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We extend the analyses of Fayet, and Fayet and Tarrar, of experimental scarches for gluinos, the supersymmetric part-
ners of gluons Because of therr large production cross sections, present data appears to exclude gluino masses below 3 56

GeV/e? and may be more restrictive  Lifetime considerations

give an upper himit on scalar quark masses and on the scale of

supersymmetry breaking, and experuments sensitive to missing energy will provide mnteresting imits on the latter Since
gluinos remain very hight in many models, they will erther be detected soon or many supersymmetric theones will be cx-

cluded

1 Introduction Supersymmetric (SS) theores have
been of considerable interest for some tume, and have
recently been studied intensively [1] because they in-
corporate scalars naturally mnto the theory and may
allow progress toward solving the gauge hierarchy
problem

In SS theones conventional particles have associat-
ed particles differing by 1/2 unit of spin For each
quark and lepton there should exist a spinless partner,
with the same mass Since these are not seen, SS must
be broken If SS 1s to be of value for solving the gauge
hierarchy problem, the scale of SS breaking (Agg) may
[1] have to be of order 1 TeV When SS 1s broken, the
hght scalars will get masses from radiative corrections
The masses are expected to be of order m,,so1t1s
not surprising that the scalar partners of quarks and
leptons have not yet been observed Broken global su-
persymmetries must [2] have a Goldstone fermion.
the goldstino (G) which couples to the gluon (g) and
1ts supersymmetric partner, the gluno (g)

The gluinos have spin 1/2 and we assume they
carry the same quantum members of the gluons,1e
they are color octets Apparently 1t 1s hard to give
much mass to gluinos, so 1t s rather surprising that
they have not yet been seen Fayet, and Fayet and
Farrar, have already discussed this question [1,3] In
this paper we extend their analyses, with several new
results We dargue that existing data probably imphies
that gluino masses are larger than about 3 5—6 GeV,
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depending on Agg We suspect that existing data gives
even stronger constraints, but normally data 1s not
published 1n the form we need and will have to be re-
analyzed by the experimenters involved Achieving a
gluino mass *! that large represents a senous challenge
to SS theores that have a Agg <1 TeV

It may be useful to point out where we go beyond
the analysis of Fayet, and Fayet and Farrar (1) For
gluino masses beyond about 1 GeV we can calculate
production cross sections perturbatively Since gluinos
are color octets these cross sections are quite large, up
to twenty times those for quark pairs of sumilar mass,
and gve stringent limits It should be emphasized that
our limits are conservative, since for heavy quarks the
perturbative calculations are known to underestimate
the cross sections (2) We consider larger gluino masses,
and scales of SS breaking A < 1 TeV, where the ggG
vertex (1) dominates the gluino decay, (1) leads to

1 Guven the couphngs of a gluino, 1ts constitucnt mass then
fixcs 1ts productton cross scction Since gluinos are colored
they will be shiclded by strong color forces, most probably
forming gluinoballs with gluons or quark —antiquark pairs
These hadrons will have of order 1 GeV of constituent
mass even 1n the hmit of massless glumnos Thus the limits
on masses that go in the lagrangian should be reduced some-
what (by <1 GeV) from the numbers we give Since 1t 1s
not completely clear how to do that, we will always quotc
the mass that comes directly from analysis ot experimental
data and let the rcader make the adjustment

227



Volume 112B, number 3

larger missing energy, and (w1) leads to larger goldstino
interaction cross sections All these effects lead to bet-
ter signatures hence easier dctectabihity (3) We con-
sider new production processes which give upper linuts
on gluino masses (or lower Iimits on Agg) 1 broken
global SS theories (4) Since hifetimes of gluinos can-
not be too long upper limits on Agg or scalar quark
masses can be obtamned (5) We emphasize the kinds
of experiments needed to detect gluinos this 1s timely
because present experiments could find them For ex-
ample, 1n pp collisions at the ISR with £=1032/(¢cm?
s) and running time of 108 s, 1f the gluino mass were
25 GeV then 3 5 X 109 glumo parrs were produced,
all with detectable signatures in principle

2 Gluino couplings Since glumos are the partners
of gluons they will have the interactions shown 1n fig
la The couphing at each vertex 1s the standard QCD
coupling g*2 In addition, for a broken SS a coupling
to the goldstino 1s mtroduced asin fig 1b Gauge in-
variance requires a magnetic type coupling, s o*”
X u% Fj, where ug and uf are spinors for a
goldstino and gluino of color a, respectively, and F,‘fv
the gluon field strength The coupling strength 4 1s
fixed by supercurrent algebra 3 Indeed taking the
matrix element of the supercurrent S, between a
gluino and a gluon, including the goldstmo pole term

*2 1he gluinos are colored fermions and contnbute to the
B-function hke quarks The numerical increase n as(Q'Z)
1s small, however, and we may sately neglect it

#3 This 15 an extension to the colored states of the same argu-
ment given for photinos in ret [4] See also ref [5] and

Dincetal , ref |1}
9 g g
G
g

(a) (b)

Fig 1 Gluino couplings in supersymmetric thcories We re-
present gluons by g, gluinos by g, goldstinos by G, quarks by
q, scalar partners of quarks by ¢q, and the photino by ¥ lhe
vertices of (a) will be present 1n every supersymmetnc theory
when gluinos carry color The vertex of (b) 1s present 1n global
supersymmetric theories
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and requiring zero divergence, yields /2 = %/2/\%5
where 77 15 the gluino current algebra mass and Agg
sets the scale of SS breaking, defined by (0|S, |G)
= A2 K
= A§s1.u6

Some of our results only require the mteractions
of fig 1a, for production of glumos via gluons They
hold 1n any theory where the glumos are color octets
Inlocal SS the goldstino may become the helicity 1/2
part of a spin 3/2 state so our results involving
goldstinos may not directly hold However, since the
gluinos will have to decay (see below), essentially
equivalent results will be valid

3 Gluino hifetimes and iteractions In a sponta-
neously broken global S8, the decay of the glumno pro-
ceeds dominantly via the vertex 1n fig 1b We obtain
the hfetime

7, = (033 X 10~ 15/h2 Ag) (Ass/M2) (1 GeV/ﬁOz X
1

Since current algebra arguments yield 4 ~ %/2/\%5,
this becomes

To, & 11X 1075 (Agg/M7)*(1 GeV/at)d s Q)

If observations imply 7 >3 GeV, and Agg <1 TeV
for the cases of mnterest, then 7 <0 7 X 10-Bs 1f
¢ 1s produced with y = 20, 1t will travel typically 0 4
mm On the other hand, 1f 7 =~ 1 GeV, and Agg = 1
TeV, 1t goes 36 times further, typically 0 30 m with,
of course, some gomg over a meter Note thateq (2)
provides an 1nteresting upper limit on Agg for a given
m (see fig 2) If data excludes production of a gluno
which travels more than about 10 cm (see below), then
any theory must satisfy Agg/Ai! 5 < 1000, with Agg
and n in GeV units

If the ggG vertex 1s suppressed or absent as perhaps
could occur 1n a local SS, the gluino will decay via a
virtual scalar quark to a quark—antiquark pair and
a photino (7) (provided that the gluino 1s heavier than
the photino)

For the mode g - qq¥, the lifetime 15

- =08 X 10 S(m, /i) My/My)* s

Mg 1s the lightest scalar quark mass associated with
quark s lighterthan the gluino By comparison, the
Y'mode dominates if M, <009 Agg,1f M, =My]/2,
the photino mode domunates for Agg 2 400 GeV (see
fig 2)
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Tig 2 Fxcluded region mn the n1—Agg plane Sohd curves are
from present data Dashed curves are attainable hmits from
future cxperiments (a) Vahd if £gG vertex 1s present (b)

I rom g - q@y with subsequent yinteraction 1n a beam dump
detector Lhis curve 1s always present We have assumed My,
=Mw/2 (¢) Gives upper hmit on Agg (lower scale) or M¢q
(upper scale) from the requirement that g hifetime not be too
long (d) Upper lumt on 77 from double goldstino production
at Isabelle (e) The region below this hine would be ¢xcluded by
a failure to detect gluino production by an SPS detector with
£=102%cm? (f) The region to the left 1s excluded 1f 100
events of G + g production are not detected at Isabelle (g
Same as (f) tor FNAL collider

Thus we expect that experiments sensitive to neu-
tral hadrons that can travel centimeters or meters will
a@ve a lower limit on the gluino mass When a gluino 1s
produced 1t will be shielded to make a color singlet
hadron Most probably the gluino will bind with a
gluon, because of the octet binding forces, though
sometimes the glumno could attach to 4 color octet qq
pair The electrically neutral, color singlet, hadron will
interact like a normal hadron, with a total mteraction
probability like that of a kaon or a DO, with o, ~ few
mb As observed [1,3] by Fayet and Farrar, and as
we will reaffirm below, any objects produced with
several ub cross sections, and having such lifetimes
and nteractions, would probably have been observed

4 Gluno and goldstino production Once the small
mass range 71 < 1 GeV 1s excluded by the absence of
long-lived, electrically neutral, strongly interacting
hadrons, we can rehably use perturbative QCD to cal-
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Tg 3 Production mechanism for gluinos and goldstinos (a)
15 present 1n any theory where gluinos carry color It gives the
cross sections of fig 4 for color octet glumos (b) and (c) are
present 1n globally supersymmetric theories and give upper
limats of fig 2

culate (lower limits on) the production cross sections,
and these are very large for color octet gluinos Fur-
ther, in any theory where there 1s a ggG coupling, the
double or single direct goldstino production cross
(figs 3b, 3c) sections increase with 77 and the absence
of experimental detection of such events will give an
upper limit on 7

We show the gluino pair-production mechanisms
for pp and pp colhisions in fig 3 Fig 4 shows the
production cross section versus the gluno mass 7
for a number of beam energics Since the curves fall
rapidly, a small error in estimating the cross section

a7

l
t

10

(cm?)

Fig 4 Glumno production cross sections computed from fig
4a, including scaling violations, as parametrnzed by Baier ¢t al
nref [11] for several values of /s (1n GeV)
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limit has httle effect on the associated mass limit
Once again these are expected to be conservative
lower hmits since production of ¢ and bb 1s larger
than the perturbative prediction

It should be emphasized that the cross sections
are quite large The actual calculation includes not
only the diagram of fig 3a, but the crossed graph, the
direct gluon pole term, and the production via quarks, qq
- g gg In the region of interest the subprocess
shown 1s the largest one 1n the Feynman gauge, and to
understand the stze of the cross section we can com-
pare 1t to q§ production With generators 9 1n the
octet representation and M /2 1n the fundamental re-
presentation, we have for equal kinematics, and 1nfi-
nite energy,

o(gg>gg) __ tr FAFapbpb

e =135
o(gg>qd) tr MNMAN)16

For the actual calculation *# the glumo pair cross sec-
tion varies from 16—20 tunes the cross section for
production of a patr of quarks of the same mass

5 Rectroactive analysis of data 1t 1s obviously dif-
ficult to analyze existing experiments to sce what
limats they put on glumo masses It has even been sug-
gested that experimenters only find what they are look-
g for We will abstract from past data some estumates
on what might have been seen, our results are summariz-
ed 1n fig 2 We want to emphasize that they are only
estimates, and should not be taken as firm limits until
experimenters have analyzed their own data with a full
knowledge of backgrounds, cuts, etc Experiments in
progress can set significantly better limits than we ob-
tan if they are analyzed with glumno (or goldstino) de-
tection in mund, and experiments at SPS, ISABELLE
or FNAL can go to very high masses

(a) Small gluino masses and longer hifetimes As dis-
cussed above, 1f 77 1s of the order of 1 GeV the hfetime
18 fairly long Fayet and Farrar have already argued
that this 1s not allowed by data, and we agree The case
can be made very strong For small 772, while pertur-

#4 11 a1l calculations we have assumed that the glunos are
Dirac fermions If they are Majorana fermions there 1s an
extra factor of 1/2 in the phase space Since the cross sec-
tions are falling cxponentially with the masses of the pro-
duced gluinos this docs not atfect our final conclusions
substantially

230

PHYSICS LLTTLRS

13 May 1982

bative calculations are not reliable, the production
cross section will not be smaller than that of fig 4,
50 62 1 mb Produced gluinos will be shielded by
gluons or qq octet pairs, so an electrically neutral ha-
dron will be produced, travel a distance from rmulli-
meters to meters, and decay into an even number of
charged hadrons (often four or more hadrons) which
do not poimnt back to the production vertex There is
nussing energy because of the goldstino {or photino)
but no charged leptons The shielded gluino will inter-
act with a total cross section 1n the mb range The ex-
peniment [6] of Gustafson et al can put limts of or-
der 10 32 cm? on any neutral object produced 1n ap-
propriate regions of pt and X which goes several
meters and then interacts with a mullibarn cross section
Experiments i hyperon beams may [7] be able to put
lmits of order 10~3—10~4 times the A cross section
on objects which go 4 few meters and decay into an
even number of charged prongs which do not point
back to the production vertex In hydrogen bubble
chambers there are strong restrictions 5 on events
which would give a visible gap and an even number of
prongs (neutrons give a recoil proton and an odd num-
ber of prongs) Altogether, we thank 1t 1s convincing
that objects with the properties of light gluinos are not
groduccd with cross sections of even a few ub, so i1
22-3GeV Ifo<1/2 ub, thenm 235 GeV We as-
sume fixed target pp collisions with v/s = 28 GeV for
these numbers, they vary a little for other energies or
beams

(b) Beam dump experiments Once the mass 1s as
large as established 1n (a) above, most gluinos decay
within a few cm, and either beam dump or missing
energy detectors will be most restrictive In beam dump
experiments the goldstino will interact in the detector,
giving no charged lepton and thus candidate neutral-
current (NC) events Recent expeniments looking for
axions quote [8] an upper limit (20) 6,,, <2 X 10-67
cm? where o 1s the production cross section for the
gluno m our case and o, the interaction cross sec-
tion for the goldstino Assuming that the goldstino
interaction 1s like a charged-current neutrino interac-
tion, and an average energy of 60 GeV for the
goldstno (a typical v energy 1n such an experiment),
we find again that o < 1/2 ub or equivalently 71 2 3 5
GeV

*5 We thank B Roe and R Rau for discussions on this data
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For some ranges of 71 and Agg this result can be
considerably strengthened by further data analysis
First, 1n any theory with a ggG vertex the goldstino in-
teraction will be much larger than the v charged cross
section Indeed the goldstino can interact with protons
1n the detector by fusing with a constituent gluon,
whuch yields the rate

oG = (n/Aks) (il Agg)*xG (x, #i?)

where x = 7i%/s and xG (x, 712) 1s the glugn distribu-
tion function evaluated at x and Q2 ~ 71~ For the
range of masses and energy considered we may safely
use xG =~ 3(1 — x)° which yields

0 = (3 1A% (1 - x)° mb

with s and Agg 1n GeV units Using 60 GeV for a mean
goldstino energy and Agg = 300 GeV, we find that
o¢, > 0, 1n the range 1 GeV S 71 <6 GeV and the
goldstino interaction cross section 1s increased by a fac-
tor of 4—6 over the contributions considered previous-
ly This strengthens the previous limits and pushes 72 to
about 4 5 GeV Second "%, a v NC event has large miss-
ing py for the hadrons, and a spectrum of visible ha-
dron cnergy (£, ) which peaks at low £, and docs
not have along tall A goldstino induced event, on the
other hand, will have considerably larger £, (thus it
could not account for any extra events at small £,,)
and much smaller (p | /py Jpaq Cuts on thesc variables
could eliminate most » NC candidates and allow a
small goldstino signal to be found, or give a limut well
below 1 ub

The photino mteraction cross section 1s dominated
by the process ¥ + q — q + g, with a scalar quark ex-
changed, as discussed by Fayet [3] This gives a cross
section

Oy = 12X 10738 E(ary M,)*

1
X 2y f xq () (1 -~ m?[xs)3dx e2 (cm?)
9 mrs
with £ 1n GeV We assume that the lightest scalar
quark has M, = My /2 Then combiming this with the
beam dump limit gives curve (b) of fig 2, drawn for
fixed M, and Agg (1n a particular theory,M¢ may
depend on Agg) Evenif the goldstino 1s not present

*6 We thank J Morfin tor discussions on this analysis
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the photino decay together with the beam dump data
already provides a stringent lower limut on

{c) Missing energy and pp expeniments The most
powerful limits will come from experiments, at
Tevatron and collider energies, which constrain miss-
ing energy and momentum as well as possible Again,
we emphasize SS theories with a ggG vertex, but our
remadrks apply also to theones without such a vertex
so far as a lower limit on 71 1s concerned The upper
lumit on 77 depends crucially on such a vertex

Consider an experiment at the ISR pp collider with
a typical integrated lumimosity of 1037/cm? Then 1f
0> 10733 em?2 1t had 10* gluino pairs produced
This corresponds to 71 210 GeV 1f gluinos were not
found Similarly, consider f£dr = 1035 /cm? at the
SPS collider Then 104 events correspond to o = 10— 31
cm?2, orm 224 GeV!

Could such events have been seen already? Their
signature 1s fairly dramatic The gluinos are produced
n the central region, and decay via g - gG The gluon
gives a hadronic jet so there 1s a pair of acoplanar jets,
plus a lot of mussing transverse energy and momen-
tum, and no prompt charged leptons Typically, about
25% of the energy will go into the central collision, so
10 15% of the total energy and about half of the cen-
tral cnergy will be mussing Certainly 104 such events
could be found m ISR or SPS experiments specifically
looking for them 1n the near future

6 Upper imuts Since the cross sections for double
goldstino production grow as 71, they give upper limuts
on #i or lower limits on Agg 1f a signal 1s not found
The signature for goldstino pair production 1s an
event with an interaction and beam jets but essential-
ly no central region energy The goldstino—gluino pro-
duction 1s casier to see as g = gG giving one jet (or g
- qq7 ), with no particles detected in the opposite di-
rection Neither type of event has prompt charged
leptons These give the future curves d, f, g of fig 2

7 Gluino masses Fayet has discussed [3] glhuno
m some detail In the unbroken theory #7 = 0 since
they are degenerate with gluons Gluinos will not get
mass at tree level even 1f SS 1s broken since color sym-
metry 1s unbroken Of course, an explicit ad hoc mass
term could be written for gluinos, but that explains
nothing Fayet [9] suggests one mechanism to give
gluinos a Dirac mass of order 1 GeV, but 1t requires
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adding a color octet of “paragluinos™ and may not be
tolerable 1f grand unification 1s a goal [10] SS theo-
ries often have U(1) symmetries (called R4nvariances
[9]) which must be broken to allow a Majorana mass
for g

So far, not much attention has been paid to gluino
masses when constructing models Perhaps by focus-
g attention on models where 77 satisfies the con-
straints of fig 2, progress can be made towards finding
a realistic theory

8 Conclusions Since glumos tend to be lighter than
other supersymmetric partners, and are produced with
large cross sections, they should be considered as the
prime hope 1 deciding experimentally whether nature
1s supersymmetnc We think, conservatively, that
glumnos would probably have been detected if their
masses were i the excluded region of fig 2, basical-
ly, it 24 GeV Analysis of existing data by exper-
menters, and experiments 1n progress, can strengthen
these limits considerably 1if glumos are not detected
Since gluino properties depend on the scale of SS
breaking and on scalar quark masses, interesting upper/
lower limits on all of these are umphed by upper hmits
on lifetimes of long-lived neutral hadrons and on pro-
duction cross sections

We appreciate instructive conversations about ex-
pernimental constraints with a number of colleagues,
particularly B Roe, C Baltay, R Rau,M Longo,

J Morfin and O Overscth We have benefited from
theoretical discussions with S Raby, B deWit, DR T
Jones, and particularly M B Emhorn and

S Dmmopoulos This work was supported in part by
the US Department of Energy
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