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We propose a search strategy for the ligfit(glueballing particle suggested by Farrar in connection with
the light gluino scenario. The basic idea is to moderate and stoR%particles and then observe their decay
to almost monochromatier”’s, at an appropriate time delay relative to a primary collision event, where a
gluino jet, likely to fragment into th&®®, was produced. This technique is optimized at collid;rpa ete),
and depends on the qualitative features of iehadronic interactions which we discuss in detail.
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PACS numbeps): 14.80.Ly, 12.60.Jv

I. INTRODUCTION The R decay lifetime scales as the squark mass to the
fourth power and is even more sensitive to Remass(or
Over the last few years a case for a light gluino and phoratherR°—" mass difference For R masses in the range

tino has been made by Farfdr—3|. Supersymmetry break-
ing is expected to generate masses in the 108-GkV Mgo=1.5+0.2 GeV 2
range for the superpartners of the known light fermions and
bosons[The upper range is a theoretical bias and is natural iind
supersymmetry(SUSY) and electroweak EW) symmetry
breaking are concurrent and related—the lower limits are 70 Gevw=mg=500 GeV. €)
experimental “bounds.]T However in certain schemes the ] . o
partners of the exactly massless vector bos@ssociated Farrar(and we find a very wide range foR° lifetimes:
with unbroken SU(33 X U(1)gy gauge symmetric namely,
the photino and gluino, obtain only smafl0(GeV) masses
via radiative(loop) correction.

Tro=(3%X1071! sec-10"* seg. 4

The R® hadron is a most striking prediction of the light

Since finding a light gluing at e>.(isting acceleratofe- gluino scheme. How come such a particle has not been dis-
fore the CERN Large Hadron CollidétHC)], would have covered yet?

such monumental consequences, we believe that even the As correctly pointed out by Farrail,3], searches for
remote chance that this scenario is realized in nature is wortg L

. Liaht alui di : ts of perturb USY particles looking for missing (transverse missing
pursuing. Light gluinos modify various aspects of pertur a'energy signals are rather insensitive R¥’s. Over most of

the above lifetime range the® interacts in the calorimeters
e . : : tand loses most of its energy there. The final decay photino
present, d_eflnltely rule out the light gluino h_ypothe3|s._ would then carry a tiny € few GeV) energy and would be
The gluino cannot, because of color confinement, dIreCtI31ndistinguishable from a neutrino with similar energy. Like-
manifest as a free particle, but rather as a constituent of Bise theR® could not have been discovered in beam dump
color neutral(gadron the “glueballino’gg. This new had-  experiments looking for penetrating particles. Finally
ron, termedR™’ by Farrar, is the lightest hadron with nega- searches for gluino jets based on thgifetlike angular dis-
tive R parity. It is therefore strong interaction stable but de-tripution [5] may also be somewhat hampered by the fact
cays weakly via squark exchange into a photih@adrons: that the leading hadron in these jets, namgyg=R°, can

— take most(60—80 % of the jet's energy. Unlike leadingg
RO— y+HOH =7 % w* 7™, m"m a°% etc). (1)  glueball in gluon jets which decay to multipkés, K’s had-
ronic, 10 24 sec, time scales, thR® are stable on jet evolu-
(If mgo=my the R would be stable altogether. This theo- tion time scale. Gluino jets may therefore be less conspicu-
retically (even morg unlikely scenario is forbidden by the ous than gluon or quark jets.
following consideration: after th&R°— hadrons annihila- In principle neutral beam experiments with decay paths at
tion freeze out, a relic density dr®: nRo/nf:lO*18 re- adistance. from the production point can be used to look
mains. This impliesigo/n, =10"'°. As we will argue below for R® decays ifL/c=ygo7ro. Also the R”s in the beam
RO is likely to attach to heavy nuclei. TheRf—A,Z) com-  could be looked for via their hadronic collisions by careful
posites constitute new exotic “isotopes,” which have beenmeasurement of time of flight and &°p elastic collisions
excluded with very high precisiof6,7].) kinematics which hopefully can separate tR& from the
dominant neutron componefi,2].
We will focus on an alternative approach. The hadronic
*Email address: nussinov@ccsg.tau.ac.il interactions of theR® can be utilized to moderate iR® de-
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cays delayed by(R?) from the “relevant” primary interac- The neutral beams in various fixed target experiments,
tion (chosen on the basis of being likely to sendRéhin the  obtained by strong collimation in almost exactly the original
detector’s direction could then yield energetier”s, »%’s,  proton beam direction, will therefore be further strongly en-

and otherr™ 7~, 7" 7w~ #° hadronic systems. riched in neutrons anb{('g. It is thus particularly difficult to
In the following we will review the basic steps and the look for the decays or interactions of the relatively rare pu-
features of the putativR® hadrons which control them. tative R® particles in such beams.
ll. R PRODUCTION lll. THE LIFETIME OF R°

The sensitivity ofR? searches depends on its production The most important parameter for determining optimal
rates and on th&° inclusive spectra, both of which we will search strategies for th particle is its lifetimergo. Indeed
estimate in the following. as Tro spans the six to seven decade range indicated in Eq.

The'gg-gluon coupling is larger than that of tigg gluon  (5) its very evolution as it propagates in matter will drasti-

by the ratio of the second Casimir operators for the octet an@ally change. Forro=<10"° sec it is likely to decay within a
triplet representations of SU(3) meter or so from the collision point and manifest via a miss-

ing pr signal. If 7re=10"8 sec then it is likely to become
g%afgsgq=[Cz(8)/Cz(3)]g$qg:2_259%9_ (5  nonrelativistic and further lose energy by eIaSﬂ&-nuclei
collisions before decaying. Let us therefore briefly recall
This suggests that the gluino jets, minijets, and Rfe  why these lifetimes are naturally expect@dmgo is indeed
particles that these jets fragment into, will be more copioudn the mgo=1.5=0.2 GeV range prescribgd
than charm jets and charmed particles. This is even more so The gluino decay®— qq7y with qg=uu or dd, proceeds
when theR® mass is appreciably smaller than tBe-D*  via the squark exchange diagram. If the gluino was a physi-
mass:ED=%mD*+%mD=1.97 GeV.[mgo= ED is assumed cal particle with massng we could use this Feynman dia-
to always be the cagelt was found that at the tevatron gram to compute directly thg decay rate. By comparing
collider 10% of all jets hadD +D* [8]. We expect at least as with the W~ exchange inu— v, vee decay we have
manyR"s containing jets.
_ Unlike the case oB(*)_mesons, whose complete produc- I'(9)  aqep(Mg) aem( My 4g mgy 5 r(m—zy-/mg)
tion pattern can be predicted from perturbative QCD, a sub- T(w) (g’ m 3lm. r(_mZ/_mZT
stantial fraction ofD’s may be produced “softly” with no wea & n

separat@;?jets. This isa fortiori the case for th&° particle.
If this soft component can be described by the phenomenavhere the above four factors represent coupling constants

m

Mg n

logical fit and propagator ratio\o(q;+q3)=3.5/9=5/3 is a charge
do . color factor summing oveunu, dd states of various colors,
d—ze_ﬁ\/pT"'mz, (6) and a phase space ratitn particular,
Pr
_ _ r(z)=1-8z+8z%-7*-122Inz (10)
we would havefor mgo=1.5 Ge\j a fairly large ratio:
6meo is relevant in the limitm;>mJ,mJ.) The free gluino decay
mRoe R . .
o(R%)/g(D+D*)= ——— ~16. (7) rate was estimated some time d&3J.
mpe ™ °mo If the gluino had a “Iarge,”m(ao)z 1.2 GeV, bare mass

L9 .
Unfortunately 10— 1®more neutrons and neutral kaofe; 29> s the charm quark iB~=cd, dominated theR?
specifically are produced and provide a strong background™ 99 mass then, just as in the caself decay, we could
for interacting(and decayingR®'s, respectively. Th&®’ par- ~ US€, In & spectator approximatiomg=mgo (0 estimate
ticles are produced with larger transverse momenta than th&R"). Equation (9) with aqcp(1.5 GeVy=0.3, aen

latter n’s, K”s and the other light hadrons. This feature i3202-0073, aw=0.034, and my<mgo=mg [so that

— 2 .
particularly true for particles produced in the forwam)( (Mg/mg)=1] yields
and backward g) fragm_entation region and in the central

~ 4 5
rapidity plateau(in the pp c.m.s). This in turn causes a ,(g)~#(R%=~1.6x10"° se{ M \) ( 0.1 GeV)

broader angular distribution of the produckd particles: 100 GeV | mgo(=mg)
~25x10 12 - 4
pr(R)_ pr(n) pr(Ky) 2.5X10 ** se¢mz/100 GeV*, (12)
Or= > r =0@(n)[or O(K,)]. .
p(R) ~ p(n) p(KL) where we used in the last stepg=mgo=1.5 GeV. How-

(8) ever, in the envisioned scenari (g°)<mRo, and Eq.(11)

In particu'ar many of the neutrons and Somgs may be OVereStimateS th@o decay rate. MOSt Of thRO mass iS due
“leading” particles, in the fragmentation of the proton pro- 10 QCD dynamic effects: the chromoelect(and magnetic
jectile in a fixed target experiment. These will than have botHields, i.e., surrounding gluon cloud and somg sea. The
small py’s and large laboratory energies and hence venpbare gluino therefore carries a fractimmgo of the R° mass
small angles. with a (differentia) probability f(x) normalized to
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1 — — 2— 1
fo f(x)dx=1. (12 guuu+qgqdd= zuu—g3 dd (19

Following Farrar[2] we use a “generalized spectator” ap- o, if we include thes quark,
proximation and we assume that the valence gluon and other

i H 1 H 1 —_ _— 2 _— 1 —_— 1 _
gluons and/orqq pairs “sail along,” as the bare, locally quuu+qddd=§ uu-3 dd— = ss. (20)

coupled gluino, of “mass”xmgo, decays. This then yields 3
100 GeM*4 This state overlaps more strongly with thd state
7(R%) "1=0.4x 104 seq * p—. \1 o
g 7%= (uu—dd)/v2
1
X fo f(x)x3r[(y/x)?]dx. (13)  than with °:

o~ =
The ratio 7 =(uu+dd—ss)/v2.

= In the absence of any dynamical “form factor” effects this
=72 (149  would enhance th&®®— 7%y over R°— 5%y by at least a
Mgo factor of 9, i.e.(see Ref[2]),
controls further phase-space suppression due to finite photino
mass viar[ (y/x)?]= r[m%/(meo)z]. It is convenient to pa-
rametrize the decreasing probability that the gluino carriegjowever, if mgo— M3 =1.4+0.3 is on the high side of its
most of the total mass by powerlike vanishingf¢k) asx  range, it would appear that higher multiplicity final states
—1L RO—atm 7y, "7 7% would be preferred oveR®
F(x)=(1—x)"(y+1). (155 —m°,7%+7. A crude estimate for the probability of the
two body decay modes can be inferred from

I'(R°— 7%%)) /T (R°— 5%y)=09. (21)

Even form;=0 the last factor in Eq(13) above supplies

sizable suppression: B(D™—KJ)=3p=B(R'—yn). (22)
| (0 f ¢ 54 (y+1)!5! 18 We will assume that
A0)= [ f(x)x X—(y+5—+1)!- (16) .
B(R—757p)=0.10.05. (23)

1,(0) is smaller than~0.01 for y=3. Clearlyl (y)=J(1
—x)"5r[(y/x)?]<I ,(0) could be arbitrarily smallor zerg It should be emphasized however that in a recent péper
once m‘;—> Mo, i.e., y—1. Following Farrar we will adopt last entry in Ref[2]) Farrar points out that approxima@
the range of lifetimes invariance is likely to supress the two-body decay modes
RO—yx%(7°) relative toR°—y7 ™7, etc.
Tro=(10"1°-10"")(my/100 GeV* sec  (17)
0

corresponding to X 10 °<1<2x102. IV. HADRONIC RTINTERACTIONS

In the light gluino scenario the lower experimental bounds  An R hadron propagating in matter scatters from the nu-
on squark masses, which are based on missing energyei. These interactions are elastic if the kinetic energy of the
searches, do not apply. The squark ded@ys=10"?°sed  RC is below the binding energy of nucleons
to a quark and gluino. The gluino, after forming tRg,

deposits most of its energy. Tro<BE<10 MeV (29
For 7(R%) estimates we will therefore take squark masses
in the range and quasielasti@.e., nucleons knock opff
60 Ge\=mg=500 GeV. (19 10 MeV=Tgo<0.5 GeV. (25

The lower limit is based on the modification g@  Finally at higher energies
=0¢te —hadrond Tete—,+,~ Measured at the CER&I'e™
collider LEP Il due toqq production(see Ref[2], and ref-
erences there)nThe upper bound is a theoretical bias. Sub-
stituting in Eq.(17) we find that the wide lifetime range 3

Tro>0.5 GeV (26)

we have, in addition to théquas) elasticR°N scatterings,

_ B . , also genuinely inelastic scattering involving production of

11 4

<10 g secs7po<<10"" sec is indeed theoretically ex- ,ions kaons, etc. Most of these interactions are soft, at least

pected. _ - _ in the t channel, and cannot be reliably calculated via per-
The pattern of photino couplings implies that g state  turbative QCD. Yet a qualitative understanding of these in-

in the g—qqg+ v decay is teractions and, in particular, the degree to which these differ
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from pion, kaon, and nucleon interactions is required, if we 1 -
wish to estimate the evolution of energef&ay Ero=Pgo M=K=us: E[Utot(K+p)+0'tot(K p)]=20 mb,
=20 Ge\) R”s in matter. 32)

At very high energies it is believed that meson and
nucleon scattering are dominated by the exchandeaaf or  or
more gluons. At lower (Laboratory energies E,,, .
<10 GeV quark-antiquark annihilations and exchange play a M=¢=5S 01 »)=10 mb. (33
dominant role. In pre-QCD nomenclature these are the
“Pomeron” and mesonic “Regge trajectories” exchanges,[The total ¢N cross section in Eq(33) is inferred from
respectively, with the corresponding cross section vector dominance in high energy photoproduction. Esti-
mates ofa(pp) or o(wp) done in a similar way fop, w
T pomeglue-e=CONSK (Or INW), W-—o,  (27)  photoproduction yieldr(p°N)~ o (WN)=o(7=N) as ex-
pected for thep andw which, similar to the pionr, are made
const of light (uu=dd) quarks]
ORegge-quarkex™ 1 W (28) The clear cut systematics

. Lo > o>
What are the corresponding contributions for the case of TaN~ TRN=TgN (34

R°N scattering? The fact that gluirtand gluon have stron- s somewhat puzzling from the point of view of the gluon
ger gluonic couplings than quarkEq. (5)] suggests that the exchange model as the QCD couplings are flavor indepen-

gluonic exchang€Pomeron part is enhanced there. Indeed dent andng :g%g:gig. One may try and argue that the

the contribution of the chromomagnetic-electric cloud en-_,. uug >
ergy slightly larger constituent mass of thes quark

(~500 MeV) as compared with~350 MeV for theu,d
quarks, can cause, via reduced mass effects, the sizes and
IROZJ' d3r(E2+B?)[in R® statd cross sections to differ. Even if correct, this explanation un-
dermines our original argument for an enhanced gluon ex-
change contribution to thB°N asymptotic cross section in
. 0 the first place. The “constituent gluon” mass, if this is in-
- in vac]=mgo— M= 29 .2 v
f [ 1= Mo 9 @9 deed a useful concept, ardfortiori that of the gluino, are
presumably significantly highetsay, my, mg=0.7, 0.9
makes_ up_most of _thRO mass.lgo is Iarge_r than the corre- _Ge\/), than those of thes quark. The naive modeling of
sponding integral in a meson or even in a nucleon. Thigonrelativistic g-g states would suggest that these larger
conforms to the enhanced contributions of gluonic cloud ingnstituent massetand stronger attractive forcesake a
teraction toR™-N scattering. much smaller state. The smaller length of the “color dipole”

On the other hand we have no analogue of the quarly,yiq then compensate for the \9/4=3/2 larger color
annihilation or exchange diagrams faf-N scattering(We charges. The systematic84) could reflect mainly the

could have only gluon exchange analogies of these diagramSaeaker contributions of pion exchange KN and (even

0p0 :
and even these only for, salg,R" scattering. _more in ¢N scattering, suggesting reducBdN cross sec-
Most of theM-N andNN scatterings foE ;<10 GeVis  tions as well.

not only merely accounted for by Reggeon exchange. There 5.4 final piece of evidence for smak-nucleon cross

arﬁ further detalLed had][on";] model_?_ involving plonh andsection comes from a recent HERA experiment where a
other meson exchanges for the specific reaction mechanis@ a1 “Pomeron-nucleon” total cross section has been in-

in various inelastic channels. Since to lowest order there argredq. This could be relevant to our discussion if indeed the
no such pion(meson exchanges contributing ®°-N scat- Pomeron is related to two gluon states.
tering we expect the latter to be smaller thdrN scattering, In the ensuing discussion 6% evolution in matter we
; 0
particularly for E;,(R")<10 GeV. Further arguments sug- il still allow a wide range of variation for the inelastic

gest that R°-N cross section
o(R°N)<o(MN) (30) 40 mb~1.40'(NN)=¢'(R°N)=0.70(¢N)=7 mb,
holds not only forE ,,(R%) <10 GeV, but also at higher en- for Tre=0.5 GeV (35

ergies. The issue of high enerdyN-NN cross sections is
not completely settled. It is possible that “soft Pomeron
contributions due tp multiperipheral pion exchange- type 15 mb=cE'(RON)=3 mb, for Tro=0.5 GeV.
models make up a sizable part of the tdé&N cross section (36)
even at lab energies as high as 20—-40 GeV.

A closely related issue is the ambiguity of which mesonWe should keep in mind, however, that the lower values are
nucleon scattering cross section should we comp@R°N) theoretically more favorable. Another crucial parameter con-
with. TheseMN cross sections depend on whether we use trolling the hadronic shower initiated by an energd®it is

- the fraction of the initialR® momentumx(R®) carried on
M=m=ud:o(7")=30 mb, (31)  average by the finaR® in an inelastic reaction:

» and similarly for the elastic cross section
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R°(momentum p>mgo)+ N(at resj If the c.m.s. angular distribution is isotropic theas#* =0.
This indeed will be the case at the lower end of the range
—N’+n pionstR%(py). (370  considered where the scattering is mainlySiwave. If we

allow a small admixture oP waves then
In proton-proton collisions a final “leading” nucleofi.e.,

proton or neutroncarries on averageg(p)=1/2. This pre- cos 6" =2(sin 8, /sin ), (45
sumably reflects the tendency of a “diquark” in the initial
nucleon to reappear as a constituent diquark in the final!
nucleon.

here 8y, 6, are theS,P wave phase shifts. Assuming

A key to the evolution ofR in matter is that the initial 0=sin 5,/sin ,=0.2 (49
gluino inR° (=gg) must be conserved in all collisions. This we will have
implies that in any reaction initiated by &P particle there
must be an outgoindR® particle containing the initialg. (T1/T1)=0.62£0.1. (47)

Since theR? is likely to contain also the “initial constituent
gluon,” this leadingR® may carry even a larger fraction of
the incoming momentum than an outgoing nucleon pi/p1= Bl Br= T,/ T;=0.79+0.16. (48)

The ratio of the corresponding momenta or velocities is then

Xr(R%)=0.65+0.15. (39 Finally we address the region of sloWgo<10 MeV) R®

_ particles, which should be discussed in term&bfnucleus
Indeed a largexr is also consistent with a “hard fragmenta- (rather thanR%-nucleon interactions.
tion” of gluino jets into a “strongly leading”’R° carrying a The evolution ofR° particles in this stage critically de-
large fraction of the gluino jet momentum. Such a hard pends on the existence of a bourRP (- A,Z) state of theR®
— R fragmentation may be required in order to avoid theand various(Fe, Ca, S, Si, and JOnuclei and on the prob-
exclusion of the light gluino hypothesis by the analysis ofability that such bound states form in reactions such as
four jet LEP eventgsee Ref[5]). o

At intermediate energid€q. (25)] the R® “knocks out” RO+ (A,Z)— [RI(A=12)]+n

a nucleon out of the nucleus. The fraction of kinetic energy ’ [ROA-1Z-1)]+p]
retained byR® can be approximately obtained just from the
two body elasticR°N collision kinematics:

(49)

For the long wavelength, slowg® the individual nucleons
will effectively merge and we expect that its interaction with

P1(R%)+ pa(N)— pJ(R) + p5(N). (39) th? nucleus can be described via a smooth, effective, poten-
tial:
The kinetic energy of the final nucled = E;—my is given (r (r
in terms of the invariant momentum transfer g2, q=(p; Vgo(r)=V,, p—zvo p—, (50)

wherep(r) is the nuclear density angl(«), andV..(=V,)
refers to an ideal case of infinite uniform nuclear matter.

To simplify our estimates we will approximate also finite
nuclei by a “square-well” potential,

In terms of theR°—N c¢.m.s. momentunp* and scattering
angle 6*, t is given by

t:2(p*)2(1_COS 0*) (41) VRO—(A,Z)(r):VO®[R(A!Z)_ r], (51)
) ) o o with r the distance oR° from the center of the nucleus and
Expressingp* in terms of the initial kinetic energy of the R(A,Z) the nuclear radius:
incomingR®, we finally find [for (p*/my)2<1] that '

R(A,Z)=1.2AY Fm. (52)
, , ZmNmRO -
TZ:Tl_Tl:(mN+mRo)2 (1=cos#*)T1. (42 |f the momentum of the incoming®,
The retained energy fractioh;/T, is thus P=V2MgoTro, (53
is sufficiently low so that
T/T ZI—M(l—COSG*) (43
vt (My+ Mgo)? ’ PR(A,Z)<1-2, (54)
so that on average we have fioiro=1.5 GeV we may assume that tHR° nuclear scattering is dominated
by S wave. The last condition is satisfied for the nuclei con-
2mymgo sidered with 56A=16 only if Tgro=<<10 MeV, which is in-

(TY/Tyron=1— (My+ Mro)? (1—cos6*) deed assumed here. Also E§4) justifies the smearing of
individual potentials oR? interaction with the various nucle-
=1-0.481—-cos #*). (44  ons.
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The S wave phase shift is given by , 4m(mVp)? do
'(R°—nucleug= Y dn- const. (65)
_ P T o
O0=— PR+ arctar{ JpZ+ ZmVotar( P +2mV°R)} ' (i) In this cased, can be appreciable:
(55)
. . . (i(RO— Ny~ T , do_
The single parametdr,=\Vgo summarizes our ignorance of o V(RT=N)= 0’ =7m(Ra2)" ggq =const. (66
RO-nuclear interactions. We make the reasonable assumption
that (iii)* The cases marked with asterisks are distinguished
by two important features. First we are guaranteed to have
Vro<|V,|=50 MeV, (56)  one(or more bound states. Indeed the condition for having

. . . . at least ones wave bound state
whereV, is the attractive potential seen by\aparticle in a

hypernucleus. Indeed tHR®, just like theA particle, is not oy ey -

affected by the Pauli principle and can migrate towards the 2MVoR(A,2)= /2 67

inner shells. However, thR°-N interactions, lacking meson smounts to

(and in particular pion exchanges, are expected to be

weaker. Vgo=4-2 MeV (68)
Indeed 7 exchange diagrams contribute via three body

interactions, to the\-nuclear binding. We have no analogue for nuclei in the oxygen-iron range, i.e., for

of this for theR? case. As we will argue belo@owards the

end of this section the “R™” companion of theR? particle 16<A<56. (69

is likely to be heavy. In particular _ .
Second we will argue later that cag@k) or (iv) are the most

Mg+ — Mgo=m,. (57 likely in any event. For cas@ii) we expect enhance®lwave

scattering cross section, i.e.,
as compared with

. iy
ms —Myo=70 MeV (59) oM =g~ ra (70)
suppressing the three body putative diagrams \égd
The following values ofVgo, consistent with the bound
|[Vro|<50 MeV, lead to qualitatively different behaviors of
RO%-nuclear scattering in th€go<10 MeV range.
(i) Vo is positive or negative, but very small:

However, the small binding energye(<|V,|) may kine-
matically disallow(or suppressthe actualR® capture reac-
tion (49 since there may not be sufficient energy for knock-
ing a nucleon out. The latter requires in particular that

Vo] <To=10 MeV. (59 Tro+|€|=BE of nucleon-8 MeV. (72)
(iv)* In this case we could have sever@lwave (and

ii) Vgo is positive(repulsive and .
(i) Vo is p (repulsive perhaps evet® wave bound states. However the most im-

Vgo=Tro=10 MeV. (60)  Pportant point is that E¢(71) is now satisfied, sometimes with
a wide “margin.”
(ii )* Vo is negative(attractive and of magnitude The RO capture, reactiod9), leading to the formation of
the R°—(A—1) bound state, becomes then exothermic and
2—4 MeV<=|Vgo|<10 MeV. (61)  the capture cross section is enhanced by the ratio of outgoing

nucleon momentum and the incomiRj momentum:

pn(final) \/TR0+|e| —BE m,
pRO h TRO mRO

(iv)* Vgo is negative and

50 MeV>|Vgo|>10 MeV. (62 =1, (72)

V) Vro is positive and :
(V) Vro'is p The total scattering cross section in this casl is larger
50 MeV>|Vgo|<10 MeV. 63 thanol). The last case corresponds to a flipfieepulsive
potential: V(W= — V(") Hence(see Sec. ¥
We will next discuss each of these cases. .
(i) Expanding the expressia5) for 55(p) in the small o= =R, 5. (73
quantitiesmV,R? andmV,/p? we find
The kinematic enhancement of Ef/2) suggests that the
PR capture component in the total cross section
. (64
cos pR

. mV,
oW =— p—20 tan pR—
o o ool =08+ ol (74)
Thus for either sign 0¥/, we obtain a fairly smalR® nuclear
cross section: is appreciable.
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(v) In this case the nucleus acts as a hard sphere. Furthethe following holds: (i) Chromoelectric effects dominate:
more pR(A,Z)>1, and we may use the classical cross secalsal); (i) a®=a® anda(P=a(®, or at least

tion

oV=7R% 7. (75

For elasticR%-nucleus collision the energy fraction car-
ried by the outgoingR® is given by Eq.(43), but with my
—m(A,Z)=Amy. Thus the average kinetic energy fraction
retained

2UA _—
<T:/L/T1>R0 nucleus=1— m(l—cos 6%),
(76)
with
- 16+03 7
U—m—— .o 0. ( 7)

N

a1

a(,\f) = aEEB)/ag\,,B) . (81
Hadronic constituents are generally more relativistic than va-
lence atomic electrons so that chromomagnetic effects are
more important. Also three and more gluon exchange are
more important relative to two photon exchange. Thus the
attractive character of thB%-N gluonic interactions is not
obvious. We proved11] via rigorous “QCD inequalities”
techniques that the low energy interaction between ground

state pseudoscalars

is significantly closer to one than that in the case of elasti(find

R® nucleon(a feature well known from neutron moderation
Equation(76) implies a corresponding ratio for outgoing and
incoming R velocities:

UA -
<:31/,31>R0 nucleus™ 1~ m(l—cos 0*).

(78)

We next proceed to estimates \df,, making first an ar-
gument for negative, i.e., attracting,. ApproximatingR°
~g-+gluons, i.e., neglecting additionalgq constituents,
there are no Pauli exclusion repulsive effectRftN scatter-
ing. In factqqg annihilations and quark exchanges, i.e., ordi-
nary mesonic contributions tB%-N scattering, repulsive or

Map=""0a¥s0b"s M{g="" dc¥sdq" (82
is always attractive if
Mmy=me
mp=Mmy (83)

but all flavorsa,b,c,d are different. The latter condition

does indeed exclude amy exchange oiyq annihilation so
that thisMM’ attraction refers specifically to the gluonic
interactions of interest. We believe that the same result holds
for the interaction between any two hadrons of similar color
structure, reminiscent indeed of conditi(81) for the pertur-
bative case.

The gg=R® and N=uud nucleon states are clearly dif-
ferent. There is, however, no obvious reason why the sign of
their mutual gluonic interactions be reversed relative to the
gluonic interactions foNN or R°R®. We will therefore as-
sume a negativ¥ly. Unfortunately the magnitud/,| is not

attractive, are altogether absent. The only interactions argygwn. We have suggested abofq. (56)] that |V(()R)|

gluonic exchanges, i.e., the QCD analogue of “Van der_

Waals type” interactions. Color confinement implies a finite
lowest massn‘). >0 in the gluon exchange channel. This
will modify the r~8—r ~7 potentials derived in the perturba-

[VEM|=40-50 MeV. We will argue next for the follow-
ing likely lower bound:

IVE)|=10 MeV. (84)

tive two massless gluon exchange approximation by an ex-

ponential factor

0
e Mg,

(79

We conjecture, however, that the generic property of the

We express the fact that most of tlRé®) mass originates
from QCD dynamics in the following suggestive manner:

1 GeV=mgo—mY= J d3r(E2+B2). (85
9 over R?

2v,2g perturbative exchange potentials, namely, their almost

universal attractive character, will survive in the full-fledged
QCD treatment oR°N interactions.

In the perturbative approximation the “Casimir-Polder”
interaction VYY) between two hadrong and B is propor-
tional to the following combination of electric and magnetic
polarizabilities ofA andB [10]:

Cro= —[a®al® + ol ol — (affafS+ alfal®)].

(80

For A andB hadrons which are ground states in the respec-

tive channels, second order perturbation inE(B) back-
ground fields, sayAY =aE?, imply negativeak (or aj,).

HenceC,g is guaranteed to be negative once at least one of

In the presence of nuclear matter the last expression will be
modified. This modification can be parametrized by the chro-
modielectric(magneti¢ constants shifting away from unity.

Assuming that/ E2 dominates, we have for the rest energy
shift, i.e., forVy, the following expression:

1 1
N 22427 | = _ —m2
VO_(e 1>JE d r—('E 1)(mRo mg)
z—(e—l)(mRo—m%)s—(e—l) GeV, (86)
where we used Ed85) and in the last step expanded in

e—1<1. (87)
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We note in passing tha¥ ;<O amounts to the natural as-  To date we have no clear-cut evidence for either glue-ball

sumption that or “Meikton-hemaphrodite” states. Theoretical prejudice
and estimates within bag modélE4] suggest that the glue-
e—1=0. (88)  balls are significantly lighter:
To estimatee— 1 we use the analogue of the familiar QED m°(gg)<m°[g(ud)s], (95
expression

which in turn suggests that also
4 _
(e=1)= 5 nag’ (®9) meo=mP(Go) <O G(udgl=me-.  (96)

Fortunately we have also direct “experimental” evidence

. (N) . . i
with a¢” the (chromg electric polarizability of the nucleon that theR* should be heavier than the putative ligtft by at

and leastm,. [see Eq.(57)]. Indeed if the reverse, namely,
n=(12 Fm3 (90) Mg+ <Mgo+ 7", 97)
the nucleon number density. Ordinary electric polarizabilityjs true, then we would have a nevalmos} stable, charged
can be written as hadron of massng:<1.6+0.2 GeV.
3 Its production cross section, particularly at large,
ag=Ty, (91) should considerably exceed these of the deuttaor anti-

. . . , deutrond. Such particles should have been detected for life-
where in the last expressian is an effective siz¢Eq. (91) times in the range considered:

also represents the classic polarizability of a conducting

sphere of radiusg]. Collecting all the above results we find 3X 107 °< p+=171R0<10"% (98)
N.eff\ 3 Thus theR is really conserved in hadronic collisions. In any
|Vo|=2 Fermi GeV. (92)  reaction initiated byRC the final state will also include an

RC. In particular, anyR™ produced would decay via

Thus|V,|=10 MeV once the mild requirement R* RO+ 99)
N, eff i
ro” =017 Fermi 93 on hadronic time scales.
. o One final comment concerns the small nuclear effects on
is satisfied. _ _ _ _ _ R® nuclear scattering at high and intermediate energies.
Before concluding this section we would like to reiterate These “shadowing” effects tend to reduce the cross section

the feature which is the most important distinction between¢ any projectilex on a nucleus from the naive, weak cou-
the R%-nucleon scattering and the scattering of any othebing value

stable hadron on a nucleon.

All the hadrons with lifetimes=10"1 sec(with the ex- aO(x,A)=Ac(X,p) (100)
ception of A°) come in isospin multiplets:
and correspondingly prolong the interaction mean free path
from

+

2+

ot K+ ~
™ (K°) (KK) (E) > 1 1
o 3 1O(x,A)= (101

T no(x,p)  pAva(x,p)

Iy I
o

Also the A° is associated in S@3) flavor, with the3, mul- _ 5 _
tiplet from which it is split by only 70 MeV[see Eq(58)]. ‘é‘”th .Av=Avr?gaﬂro nu_mbe#6>|< 107 and g thg mgterlalh
In principle we could have in addition t&(®=gg other ensity so thah=pAv'is a nucleons number density. The

more complex hadrons containing a gluino which could beshadowmg effects are appreciable when

charged as oO(x,A)=Ac(x,p)=7RA(A,Z) = wA23(1.2)2(Fermi?
- — (102
R*=g(ud)g, (94)

or
where as indicated thed are in a color octet combination.
However, theR" is definitely not anl-spin partner ofR°,
but rather the lowest member of a completely different fam-,
ily of particles. These particles are the SUSY partners of th
“Meikton” or “hemaphrodite” hadronic states, which have

been speculated by various authors, nam@ﬁyn,d_)g, just as
R0=gg is the SUSY partner of the glueball stajg. I mfp(RO irom=(10—-30 cm (1049

a(x,p)=A"3x 45 mb=(18-12 mb (103

or A=16-56.
Thus we will use for iron longer interaction path than
those implied by Eqs(86),(84):
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with the lower (highe) value corresponds tar o (i) TheR°-nuclear inelastic cross sections in general and

(RO-N . . . ]
—40(7) mb with substantia50% (no) shadow correc- Particularly in this 40 Ge¥Tro=1/2 GeV range are likely
tions. to be smaller thamN-N and everKN cross sections.

To simplify the treatment oR° evolution in stagda) we
will neglect the slow buildup of transverse momenta,

V. THE EVOLUTION OF ENERGETIC R” PARTICLES namely, momenta transverse to the initial entry direction of
IN MATTER the RC particle into the materialAfter n collisions we have
Energetic,E;niin (R®) =30-40 GeV,R° particles evolve 2 )
as they propagate in matter in three main stages correspond- [pY”|*=nAg (108

ing, in reverse order, to the energy ranges of E&4), (25), ) , .

and (26) above. We will next try to follow the evolution in :’V'tz th_ 1/2 Gev typg:_al SOf_t m?me”}“m trgnsf)arTms

these stages, utilizing the estimates of the previous section€2ds then to a one- .|me|n5|_ona evolution m_m(?mentum
Stage(a). FastR"'s are conserved through their hadronic SPac€(or more conveniently in rapidity spagg,=—Inx,

cascade evolution, if we neglect the presumably small propith X, the fraction of the initial momentum carried by the
RO after n collisions and in coordinate space. The coordi-

ability to generate furtheR°R° pairs inR°N collisions with . _
nate is the distance (measured along the momentum of

c.m.s. energie®Vroy=(2Epomy)*><10 GeV. This drasti- &€ 1S | : _ 0
cally simplifies their evolution as compared with that of initial R) from the entry point to the material, to te
other long lived neutral particles such K$'s, which are Iocatlon: For enoergy-lndependen_t Cross sect(_qnazstlcularly
created in secondary hadronic collisions, and neutrondPPropriate foR"N scattering which are devoid of the vary-
which. even nealecting secondaliN pair creation. can be M9 Reggeon contributigrthesey andr evolution decouple.

’ 9 '9 aN p " . In a uniform medium, assumed for simplicity, the mean in-
knocked out of nuclei. All these processes notwnhstanqu . ©) ; "

, Ly — = eraction length foR'™ is then a constanty. Letg'™(r) be

the hadronic showers generated iy jets (and alsocc,bb  the distribution aftem collisions. By definition
jets) essentially quench aty,~10 hadronic interaction

lengths inside the calorimeter or shielding materials. gV(ry=e ", (109
We would like to argue that as they evolve through the
energy range 40 Ge¥Tgo=0.5 GeV, theR”s will typi-  We can readily derive the recursive relation

cally get further away from the initial interaction point than
lques 1-€., further than typical hadronic showers. Several ef- r )
fgL(l:ets contribute to this.yp 9N = jodr’g“‘)(r’)e‘“" "o (110

(i) Charged particles continuously lose energy via ioniza-
tion and stop at well defined ranges, even if they have ngnd its solution
hadronic interactions. These losses increase at (sub
GeV) energies: thus the ranges for 2 GeYK* and 7™ in gM(r)=e Morn-1, (111
iron are

The average distance aftersteps is then
R(p)=16 cm, R(K*)=30 cm, R(#")=60 cm. _ _
(105 r(M=nly=nr® (112

These ionization losses can indirectly contribute also to th&@S expected. The rapidity space evolution will be completely

slowing down of K”s and neutrons. AfT,=1/2—2 GeV analogous if we assume that after a single collision we have
- . . . . . 1 _ — . .

hadron’s kinetic energies, we have appreciable cross sectiofi@Pidity distributionf*)(y) =e™# (corresponding ta” in x

for charge exchange reactions spacg so thaty™™=1/3.
Let us denote by\(® the energy-momentum average re-

KO(K®)+N—K*(K~)+N’, (106 duction factor in stagé¢a):

N@=x(F"), (113
n+N—p+N’, (107
According to Eq.(38) we take \®=0.65+0.15. Starting

with N referring to a nucleon in the nucleus. Also in inelastic with an initial energyEy= Ty(=40= 10 GeV), we need then
collisions atT,=2—40 GeV the incomingk® or neutron  altogetherN® collisions in stage(a) so as to degrade the
often “fragments” into a leadingK™ or proton. Thus kinetic energy to the require®;(=1/2 GeV), where
roughly during half of the evolution of the hadronic showers
the nucleonic or “kaonic” component manifests as the (a)_ln(EO/Tf) o . | . _
charged component of the isospin multiplets which slow ~TIn(n) [=In(80=20)/In(1.6+0.3)=7—18].
down via ionization. As emphasized towards the end of the (114
previous section there is no anal®— stableR™ conver-
sion and there are no, even indirect, ionization losses durin/Ve will consistently usé¢ ) brackets following equations for
the R° evolution[13]. the actual numerical estimates used in applying the equa-

(i) The RO particles are likely to maintain higher fraction tions) The total penetration distance traveled by R&)
xe(RP) of their initial momenta than nucleons or kaons. particle in stagda) is then on average
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1+u? cos ¥

o (1-uZsi? 972

(~ 1+(2.5£0.6)cos ¥
" [1-(2.5+0.6)sir? 6]*?/

L@=N@@=[(12+5)|@

int

do
fu(cos 19)Ed—Q
=(3*=2.3) iron meter equivalenf (119

where we used Eq$114) and(104). The very large spread

in Eg. (115 represents the accumulated uncertainties in
o'(RON) or I® and in the elasticitiea @ and finally in the

initial R® energy E(©)=40+10 GeV. We believe that the Let the initial RO direction beno, andn, be the direction

valuesL® =0.7 m orL & =5.3 m are very unlikely. In par- after k successive scatterings. f(cos¢) the coss argu-
ticular to achievel ,, we need to assume'g(?,'j‘s"c—m mb  mentrefers to,-n,_,. The distribution aftek steps will be
[and x¢(R%)=1/2] which are too high(low), respectively,

and for L, we needs'=7 mb [and xz(R% =0.8] which f®(cos 9)Ef(k)(ﬁk'ﬁo):J dnydn,:--dngfy(ng-ny)
appear to be too lowhigh), respectively. We will adopt

(121

L@=3+15 m. (116 XN o) oM - (122

. . . . ._ . Using the completeness relation
The main conclusion which we would like to emphasize is 9 P

that the putativeR® particle travels beyond the full extent of

(e.m-+hadronic) showers due to normaon R®) hadronic — f dn’'P,(n-n" )P (n'-m)= =—— 577 00L1P) (n-m)
jets. Indeed the extent of the normal shower is affected also
by ionization losses of the leading particles to which Ri&s (123
are completely immune. Throughout most of the stayéhe e find that if
R%s move with Bro~ 1, hence its totallab-time duration is

t@=L@/c=10"%13) sec. (117 f,(cos 0)=|20 f(u)(21+1)P(cosg) (124

Because of time dilation effects the required proper time
(and hence the lower bound ero required if indeed th&®®  then
particle is to complete this stapis lower than the abové®.

Specificall find that -
peciically we find tha 0 (cos )= [f,(u)]42l+1)P,(cos). (125
I=0

N@ 1 N@ 1 aN®@
CIS I 2 A (@) Iol (N
T & (A= cl 1=)\2 We will be particularly interested in the net extra displace-
ment ofR®, namely, the extra displacement along the initial
I 0 di i N i . (b)
=(2—5)E0=(O.6—5)><10’9 sec, (118 R dlrrﬁ)g:tlon (o) accumulated. du_rlng stagé): AL
=1o=r2; cosfing). On average it will be
where in the last equation; , the proper time lapse between N NG "
the N,—i and N,—i+1 collision, is shortened relative to ALD = Ae-A) =] foyk= 01 g _¢N
lo/c by 1y=(\,)" and we neglected \y)Na= T;/E, 02 (Mo =lo 2, (f) )
=35. Thus the modest requirement (126
suffices to ensure that the initi&®° particles survive stage
. fi(u)= | d(cos6)f,(cosH)P,(cosh)
Stage(b). Intermediate energies. Using E@7) for the )
average fraction of kinetic energy®(=0.62+0.1) retained Cf dx x 1+u (2X -1) 127
in quasielastidR®-nucleus collisions in stagé) we need on [(1—u?)+u?x?]Y?
average
0 i where
In[T In 50
(b) _ |n|t|a| flnal _ - /
In( L/ ®) ( in 1.6 8) (120 (—1+u?)?

a=
u

collisions to complete this stage. We used(i20) T,

=0.5 GeV, TP =0.01 GeV for the kinetic energies charac- andC is a normalization constant:

terizing the entry to and exit from stagl). The kinematics A

of the elastic R%nucleon collision implies that for c-1— jl « 1+us(2x°—1) (128
(do/dQ*) (R%)=const(i.e., constant differential cross sec- [(1—u?) +ux?]Y¥?

tion in the c.m.s. framewe have in the lab frame fou

=mgo/my [12] The transverse displacement is given by a “random walk”
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N(b) 5 where N©©>1 is implicit. Specifically we find forrro
(AP =122 si#(ﬁ)(sgl\ﬁmlé) (129 ~=10""sec
: (@) (b) (c)_ | 7RO U
using the above with{?=I1{"=10-30 cm,u=1.6+0.3, N"=,In| o~
N®=8*5 we estimated

=80 for A=56, [3=15 cm, u=mgo/Mmy=1.6),
ALP=04-1.3 m, 10 ° RO (1)39)

A(Tb):O.Si 0.25 m. (131)  wherel, was estimated via the geometR’-(A,Z) cross
sectiono = 7R?(A)=3.6x10"2° cn? to be
Finally theR® motion during most of stagéb) is nonrelativ-

istic. The velocity after thath collision is therefore lp=15 cm in iron. (140
— By NEn (132 For 7ro=10"° sec we find instead of E§139)
_ _ o , N©=40 (for A=56, l,=15 cm, At,=5x10° se9.
The total time(=proper tim¢ consumed in this stage is (141)
1o 1-(ha YINEI2+ 172] The maximum total extra diffusion distance added in stage

AtP=A7O=3 AtP= (c) is therefore

BoC  1- (NP2

~ =10"* se
(=1.5-5x10"° sec) (133 AR = YN = 7RO
| = 0.9 m, TR0=10*6 se
with B,=0.8 the initial velocity corresponding td ko (142
=0.5 GeV. i .
Thus if In passing we note that ond®’ (or a neutroh achieves a

final thermal velocity(=2 km/sec, orB;=0.6x10"°) one
o= 7@+ AFP=(258)x10°8 sec (134  reverts again to ordinary diffusion withR= /7. However,
even after 100 elastic collisions with iron nucleRé particle
the R® particle would, on average, live through the end ofwith starting velocity3,=0.1 will on average go down only

stage(b). Its distance from the entry point is then to By=0.005. A key observation is that if tHR° decays at
any time during stagéc) we expect its final velocity to be
Lap=L@+AL®P=4+1.6 m (135
B:i<0.1= ;. (143

with a transverse spread of , i ) .
This holds also if theR® is bound to the nucleus with

A;=0.5+0.25 m. (136  binding energy|e|=8 MeV. The Fermi momentum of the

boundR° (= \/2[e|mg0=0.16 GeV) corresponds to
Stage(c): Our discussion in Sec. IV suggests that once

Tro=<8 MeV (or theR? velocity satisfiegd=< 8,="0.1) theR° B=0.1. (144

particles will be quickly captured int&R°—(A,Z) bound 0
states. This would be effectively “fix” theR® and prevent Consequently the lab energy of the’ from the decayR

further diffusion away from th&®® location it reaches by the —y will be rather monochromatic. Specifically
end of stage(b) at the (,A;) values quoted abovgEgs.

2
—mé+m
(139, (136)]. E o=(14 EO— (14 Mo M+ Mo
Even if theR? particle stays unbound for the duration of ™ (141 cosO)E 0 =(1+ B cos6) 2mgo
its lifetime 7o, the extra diffusion distancgN©1, grows (149
very slowly with 7go asvIn 7. From Eq.(78) above we find -  =(0);=(0)
that the time intervals between successRfenuclear colli- S_atISerS (on average |Eo(B,cos6)~Edl/Ero= Br/2
sions are =0.05. _ . . . .
We conclude this section with a short discussion of the
u 0 u ikely location of this ecay eventr (decay, measure
m 0 o n likely | i f thisR® d (decay d
A=At 1+ Al ~ Boc 1+ A (139 relative to the intersection point. We will consider first the

longitudinal displacement, along the initialR® direction

Thus allN© collisions of stagéc) will be completed after a ﬁo Itis accumulated only in stagés) and(b) and assuming

time mro=10"8 sec so that stag®) was completed we have from
Eqg. (135

N©+1

1 r=L@+m=Lap=4+1.6 m. (146

N(C)
tO=ro= >, At(”)’ 1+ —

cl>

The total displacement has also random diffusive “compo-
:At(O)éeu/A Ng (139 nents” from stagegb) and (c). Thus finally the total dis-
' placement is
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SN2 2 T2, (B 2/ backward peakeflThe total distance traveled by relativistic
(rf)=r= ViLay) T(Ap)7+ (Ro)Y(=4.5x2 m)&147) hadrons in this\t is 9 m, and most of the energetic neutrons
are likely to have interacted and slowed down by then. Yet
the slowly diffusingR® may well have not decayed ifzo
=3x%10 8 sec. This negative time correlation will also re-
duce background from energetic muons emerging from the
primary collision which interact in the vicinity of our detec-
e'[(9r and produce secondary neutrons. Such muons, cosmic ray
muons, and charged particles background in general, can be
further reduced by an anticoincidence network surrounding
our detector at a distance sf1 m from its boundaries. Also
the very strong, slow, or even thermal, ambient neutron
background, causing many low energy depositions, via
nuclear captures, can be reduced by using a proper neutron
absorber shielding. Finally we note that having over most of
the distance between the intersection point and the detector
The search strategy proposed here addresses a wide rarigen magnetized in a direction perpendicularrteould also

of putativeR® parameters. Specifically we will assumgo  drastically reduce the neutron background by having the in-
=3x108 sec, opoy<oyy for both elastic and inelastic termediate proton curve in the magnetic figl®].
cross sections ange(R%)=xq(p)=0.5 for the momentum All this notwithstanding we cannot hope to conclusively

fraction retained by the leadirg® particle in inelastic colli- “Ppin down” R° particles by looking at their decays only.
sions. The search is optimized #pon=2cyn, Xe(RY) The basic reason is that, even if the detector is placed at an

—~07 cularly wh 0 th hi io f optima! d_istancear [see Eq(147)] (Wh_iCh isa pr?ori knc_an
tthOand Oaag:;a?/rrﬁ(:\;eei(lj;réé tsz;?ra:)r;(;;r:)go/ratlo or only within =60%), and theR® particles are isotropically
— Ty ’ m)= 0.

distributed, only a small fraction
Let us assume that a detec@rof volumeVy has been

And its average direction relative to, is
No-F=r_/r=0.8. (149

The above estimates referred to iron, and also neglect
the freely traveled distance to the calorimeters and hernige
underestimated. We note that light@oncrete rock-earth
material3 may actually expedite the slowing down &f°
particles in stagéc) because the fraction of energy loss is
= 1/A.

VI. THE PROPOSED R° SEARCH STRATEGY

installed underground at, say, the FNAL collider ate” e~ VpB(RO— 70)
colliders at a distanceR(=5+2 m) from the intersection f= W:[VD/m?’](?)X 10 5-2x107%)
point and withR perpendicular to the beam direction. This (149

detector searcheR°— 7%y, 7%y and possibly alsoR®

—>q-r+7r*'{/, RO— 7™ 77*1707 decays. The signature distin- of the R%’s will decay via theqro';/ mode, inside the detector.
guishing such decays from background events could be afin the above estimate we usedé= 5+3 m, B = 0.1+ 0.05.
almost monochromaticr® with E_0=0.6 GeV. Alterna- To pick out the genuin®® decays we correlate events in
tively final states including several piofand possibly some  the detector with primarpp collision both temporally and
nucleqns. knocked out when the dega% 7 7 7% oc- directionally. Specifically we will focus on primanyp col-
currs inside the nucleus, once thR't-A,Z) bound state jisions withg jets that could give rise to a sufficiently high
formed| should have a relatively isotropic distribution with energyR° that in turn could make it to our detector.

imi issi o< =0. . - : : ras ;
limited missing momentay,=mgo/4=0.4 GeV. Our argu Thus we will consider those “specialpp events with

ments for a longer migration length f®%'s as compared : — g0
with the extent of hadronic showers suggest a reduction of"€ (or two) jet(s) of transverse energyE;=Ey

the neutron background at the location of the detector if it a$ =10 G€V), and with no energetic leptan (to avoidb,c
placed at a distanoe, given by Eq.(147) above. jets in the jefs). If a light gluino exists these would be

The collision of such neutrons with nuclei in our detector 91UinO je(s) with an appreciable=20% probability. Beam
can producer®, 7", etc., final states and constitute a Crossing and onep collision on average happens every
background to thdR® decays. However, only neutrons with
kinetic energiesTro>GeV (Tro>2 GeV) are likely to pro- 8,,=3X107%1077) sec
duce 7 (77~ #° in n,N collisions. These background
events will have achromatier® or apparent missing mo- in the old (upgraded versions. However, only one iNy

menta, often pointing in the direction of i.e., towards the =10’ collisions is “special” in the above senseNy, is the

decay vertex. ratio of total Hp cross section to a perturbative estimate for
One can further reduce the energetic neutrons backgrourttie cross section of the gluino-jet production
in our detector by excluding time “windows’At, say of Hence the “special” collisions will be spaced, on aver-

magnitudeAt=3x 102 sec following each collision event age, byAty=Nydt;=3—(0.1) sec. If theAE=0.6 GeV

or, if the rep cycle of the collider is shofas in the upgraded energy deposition in our detector is due to a decay oR&N
Fermilab Tevatrop the firstAt=3x 108 sec following rel-  from a gluino jet in a particular “special” event then we
evant events with jetgOnly 1-2 GeV neutrons from such expect that(i) the decay should happen on average at time
events emitted in the direction of the jets are likely to make= 1o after the primary special collisior(ji) the jet (or at

it to the required transverse distance from the collidingleast one jetin the primary event should point in the direc-
beam. In typical minimal bias events the neutron along withtion of our detector within a\ 6° uncertainty with cos6”)
most other particles produced in the beam’s jets are forwardiven by Eq.(148).
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Jointly these two requirements will reduce the back-using colliders and jets at 90° wheR® could be relatively

ground by copious. Also by moderating first thR® particles a very
s 4 wide range ofR° lifetimes becomes accessible.
(rrol Aty) (AQ/4m)| = 3x10°-10 )(i_ i) While many of the basi®° features appear in the papers
RETTTH 3-0.1 20 10 by Farrar we included them for completeness. The discussion

of Secs. IV and V have new elements, and in particular the
possibility of having longer attenuation path f&? in matter
as compared with neutrons is discussed at length.

Negative results in the experiments suggested cannot un-
1 1 ) equivocally exclude the eight gluino hypothesis. Though we

=(5x10719-10"%), (150

where

10 15 argued forR°N cross sections smaller thah-N cross sec-
(151) tions the reverse may be true and ®2 will then migrate
less than our estimates making it more difficult to separate
This background reduction may suffice for facilitatindiRd ~ R° decays from the “normal” hadronic activity. Also for

AQ=2n[1-cogA 00)]=2W(1—ﬁ0-F0)=27T(

research. TR0=3X10"°-3x 108 sec direct searches for decay in
If the hadronic showers in the special events which ddlight may be more efficient.
correlate with decays in the detec@rare indeed due t&° Eventually many different lines of research will converge

decays they should extend further into the calorimeters thato yield a definitive verdict on the light gluino hypothesis. At
the average hadronic jets. If this feature which we expect opresent, however, the® may exist. It will be a great pity if
the basis of our discussion of tlR¢ evolution is confirmed it it will be missed due to lack of enthusiasm and possibly for
will provide further evidence foR° particles. not trying the right optimal approach to discovering it. After
Needless to say all these very qualitative arguments neegbmpleting this work a preprint by R. Mohapatra and S.

verification via detailed Monte Carlo studies wighjets and ~ Nandi (UMD-PP-97-082 addressing light gluinos came to
evolvingR® particles. The whole analysis can be repeated foPUr attention.
e*e” collisions at thez® resonance. We need now to spe-

cifically look for 4 jet eventse*e*—>qa§g: which may be
relatively rare occurring in only few percent of the events.
However we gain by having a much reduced hadronic back- | am indebted to J. Barnet, Z. Bern, D. Gerdes, A. Grant,
ground and a largest. [The very large e.m. radiative back- S. Ino, A. Morgan, E. Pevsner, C. Quigg, J. Sandweis, M.
ground can be effectively avoided by thick lead shieldingsvVoloshin, and C. Whitten for many useful discussions and to
around the detectdr. J. Bagger for explaining the light gluino scenario. | am par-

In summary we have suggested a novel, and in our viewicularly thankful to L. Madansky for crucial insight and sug-
optimized, alternativeR® search method. Instead of search-gestions. | also wish to thank the Israel U.S. BSF grant and
ing for R® decays in fixed target neutral beam where thethe grant from Johns Hopkins University for supptSF
putativeR?’s are at a considerable disadvantage, we suggessrant No. phy 9404057
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