by CUSRO] for radiativeY de-
light gluinos. However, recent compilatioi§] of various cays into bound states of gluinos. They exclude the mass
determinations ofag no longer show evidence of such a range ~1.5-3.5 GeV(regardless of the gluino lifetime
discrepancy, within the errors, but also claim that the preciwhere the lower limit is approximate due to questi¢hg]
sion of each individual measurement is such that any anomaoncerning the validity of perturbative QCD in this regime.
lous effect up to the~5% level may not be perceived. The ARGUS[12] looked for secondary vertices from,—ggg

with a subsequent decay of the gluino bound states and con-
strained a small region in the gluino-mass—lifetime param-
*Present address. eter space; these results, however, also sliffefrom per-
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turbative QCD uncertainties as well as those fromthree-jet final states once the squark decays, have not been
fragmentation effects. Beam dump experimefit8] have included. The mass of the light gluino has also been ne-
looked for secondary vertices from the decaygohadrons glected in the evaluation of the subprocess cross sections as
and appear to disfavor light gluinos for restricted regions ofthe results should not be sensitiverty at the energy scales
the gluino lifetime, but these results depend (Onassump-  considered here. The parton distributiof®Ds [18] of

tions on the production cross sections of the gluino hadrons}iickl and Vogt have been used for;=<1.5 GeV and those

(ii) the value of the squark mag§j) the interactions of the ot Roperts and Stirling fomg=5 GeV. These values of the
lightest color-singlet supersymmetric partigle with the de-  g1uino mass avoid all of the experimental constraints detailed
tector, and(iv) g fragmentation effects and decay models. ajoye. The change in the evolutionaf has been taken into
Searches for new neutral particles at Fermilab exclud®  5ccount by fixinge(M) to the world average valle] and
2<mg<4 GeV forg lifetimes in excess of 10" s. Jetan-  yhan rynning it to the relevant scale using the appropriate

g.ul.ar distributions of decays of th& into four jets and pre- two-loop B functions. We note that the three-loop light 8
cision measurements of the QCD structure constants functions have only recently been determired].

and T have been shown to be particularly sensitive to the In principle there is an ambiguity associated with a hea:

existence of light gluino§15], but critically depend16] on principle the guity vy

currently uncalculated higher-order QCD corrections an arton in the initial state that subsequently appears also in
he final state, such as the gluino in the present calculation.

hence no firm conclusions can presently be drawn. Zhe hi . f the treat t of the alui ind
boson can decay into two gluinos, however the branchin IS arses lrom the treaiment of the gluind as an indepen-

fraction is small[17] (B~0.06%), and would be hidden dent initial-stage parton or as one that_ is ge_nerated by an
underneath ordinary QCD events. The detection of light gluiNitial-state gluon which splits into a gluino pair. Stated an-
nos at the DESYep collider HERA, through their effect on Other way, in addition to theg—qg process where thg is
deep-inelastic structure functiofs8] or via their production ~associated with a PD, there is also the prooggs-ggq
in the 3+1 jet photoproduction cross sectiph9], have also where the initialg splits to &3 one of which scatters with the
been shown to be difficult. g. This situation has been addressed in the literature for the
In this study, we examine the effects of light, long-lived case of heavy quarks, such asor b, and the treatment
gluinos on dijet production in hadronic collisions. One would applied there should be applicable here as W28]. The
expect the influence of ligh§ ’s to be large in such pro- result of these considerations is that in the limit where the
cesses since they contribute at leading order in pe_rturbatiog‘ca|e#2= p%(MZ) is far greater thamn%, as is the case in
theory. It has been show20], however, that competing ef- {he present analysis due to the cuts we apply, the treatment

fects tend to suppress their impact on the single-jet inclusivgy e g as an independent initial-state parton described by a

Er spectrum. Nonetheless, we find that the influence of resopy hrovides a very accurate result for the cross section

nant squark production ”OT“ the subprqqe;sgaq—f_qg which improves as the above condition is better and better
should not be neglected as it greatly modifies the dijet MAasg tisfied

spectrum and places_ strong _constraints on the light gluino In evaluating the squark resonance contribution to the
window. Our conclusions avoid some of the aforementioned : . L
difficulties in constraining this scenario, as nonperturbativecro.SS gectlor), we have used the narrow V.V'dth _appro?qma.non,
QCD effects are negligible at the energies considered her\é{hICh is valid fqu/mSO.l and he”"‘? |s.reI|abIe in this
and our results are insensitive to a logdifetime. The es- case. We have mc_luded a 1_0% contrlbutlo_n to the squark
sential ingredients of this model for our analysis &jethe ~ Width ~for potential nondijet decays, ie.lI'g=11
evolution of a is modified by the inclusion of light gluinos <T'(d—0dg). This is conservative as dijet decays will be by
in the QCD g function, (ii) long-lived gluinos in the final far the dominant mode. The 10% figure should cover the
state hadronize as jets, afiil) light gluinos contribute a additional weak decayg— qyx}_, andg— gy ,, whichever
non-negligible partonic content of the proton. This intro- are kinematically allowed, as they are expected to have small
duces several new-22 parton scattering processes, as wellbranching fractions of ordes1-2 % each and hence are
as modifying the Altarelli-Parisi evolution of the parton den- suppressed compared to the dijet mode. However, QCD cor-
sities. Global fits of structure functions which include a light rections to the squark decay width are laft@d], and may
gluino distribution have been performgtB], and it has been  modify our estimate of the nondijet decay fraction. If we
found that the next-to-leading-ordéNLO) g parton distri-  alternatively assume an arbitrary value for this quantity in
butions are roughly threéive) times larger than that of the the 0—30 % range the resulting limits that we have obtained
strange quark at largésmal) x for very light gluinos,mgz  below are only modified by a few GeV at either end of the
=1.5 GeV, and carry-5% of the proton’s momentum frac- allowed ranges. We note that monojet signals from squark
tion at largeQ? for mg=5 GeV. production in this scenario have been previously analyzed
We now proceed with our calculations. A2 subpro-  [25]. We have also assumed that there are five degenerate
cesses have been evaluated; they naturally fall into three cadquarks, with equal masses for the left- and right-handed
egories, (i) those of the SM,qg—qg, 9qg—qq,gg, states. Our results are not dependent on this assumption,
gg—qg, andgg—qq,gg, (i) all SM initiated 2-2 pro-  however, as the contribution of each squark flavor to the
cesses with final-state gluinos,q,gg—gg, and (iii) all resonance peak is weighted by the corresponding quark’s
gluino-initiated  processes qg—qg, dgg—gg, and parton density. Hence this supposition does not simply result
'99—009,9 9. Note that resonant squark production appearsn an overall multiplicative factor to the cross section. In
in the latter set. Higher-order—23 processes, including the fact, the charm and bottom squarks have essentially negli-
new reactions[21] which produceq+jet and thus yield gible contributions to the resonance peak.
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FIG. 1. The(a) dijet invariant mass an¢b) single-jet inclusive
p distributions for the 2-2 processes described in the text for the ]
two casesng=300 and 500 GeV. The gluino mass is taken to be 3
0.4, 1.3, and 5.0 GeV corresponding to the dotted, dashed, and solid . ]
curves, respectively. @ E
b
Experimentally, the dijet system consists of the two jets E
with the highest transverse momentum in the event. In all ]
cases, except where noted, we apply the cuts used by the
Collider Detector at FermilaCDF) Collaboration[26] in

their dijet analyses. This corresponds FB(,->20 GeV, 00 a0 6w 8
|7.4<2, where 7, , are the pseudorapidities of the two m, (GeV)

leading jets, ?‘”dcos”*|§2/31 with ¢ being the parton- FIG. 2. Comparison of the single-squark production cross sec-
parton scattering angle in the center-of-mass frame. Followg,, i the dijet channel as a function of the squark mass with
ing CDF, we evaluate these processes at the gcalpr. In mz=0.4, 0.7, 1.1, 1.3, and 5.0 Gelgtraight curves, dotted, dashed,
Fig. 1 we display the dijet invariant mass and single-jet in-gaq_gotted, square-dotted, and solid from top to bottom, respec-
clusive pr distributions for the cases ofiz=300 and 500 tvely) with the upper bound for the production of new dijet mass
GeV, takingmg=0.4, 1.3, and 5 GeV corresponding to the resonances frorte) UA2 at 90% C.L.,(b) CDF, and(c) DO at 95%
dotted, dashed, and solid curves, respectively. In the case ofL. (dotted curves
the py distributions, we assumey; J<0.5, u=p+/2, and no
angular cuts are applied. We see that the resonance pealsth(b) CDF[26] and(c) DO [28] at the 95% C.L. In the DO
stand out for all values of the gluino mass. Note the degraease the applied cuts are somewhat different than those em-
dation of the cross section as themass increases. ployed by CDF:|5;4<1 and|n;— 7,|/<1.6. We see that
We now evaluate the dijet resonance cross section anihe three experiments combine to exclude substantial regions
compare it to searches for dijet mass peaks from the singlef the light gluino parameter space. The ranges of the squark
production of new particles performed by hadron collidermasses which are ruled out for each valuemgf are sum-
experiments[26—28. Figure 2 presents the single-squark marized in Table I. We do not expect the bounds to drasti-
production cross section in the dijet channel as a function otally improve asng —0 as the squark resonance cross sec-
the squark mass for various valuesnog. Also displayed in tion is not appreciably changing as the gluino mass decreases
the figure(dotted curvgis the upper limit on the production (oncemg=1.5 Ge\j as shown in Fig. 2. A short analysis
of dijet resonances dg) UA2 [27] at 90% C.L., as well as shows that the cross section for massless gluinos is approxi-
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FIG. 3. The ratioN,=(da/dx|5)/(do/dx|sw) as a function of > )
x with gluino masses of 0.4, 1.3, and 5 GeV, corresponding to the FIG. 4. x* distributions as a function of the squark mass follow-

dotted, dashed, and solid curves, respectively. The dijet invariarif‘g the analysis described in the text, assuming gluino mass@s of

mass bins and assumed squark masses are as labeled. 0.4 GeV,(b) 1.3 GeV, and(c) 5 C_;eV. The dotted horizontal line
represents the 95% C.L. bound in each case.

mately 1.3(1.6) times larger than that for the case i

=0.4 GeV at low(high) dijet invariant masses. at the Tevatrori26,28. Ordinary QCD processes have large
Dijet angular distributions are a well-known test of QCD t- and u-channel poles and are thus peaked in the forward

and probe of new physics and have recently been measurefirection, whereas, resonant squark production in the light

gluino model will have a flat distribution due to the spin-0

TABLE I. The squark mass regions in GeV excluded by thenatyre of the squark. A convenient angular variable to use is

searches for dijet resonances by the U2 90% C.L)., CDF and XEEXDQ " 772|)_ For the case of-22 parton scattering, this

DO (at 95% C.L) Collaborations for an assumed gluino mass. is related to the center-of-mass scattering angleyag 1

+|cos#*|)/(1—|cos#*|). x=1 then corresponds to c@s

Mg mg (UA2) mg (CDR mg (BO) =90°. As is well known[29], the advantage of thg vari-
0.4-1.3 130 to 195-220 220-475 310-590 able is that it removes the apparent singularities associated
5.0 130-170 240-455 320—460 With the t- and u-channel poles present in QCD. Thus

da/dy shows greater sensitivity to new physics which does
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not possess such poles than ddedd cos#*. do/dy also  five peaks which are associated with the five mass bins used
has the additional advantage that in its normalized feasy by CDF and are due to the fact that the greatest sensitivity to
we will use it herg it is quite insensitive to NLO corrections a squark resonance occurs when it coincides in mass with the
as is emphasized in the CDF analyg2$]. In particular, in  lower end of a given bin, i.e., when the squark cross section
their Fig. 1 they directly compare the LO and NLO expecta-is maximum. To be more specific, whem is light (<241
tions for this normalized distribution in various dijet mass GeV) and outside the dijet mass region examined by CDF,
bins. To show the influence of the production of squark resothe y? is small but increases as the squark mass gets closer to
nances on this distribution we display in Fig. 3 the ratio ofthe edge of lowest mass bin and then peaks once the bin is
do/dy calculated in the light gluino model to that of the SM, entered. The sensitivity then decreasesgsapproaches the
e, N, =(do/dx|g)/(do/dx|sw), for three dijet invariant high end of the mass bin. As the valuerof rises there is a
mass bingas chosen by CDE26]) assuming & resonance  general loss in sensitivity due to decrease in statistics and the
lies within each bln.. In calculatln.g .the SM distributions, we corresponding increase in the size of the errors.
employe(_j.the Martin-Roberts-Stirling set AMRSA') par- . This analysis excludes at the 95% C.L. thrg; ranges

ton densitie$30]. In all cases, we see that squark production 51-694, 166-595, and 172573 GeV figs=0.4, 1.3, and

leads to an enhancement in the distribution at low values o GeV, respectively. It thus both extends and complements

x compared to the SM. This would result in an increase in . : -
the dijet rate near 90°. Comparison with the correspondin he constraints obtained from the dijet peak searches. Here,
e might expect improvements on these constraints for

figures presented by COR6] shows that this rise ido/dy ~.0 due to the increased enhancementip at y=0

woul il rvable so that squarks with the m {3‘9’ . .
ould be easily observable so that squarks € mass astly, as a test of possible scale dependence and/or the in-

chosen here could be excluded. f f NLO tributi h ted th i
We now make this procedure more rigorous in order to uence of contrioutions, we have répeate € entire
R, analysis now assuming that=M instead ofu=p;. We

determine if the angular distributions can extend the ex—f. Xd that th e . . 60
cluded regions listed in Table I. Following the procedure In at the exclusion regions are now given Y160

: _ 605598,565 GeV for mz=0.4(1.3,5) GeV, respectively.
uj;%% (ZC_: ?j )[(2<623')W\?vh?cmpiIS);hg]?aggrg‘blg?e(?u?nﬁé)r( of This shows thgt our resuglJts are not very scale dependent and
dijet events in the t;NO ranges of for the five mass bins are not sensitive to NLO contnbunons as we expected.
241<M ; <300, 300<ij<400” 400<M <517, 517 Combining these results with the bound§ from the reso-
<y <bas,an 625, Gev. As emphasize i the CDE 191°2 Seaches exouces stk masses i he ange 12
analysis[26], this variable has the advantages that it is not""a e h gluin dth A d I.
very sensitive to variations in the parton densities, to the In summary, we have examined the constraints on models

choice of renormalization scale.g.,.u= pr versusM ;). or with light gluinos by using both the cross section and angular

to next-to-leading-order QCD corrections, and that it characdistribution for dijet events observed at hadron colliders. The

terizes the shape of the angular distribution in a mass biﬁg:faér?gﬁte Qﬁﬂgn :z:gsiﬁuléglzg%liﬂn(t)ocf;]r;?g;gﬁ;}faigodnlﬁ_
with a single number. This is explicitly demonstrated by the P P 9 P

CDF results shown in Fig. 2 of their papg26]. We have tion ag—q—qg, provided theq is sufficiently light. From

. f ; our analysis, it would appear that the survival of the light
incorporated the systematic errors, as determined by CDF, a3 ino case requires either a lightin the ~70—130 GeV

well as the statistical errors in our analysis. The systemati po .
errors are highly correlated, and we have reconstructed thré;r;ﬁe' (?]r a heavy Vg'ﬂ ma?£600—”70fOtr§3e_\r/ . Frtom studies
full covariance matrix according to the prescription in Ref, 0! 1N€ PNYSICS capabilities at run 1l ol the | eva 81, we

; : : anticipate that this future data will be able to exclude or
[26]. We then calculateR(y) in each Mj; bin with mg

=0.4, 1.3, and 5 GeV for squark masses in the range 160!erify this model for squark masses up tdl TeV. High-

800 GeV, and perform a fit to the CDF results using theirSNer9Y hadrqn coIIide_rs may thus provide the best testing
data and correlation matrix. Following the uswél analysis ground for this scenario.

procedure, we find the minimum value gf for a given We thank both J. Stirling and A. Vogt for forwarding their
value ofmg and then determine the excluded rangengfby ~ numerical codes for the gluino parton densities, as well as R.
examining they? distribution as a function of the squark Harris and |. Bertram for discussions on the CDF and DO
mass. For definiteness we perform a LO calculation takinglijet data sample and providing us with the detailed numeri-
the scalew=py. Our results are presented in Fig. 4 for eachcal results from their respective experiments. This work was
assumed value of the gluino mass. Note thatjtheninima  supported by the Department of Energy, Contract No. DE-
are generally found in the limit of very large squark massesAC03-76SF00515 and the Natural Sciences and Engineering
In all cases the? distributions display a similar shape with Council of Canada.
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