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Abstract

Using the bag model to first order in a_. we find that if light gluinos exist they will appear as
constituents of elecl;rically charged bound states which are stable against strong interaction decay.
We review the present experimental constraints and conclude that light, long-lived charged hadrons

containing gluinos might exist with lifetimes between 2 X 10~ 8and 10~ 4 sec. ~

*This work was 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 DE-AC03-76SF00098.



Introduction

Supersymmetry has proved more theoretically attractive than experimentally observable.! It
is important to px;ess the search for the predicted suﬁersymmetric partners of the knowh particles.
We consider here the gluino (), partner of the gluon, which in many models is light enough to be
substantially produced in present experiments and long enough lived that the particles (shadrons)
containing gluinos might travel an observable distance before decaying. It is important to know if the
shadrons stable against strong decay are charged and/or neutral, since the former are easier to search
for experimentally. We have calculated the s-wave shadron spectrum in tf:e M.ILT. bag model. We
find that if Mgy > 1 GeV. then there are always strong interaction stable charged sha}drons.‘

In confronting this result with predictions of supersymmetric models, it is impon-'t.anvtvto keep in
mind that the gluino mass which enters our calculations may differ from the mass ti'nat a.ppeavrs in the
Lagrangiar_i. As discussed below the former may be substantially }arger than the latter. :

We first summarize our calculation and then discuss the results in light of | tixe thedréﬁcal

models and the already established experimental constraints.

Calculation of Shadron Masses

The lightest golor singlet bound states of gluinos are compdsed 6(‘ qqg, g€, and g€, of which only
the Qq states carry electric charge. We call the latter meiktinos'(or, perhaps, shermaphrodites) since
they are partners to the Gg@'states -- called meiktonsF! or hermaphrodites -- recently discussed by us?
and others.? The gff states, which are partners to glueballs, are named glueballinos and the g8 states
gluinoballs. Strong decays of meiktinos can only produce other meiktinos or glueballinos, so we need
only compute the meiktino and glueballino spectrum to discover if there are charged stable shadrons.

The bag model naturally contains valence gluons so that bound states (;f glufnos with gluons
and with quarks are on the same footing. No extra assumptions (such asa “constituent” gluon mass)
are needed to compare gg and ¥qq. In a recent paper? (hereafter referreci to as I) we presented a fit to
order a_ of the mesons, baryons and the glueball candidates 1(1440) and 6(1700). The 0(a ) quark and

gluon self energies determined in that fit are crucial for comparing the gg and g§qq masses.

s’
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The hghtest meiktinos and glueballinos are constructed fromd = 1/2 s-wave quark and glumo '
modes and from the JPC =1%- TE gluon mode Melktxnos consnst of a color octet qq paxr thh JPC =
0-*%or1—- combmed with the glumo (with negative C and P undeﬁned) to give three nonets, JC =
v2-, 2, a2t There are two s-wave glueballinos, J€ = l/2+ 3/2+ We will 1dent1fy meiktinos by
the flavor structure of the aq pair é.g. T, for the J€ = 1/2~ isotriplet.

Calculations are as in I except as noted below The energy of a state is

E=%rRB + -é?_»«'i”'wg,{iﬁ? + /_\E

Comctityents 1)

where B is the bag constant and Z /R has contributions from the zero point energy and from
disconnected O(a) vacuum graphs. They are determined from fits to the known particles. “AE
contains all other 0(a,) corrections which we compute in time-ordered perturbation -theory, the
relevant diagrams being shown in Fig. 1.F 2 In the notation of I the 0(a,) energy shifts are.
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L, CsS, and CST Eare vertex and Coulomb integrals giveninl. E, wqg, and @qy are mode energies in
units of the inverse bag radius R=!. The factor 8['088"l K selects the isoscalar q@q spin-triplet
meiktinoé, where K is a constant which is 2 for @ and 1 for $ C - "Cg, and C,p are the mode self
energiesin a sphencal cav1ty, whxch are finite for massless quarks, glumos and gluons and which for
massive quarks and gluinos can be chosen by an approprlate mass renormahzatlon to-have the same

value as in the massless case. 2

C and C TE are determmed by ﬁttmg to the known mesons and
baryons and the glueball candldate 8(1700). C~d1ffers from C only by the color factor C~ = 9/4 C

The energy_ of"a state is then EMIN’ glven by mlvmmxzmg Eq. (1) with respect to R. But this
state is a localized wave packet so its mass is M2 = EMINz - (Pz)shadron‘ Here we follow Ref. (4) and
approximate v(Pz)shadron = 2 Pcobstltuents = Z (Epope/R) 2 _ Mz)constituent' In T we used a
different prescr:ptlon valid for masses of order 1 GeV. but not for the larger range considered here,
in which the energy of Iocallzatxon was represented by a negatxve contrlbutlon to Z,. A fit to the
masses of p, p, A, g, and Q yields B = (.144GeV)%, 2 = —9,m =m, = 0,m = .30GeV.,,a, = 1.8,
and Cq = .2. This is very similar to fit I of I except that Z_increases as expected in going from the
prescription of Ref. (5) to that of Ref. (4). As e;(plained below this ﬁ} is conservative in that other fits
with larger a_(analogous to fit Il of I) increase the stability of the charged meiktinos. |

As my increases the gluino exerts smaller outward pressure on the bag and the radius

decreases. To see whether it is necessary to allow a_ to vary with R and to test the model for states



.with heavy and light constituents we have calculated the masses of the charmed mesons and baryons.

The calculations are as in Section III of I except that we use the center of mass prescription’dise_Ussed

-above. We find a reasonable fit if a_ Varies withRas showﬁ in Table 1.F3 It is gratifying that the sign

of the variation is as expected fx;om asymptotic freedom.

The fit suggests that we will be able to calculatev shadron masses to a conservatively estimated
uncertainty of ~50 MeV., but-our conclusion that thera are sfable c}';arged sl.I;ivadrons is stronger than
this number suggests. In calculating the shadron masseé we al‘lo:w_a ¢ to vary with R, interpolating
the values of Table 1 for 3.6 < R < 5.0 GeV.~! and using a, =18forR =251 GeV.~ ! as determined

in the fit to p, p, A,  and Q. Allowing a_ to run:in this way is a conservative procedure since it turns

out that decreasing a, decreases the lightest gig mass relative to the lightest gqg mass.’

To fix C...., the gluon self energy; we fit as in I to the mass of the natural J¥ gl‘ueball can'didate

TE?

6(1700).8 1f JPC(@) = 2* * (suggested but not yet establishéd by the data) then CTE =1, 00 whlle if

JPC@) = ‘ 0** then Crg= : 2.36. The absence in radxatwe y decay of any natural spm panty glueball
candidate below 1.70 Ge V- 1mphes CTE > 1.00 whichin turn bounds the gg masses from below

 With these parameteérs we evaluate the shadron masses numencally asba functxon of m-g, iFé 'I‘he
masses of the lightest relevant states, 'pl n, K1 o , ¥and §'gl 19> are shown'in Table 2 The possxble
strong decays of the charged meiktinos are 91/2 - gg”2 1!' K o ggll2 T+ K and 1r - gg”2

2m. We see from Table 2 that for Cqp = . 2.36 there are always stable charged melktmos w1th a

margin of error which is dlready 600 MeV. at mg = 500 MeV. and is even larger for large‘r values of

M. In the worst case, Crp = 1.00, the ’!\('im‘ is stal;le'witli: a margin of 75 MeV. for mg = 500 MeV.

whlch increases rapxdly to a margin of 300 — 400 MeV. as mgmcreases F5 For m‘é. > 1 5 GeV. the pl "

is also stable by a comfortable margin > 100 MeV

Discussion’
We now discuss these results inthe context of the current theare'ticvalv'model\s and experimental
constraints. The relevant parameters in addition to my are the.suaersyhimetry" bicaking scal'e'./\s

((H), = A:) and the squark mass mg.. The leading mechanisms for gluino decay are (AY g — 4qY and
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(B)g— ga, where ¥ is the photino and G the Goldstino. These reactions give rise to gluino lifetimes

* of respectively’ v ' <

~ ", .
Ty = 10 (Mw) Wl~(CeV) sec

(4a)
T, = As ¥ T
e o A
IO"”‘T | (4b)

with M, the W boson mass. Equations (4) assume mey, mgy < Mg, valid for all known globally
supersymmetric models with light gluinos of nonzero mass, say 0 < mg 10 GeV.

Such models fa\ll into three categories. In type 1 models8 supersymmetry and the electroweak
gauge group are both broken in tree approximation, so that A, £ 1 TeV,, mg ~ 0(My,), and my = 0if
there is an R symmetry or my ~ 0 (few GeV.) from quantum corrections if the R-symmetry is broken.
For type 2 models® A, 2 100 TeV. arises from spontaneous symmetry breaking in a new ultra-heavy
sector, and electroweak breaking occurs by radiative corrections with nia«- 100 GeV. < 1 TeV. If the
R symmetry is broken m.zalso arises by quantum effects and bécaﬁse of cancellations is very light,
perhaps as light as 0(1' GeV.).1% In type 3 models!! supersymmetry is broken dynamically by a
supercolor sector, A_ = 10 TeV., which also breaks the R symmetry giving mg ~ 0(5 GeV.) in three
loops while my 2 0(100 GeV.) arises in two loops. In all these models my is somewhat flexible. We
use them as motivation for dlscussmg a gluino with mass mu 10 GeV.

We can now estimate tgfrom Eq. (4). For type 1 models v, ~ 0(10~ 1 _ 10-16 sec) for mg ~ 1
~ 10GeV. and iz ~ 0(tg) ~ O[(A /10 mﬁ')4 tplsince A, < 10 mg thus we could have v o(10-1 —
10~ '8 sec.). For type 2 and 3 models L 0(z,) ~ 0(10~7 — 10~ 6 5ec.). It is clear that the lifetimes
are exceedingly sensitive to the precise values of the parameters. In all three types of models we could
have > 10~ 14 sec. so that strong-interaction-stable meiktinos could travel an observable distance

before decaying.
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It is important to keep in mind however that the values of my predicted in the models may

differ from the value of mg appropriate to Eq. (4) which we identify with the input ‘ma; values used in

our bag model calculations, since the latter masses may contain an extra nonpéi‘turbatiVe ?i:omponent

due to a gg chiral condensate. Lattice methods indicate for color SU(2) that the chiral condensate for
-the adjoint representation occurs at much smaller . distances than for ‘the fundamental
representation.!? Assuming a similar result for color SU(3), a giuino inside the shadron bag would
sense the ¢ condensate. This contrasts with the usu.':a-l sitqatic;ﬁ of the quarks for which chiral and

confining scales are about equallz' so that current quark masses should be used in the bag interior (as

is indeed required in bag phenomeno]ogyz'w). We know of no reliable niethod‘tp estimate’ the

- nonperturbative component of mgexcept perhaps by computing shadron masses on the lattice. It may
‘be large in which case the experimental lower limits on the _"coristituent" gluino mass based on Eq. (4)

“and the shadron spectrum would imply much weaker constraints on' the “current” gluino“mésses

derived from the models.

" Lowest order perfurbafion t:heoryr7 suggests hadroproduction of gluino pai;s at 5—10 times the
F

rate of quarks of the same mass, 6 with o a {115“(,5‘6’.. ‘They are als;;ﬁ‘rodixced with 16Wer rates in
other processes such as.ete- annihilation.»‘v4 ‘,'jl‘lhey'decay to Vp:h‘ot,ih»(:)»sxo;-'Golé;st.inos which" 'i'n‘th’e
relevant models have weak or semi-weak interaction‘.'c‘x'oss-.sé(;ti;ns éna live lc;n"g enough ?6‘ éscape the
detector.!® The decay of a strong-interaction-stable si'ladron .rié'then like fhe semileptonic decay of a
heavy flavor but without the accompanying lepton. - | L

The ﬁl ;2" meiktino is a special qa_sie since if tg,is larée eﬁoﬁgﬁ Kl ' Will decay by AS = 1 weak
interactions to §'gl /2 ﬁ'l jo» 0T 8)'1 ¢ This is most interesting if m‘z < 1.0 GeV. since Table 2 shows that
f(ll jo* could then be the only strong infe'ractiop stable chargé& shadron.‘ For Crp = 1.00 and mg =
0.5 or 1.0 GeV. the Kl ;o° may decay nbn]eptonically to §'g'l,2 + m, While for larger CTE or mgy the
semileptonic decay to §,, + eV might dominate. In either case we expect 1 2 0(10~10 sec.), the
lifetime for hyperon decays, since ﬁ'm_,‘ and hypéi‘on décays involve s'in{ilaf Q values aﬁd are both

Cabibbo suppressed. The ffl o* lifetimes could be longer because some of its decays require strong

interaction corrections (e.g., gluon emission for f('m,‘ - §'g”2 '+ m) which might suppress them



relative to the hjperon decays. The nonleptonic k'm,‘ decays wquld have the éame“signdturerés
éluino decay, while the semileptonic decays wbuld differ from charm decays by havin.g"zérvov
strangeness, a rhuch softer electron spectrum, and missing energy from both the '\)e'and the
subsequent g decay.

Present experimental limits come principally from two sources. Beam contamination searches

1 assuming Oprod = (2 GeV.lmg)s. X 20 pb. and a conservative

rule out very long-lived light shadrons:
gluino-nucleon cross section of 1 mb., two FNAL experiments!® require Ty < 2-5 X 10~8 sec. for my

< 10 GeV. Equation (4) shows that this limit on t»is only a significant constraint for type (2) and (3)

g
models with mg = 1 GeV.F7

-Since the photino/Goldstino scatter weakly as in neutral current Vv scattering, beam dump
experiments which measure the NC/CC ratio are alsb relevant. These giye, for each ‘gluino mass,
lower limits on the mass of t!me lightest squark or on A_ depending, respectively, on whether the

gluino decays to a photino or a goldstino. Using Eq. (4)F8

these limits can be converted into lower
limits on the gluino lifetime. For example if me = 3.7 GeV. and the gluino decays to a photino, then
from Ref. (17) mg > 20 GeV., tg> 4 X 10~ 17 sec. and from Ref. (18) ma.> 90 GeV., 173 > 10~ 14 sec.
For Goldstino decay Ref. (18) found, for me = 3 GeV., that A, > .69 TeV,, iy > 10~ sec. As m
decreases, the lower limits on Mg, As and on the g]uino»lifeti'me‘increase, and for me < 1-2GeV.
these limits are replaced by the condition that the ‘gluino not rescatter in the beam dump before
decaying. For instance, with mg =1 GeV.and - §q¥, -EE?:' 3E7 = 3 Eyjs 60 GeV. (using Eyjs >
20 GeV. as in both Refs. (17) and (18)), the requirement that the gluino decay within the 15 cm.
interaction length of the Cu target implies 1y < 10~ !! sec. That is, for Ty > 10~ !! sec. the gluino
rescatters in the dump losing energy so that the subsequent ?76 cannot be detected. This dominates
over the 10710 sec. lower limit, derived from the limit on mg, shown in Fig. (1) of Ref. (17). These
limits Severely constrain type 1 models: only mg > 3 GeV. is allowed which implies iy < 10714 sec.
For types 2 and 3 models, however, no me is excluded, although the shortest lived gluinos (i.e. the

smallest A)) are ruled out for my < 4 GeV. Thus beam dump experiments do not exclude the

interesting cases of gluinos with masses € 10 GeV. which live long enough to leave observable



tracks.
. There is another interesting possibility which must be kept in mind in interpreting the beam
dump experiments. In models in which the selectron is sufficiently lighter than the lightest squark,

)1/4

(me/mq) < (am /fa, <x> m = 0.1, the photino scatters predominately from the

electron’ s proton
electrons in the target and the NC/CC anomaly is determined by m,.
It is clear from this brief survey that gluinos with masses less than 10 GeV. could easily have

escaped detection. The most interesting possibility is of very light gluinos, m, ~ 0(1 GeV.) with

10~ gec. < v < 2.1078 sec., too short lived for beam contamination experiments and too long lived

“for beam dump experiments. For larger gluino masses the experimental constraints on L become

even weaker and in particular the interesting range from 10~ _ 10~14 sec. is possible. We have

shown for all mg > 1 GeV. that there will be charged shadrons stable against strong interactions or

\

decaying weakly with a long lifetime. Light gluinos might be the only signal of supersymmetry

accessible to present experiments so it is important to extend the search to cover these possibilities.
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Footnotes‘
Meikton from the Greek for a mixed thing -- we thank the classicist M. Whitlock-Blundell for
suggesting this term.
Cont.rxbut.lons from intermediate radial excitations and d-wave quarks are very small and are

not shown We also ignore squark mtermedxates whlch are neghgxble since squarks are very

" heavy (2,0 (Mw)) in the models’we consxder.

~ We do.not include da /dR when minimizing E, since weZonIy-,know as(R)-_roughly and the error

introduced is of order 50 MeV., the same order as other uncertainties.

' Fdr"x'né.' =0 and"m‘gv—-»‘m we checked the’riesu]tgyanaly'tiealiy'. |
. The margin of error is also indicatedv'hy,,the following: for my = 2 GeV. if we decrease C to

~ . . Land . A .
the point tha_t g8y is 500 MeV. lylght'e'r than K,;* just enough to allow K, »* to decay strongly,

the mass of the JPC = 2+ * glueball drops to 1.0 GeV.
Perturbation theory calculations may have to be corrected because of the g condensate
discussed above, e.g., for a very hard process with a distance scale smaller than the chiral

symmetry restoration, scale one should use the current mgm the Feynman amphtude

“Our conclusxon is weaker than the analogous hmxt of Ref. (7) wh1ch was based on Gustafson et

al., the second of our Refs. (16). The dlfference is that the authors of Ref (7) assumed a several
meter free-flight path length whxch is two orders of magmtude smaller than the actual length.
We thank I. Hmchhffe fora dlscussmn v. o

We assume, as 1s_ hkely in global supersymmetr’y, that the same m;contro‘ls te.and Y scattering

in the case when the gluino decays into a photino.

Figure Caption

Figurel:  Diagrams giving order us' energy shifts for (a) Meiktinos and (b) Glueballinos. Only one

time ordering is shown, and diagrams with quark and antiquark interchanged are not
shown. The double line represents a gluino, the dotted line a coulomb interaction, and
the dashed line the intermediate state. The blob represents the 0(a.) self energy. Unless

otherwise indicated the fermions are in S, , modes and the gluons are in TE modes.
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Table I. Charmed hadron masses in the bag model.
These results are for m; = 1.65 GeV. Masses are in
GeV. and radii in GeV.-1.

Particle D D* F F* A

Mexpt 187 201 202 214 228

Mbag 187  2.02 200 213 230

Rbag 41 45 4.0 44 5.0
ag 14 1.5 1.4 1.5 1.7

Table II. Shadron masses for various gluino masses. Bag parameters are B = 4.28
10-3GeV.)4, Z = — 09, m, = my = 0, m_ = 0.3 GeV,,C_ = 0.2, Cg = 1.00 and
2.36 and a(R) is extrapolated from Table I. '

221 #8110 ~ o -~

My (Cpg = 1.00) (Cqg = 2.36) Py K,* n
‘0.5 .80 1.45 1.02 1.22 1.36
1.0 1.45 2.04 1.54 1.71 1.78
1.5 2.02 2.59 2.06 2.24 2.24
20 2.56 3.12 2.60 . 2175 2.73
25 . 3.09 3.64 3.12 3.26 3.23
3.0 3.61 4.15 3.63 3.77 3.73
3.5 413 4.66 4.14 427 4.23
4.0 4.64 5.17 4.64 . 478 4.73
45 5.15 5.67 5.15 5.28 5.23
5.0 5.66 6.18 5.66 5.79 5.73
7.5 8.18 8.70 8.17 8.30 8.23
10.0 10.70 11.21 10.68 10.81 10.74
15.0 15.71 16.22 ~ 15.69 15.82 15.74

20.0 20.72 21.23 20.70 20.83 20.74



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




— b

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
- BERKELEY, CALIFORNIA 94720

B e





