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When supersymmetry breaking produces only dimension-2 operators, gluino and photino masses are
of order 1 GeV or less. Thgg bound state has mass 1.3-2.2 GeV and lifetir®>—10"'" s. This
range of mass and lifetime is largely unconstrained because missing energy and beam dump techniques
are ineffective. With only small modifications, upcomiiy decay experiments can study most of the
interesting range. The lightest gluino-containing barymdsg) is long lived or stable; experiments to
find it and theuudg are also discussed. [S0031-9007(96)00088-9]

PACS numbers: 12.60.Jv, 14.80.Ly

Some supersymmetry (SUSY) breaking scenarios pror = mgo/my5; must fall between about-1.6 and 2 [2],
duce negligible tree-level gaugino masses and scalar triwhich is in the range predicted on the basis of the gluino
linear couplings; consequently they have no “SUSY CPand photino mass calculations [1]. The lifetime of the
problem” [1]. Although massless at tree level, gaugi-R°isthen [1]7go = (1071°-10"7)[M,,/100 GeV]}* s for
nos get calculable masses through radiative corrections4 < Mz» < 2 GeV. This can be comparable to the
from electroweak (gaugino, Higgsino-Higgs, and gaugeky —K? lifetime range, ifMy, ~ 100 GeV. In Ref. [5]
boson) and top-stop loops. Evaluating these within the discussed strategies for detecting or excluding the exis-
constrained parameter space leads to a gluino masence of amkR® with a lifetime so long it cannot be detected
rangem; ~ 15— 1 GeV and photino mass range; ~ by its decays. Here | discuss several approaches appropri-
75— 15 GeV. The lightest chargino has a mass less thaate if theRr® lifetime is in the~ 107> -107'" s range.
my. The photino is an attractive dark matter candidate, If R”'s exist, beams for rar&® decay ande’/e ex-
with a correct abundance for parameters in the predictegeriments would contaiR”’s. The detectors designed
ranges [2]. Because of the non-negligible mass of théo observek® decays can be used to stu#y decays.
photino compared to the glueball, prompt photinos [3] areHigh-luminosity beams are produced at Igw, so per-
not a useful signature for the light gluinos and the energyurbative QCD cannot be used to determine Meflux in
they carry [4,5]. Gluino masses less than abb@tGeV the beam. The most important outstanding phenomeno-
are largely unconstrained [5], although they would causéogical problem in studying light gluinos is to develop
modifications in jet distributions and have other indirectreliable methods for estimating the° production cross
effects. Consequences for squark and chargino searchssction in the lowp, region. Here the ratio aR® to K}
are discussed in Ref. [6]. fluxes in a given beam at the production point is parame-

The gluino forms bound states with gluons and othettrized by p10~4.
gluinos, as well as with quarks and antiquarks in a color Two-body decays are suppressed by approximate
octet state. The lightest of these states, the $pih- invariance of SUSY QCD because the’, 5, and R
gluon-gluino bound state calle®’, should have a mass haveC = +1 while the ¥ hasC = —1. C and P are
~1.3-2.2 GeV [1,5]. Since the gluino is light, this state presumably violated, because the superpartners of left
is approximately degenerate with a flavor singlet pseuand right chiral quarks need not be degenerate. Their
doscalar comprised mainly @fg [5]. Experimental evi- mass splitting is a model-dependent aspect of SUSY
dence is now quite strong for an “extra” flavor singlet breaking, so we take the branching fraction Rf into
pseudoscalar at-1500 MeV [7,1], in addition to those two- (three-) body final states to be a free parameter,
which can be accommodated in ordinary QCD. Tjle b, (b3). Decays such ag’ — #p° are C allowed and
is identified with the pseudo Goldstone boson associateimcluded with three-body decays. Four and higher body
with the breaking of the chirak symmetry of the nearly decays are suppressed by phase spacé;, sb b3 = 1;
massless gluino [5]. The lightegt baryon is the flavor- therefore bounding botlb, and b3 can rule outR”’s.
singlet spin-Oudsg bound state called’, whose mass Measuringb,/b; would give indirect information on the
should lie 0—1 GeV above that of the’. Higher lying  mass splitting between left and right squarks.

R hadrons decay to the° ands® via conventional strong The most important three-body decay modeRfs—
or weak interactions. The rest of this paper is devoted tar "7~ 4. Since theR° is a flavor singlet and they
finding evidence for thesk hadrons. has photonlike couplings, the™ 7~ : 7#°7° branching

I shall assume here that photinos are responsible fdractions are in the ratio 9:1. Because of phase space sup-
the cold dark matter of the Universe. This fixes morepression, decays involving’s and n’s can be neglected
exactly the mass of the photino aRf because in or- compared to ther7¥ final state. ThuR® — 7 7 %
der to obtain the correct density of photinos, the ratioaccounts for~90% of three-body decays. One can re-
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quire M (" m~) > Mg to reduce background without a R K _4 bR1072\/ ex (yBT)k

severe loss of signal: e.g., féfzo = 1.7 GeV andr = 2, Nx = Ny (p10™) bX10-4 <;>m

72% of theR® — 7" 7~ % decays would pass this cut. !

The branching fraction for decays meeting this cut is X exd—L/{yBeriw], (2)

therefore0.65b;. where ex and ey are the efficiencies for reconstruct-
The dominant two-body decay channelR§ — 7°%.  ing the final state particlest and Y, y = E/m is

Searching gOf this decay is much like searching forthe relativistic time dilation factor, and = P/E
the decayk; — #°»». Fortunately, the two final states |l be taken to be 1 below. Letting = Ax/Ago =
aE)e readily distinguishable because a typiezl fgom (Exo)ymporge [{Epo)mgoTro, and introducing the “sensi-
R” decay has much largep, than one fromK, — tjvity function” S(x) = x exl—Lx/Ag], Eq. (2) implies

7701/7, for which pTaX.Z 231 MeV. Furthermore, the that an experiment with

p. spectrum of the pion in a two-body decay exhibits K R

the striking Jacobian peak at!™*. The existing limit glim — 100by Nx ey 3)
on B (K} — #%%) will be used below to obtain some pb® N ex

. 0 - - . .
weak constraints on thR" lifetime and production cross will restrict x to be such thatS(x) = S'™. Thus the

section. Future experiments with a good acceptance N hsitivity of various experiments with the samgA
the largep , region can place a much better limit. y P KL

Another interesting two-bodv decav i®° — n5  can be directly compared by comparing th&iim values.
Since m(n) = 547 M%V ~ m(KOy) _ 49§/Mev tr?eyre Figure 1 showsS (x) for L/Ago ~ 0.08. The qualitative
would be very litle background mimicking’s in a features are as expected: An experiment with a ldfge

K K lim . .
high-resolution, precisiok’-decay experiment. Detect- flux (Ny /by €y) has a lowS™ and thus is sensitive to a

ing n’s in the decay region of one of these experiments!'a'9€ range ok ~ 47iy/Tro. For shorter lifetimes (large

e.g., via theirm ™7~ 70 or 777 final states whose x), the R”’'s decay before reaching the fiducial region,

branching fractions are 0.23 and 0.32, would be strong'hile for longer lifetimes (smallx) the probability of
circumstantial evidence for aR®. With the preferred ecay in the fiducial volume is too low for enough events

— ' mixing angle and assuming equal massand  '© Pe seen.
217 ngarks t}?e ar?]plitude foR? — ?75,qis about half Consider first the Fermilab E799 experiment, which

that for R’ — 79%. Thus for Mg = 1.7 GeV and obtained [8] a 90% C.I. !imitB(KE — vy = 5.8 X
r = 1.6 (2.0), BR® — 1) ~ 0.12b5(0.17b,), but drops 1073, In this case ther? flnal stateX anq theKL final
rapidly for smallerMo. stateY both consist of a smgl_er0 and missing energy.
Even if the rate forR® — (y — 7+ 7~ 7°)% is only There_foreey/ex is just t_he ratio of probabilities (which
a few percent that oR® — 7%7, both final states may W€ will (_Jlenote, respectivelyfx and fz) for the 7° to
be comparably accessible because experiments to stuf§veF: in the allowed raglgeléo = Py <231 GeV, in
the single #° require a Dalitz conversion to reduce th(? two cases. Ta_kslng(R - 77TR) =~ ’;2 azndB(K,i{—>
background. A handful of events in both two-body final 7 ¥#) = 5.8 X 107 [8] meansby = b~10" andby <
states, if thep, acceptance is complete, yielgd™ for ~ 0-58, so that we have
each channel, henog; and Myo. Determination of the Shim o = 0.58fx/pbafr - 4
ratio m(RO)/m5, is important to confirm or refute the ,
proposal [2] that relic photinos are responsible for the bulkVith thoe specgtfumil“/dEﬂo used in Ref. [8],fx = 0.5.
of the missing matter of the Universe. For R — 7%9,fr = (W1 — (160)> — /1 — (231)?]/
We can estimate the sensitivity of neutral kaon experif’=) = 0.02 — 0.03, when Mg = 1.4-2 GeV and r
ments toR”s as follows. The number of decays of S In the range 2.2-16. Taking = 0.025 gives
a particle with decay lengthh = (yBcr), in a fiducial S99 = 11.6/pby.  The peak of the function on the
region extending fronL to L + [, is |ef'[-h2.;]/(\j S'deh. %f _ EQ-1§45) [Ee? Fig. 1‘(;'31)] /OCCU;ﬁ for
- - x = L/Age, which is =12.5. Usingx = 4740 /7go, the
N = No(e M/ = e~ 0, (1) peak sensitivity is for arR? lifetime of 2 X 1078 s, for
where N, is the total number of particles leaving the which the existing experimental bound &f — 7°v7
production point. In typicalk] experiments, such as Yields a limit pb, = 2.4. Whether or not this is a
Fermilab’s E799 and the'/e experiments KTeV and

NA48 which are scheduled to begin running during , @) ()

1996 at FNAL and CERNL ~ 120 m, / ~ 12-30 m, 3 0. /\

andL/Ago ~ 0.08, soe L/A — ¢ LHD/A ~ (1/))e L/, 5 0.2

Denote the number of reconstruct®d — X events by 1 0.1

N§ and denote the number of reconstruct&g — Y . % x
events byNs. Then definingB(R® — ¥X) = b51072 20 40 60 80 100 123456
and B(K, — ¥) = by 107*, and idealizing the particles FIG. 1. Sensitivity function of (a) a typica beam and (b)
as having a narrow energy spread, Eq. (1) leads to an NA48-likek? beam, withS'™ = 0.26 indicated.
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significant restriction orR”’s can only be decided when assume the background to this mode is low enough that
reliable predications for (or at least reliable lower limits observing~10 events withm (7" 7~) > my is sufficient
on) b, and theR® production cross section are in hand.  for detection, the factoNx /b ex appearing in Eq. (3) is

The next generation ok} experiments, KTeV and reduced by the factdn0/3)/[(0.65b3)/(0.023b,)]. Thus
NA48, expect to collect-N§ =5 X 10° reconstructed S'™ is reduced by the factd.12b,/b; compared to the
K; — 7%7° events. What sensitivity does this allow R® — n¥ search. Hence, unless << 1, the planned
in searching forR® — 7n#%, reconstructing then from  €'/e experiments will be sensitive to nearly the entire
its wt7 7" decay? With a~5 MeV resolution in lifetime range of interest below-1075 s independently
the 7+ 7~ 70 invariant mass and negligible background of the relative importance of two- and three-body decays
between thek® and 5, three reconstructeg’s would be  of the R°.
extremely exciting, so tak&/f = 3. We knowB(K) — Turning now to otherR hadrons, the ground-state
7070 =9 x 107* and B(n — w 7 #°) =0.23. R baryon is the flavor singlet scaladsg bound state
Then takingB(R® — n¥) = 0.1b, meansbf =9 and denotedS°. On account of the very strong hyperfine
b¥ ~23by, X 1072, ThusS'm =2 X 1072ey/pbrex  attraction among the quarks in the flavor-singlet channel
where ey is the efficiency for reconstructing the®z°  [9], its mass is abou210 = 20 MeV lower than that of
final state of ak; decay andey is the efficiency for the lowestR nucleons. The mass of th&’ is almost
reconstructing ther " 7~ 770 final state of any. ex needs surely less thanny + mg,, so it cannot decay through
to be determined by Monte Carlo simulation. plb, ~ 1~ strong interactions. As long asso is less thanm, +
and ey is good enough that, sag,im = 3 X 10°2/pb,,  mgo, the S° must decay to a photino rather thakt?,
such a sensitivity allows the ran@e3 < x < 102 to be  and would have an extremely long lifetime since its decay
probed. This corresponds to an ability to discoréts  requires a flavor-changing-neutral-weak transition. The
with a lifetime in the range-2 X 107 — 0.7 x 1075 s.  S° could even be stable, ifiso — m, — m,- < my and
Note that in a rarek}-decay experiment the flux &f{’s R parity is a good quantum number. [If the baryon
is much greater that for the’/e experiments, so other resonance known as tha(1405) is a “cryptoexotic”
things being equal a greater sensitivity can be achieved fdtavor singlet bound state ofdsg, one would expect the
a comparable acceptance. Unfortunately, E799 rejectegprresponding state with gluon replaced by a light gluino
the n ¥ final state. tolbe similar in mass. In this case thémass would be-

The use of an intens&y beam would allow shorter 17 GeV and thes” would be stable as long as the photino
lifetimes to be probed. The FNAL E621 experimentiS heavier thar~600 MeV, as it would be expected to be
designed to search for th@P violating ng) — gt a0 if photinos account for the relic dark matter.] This is not
decay had a higk? flux and a decay region close to the experimentally excluded [4,5] because th& probably
production target. However, its 20 MeV invariant massdoes not bind to nuclei. The two-pion-exchange force,
resolution may be insufficient to adequately distinguishWh'Ch is attractive between nucleons, is rep_ulswe be_tween
n's from K%'s. To estimate the sensitivity of, e.g., the S and nucleons because the mass of the intermegtiate

NA48 detector we must return to Eq. (1), since for theOr Rs is much larger than that of the’.

planned K9 beam Ago = L = [/2. In this casexs = If the S is stable, it provides a possible explanation for
<EKg>mR°TKg/<ER°>mK§TR° ~ 47x0/TRo Must satisfy the several very high energy cosmic ray events which have
been recently observed [10]. Greisen-Zatsepin-Kuzmin
$5(x,) = (e—LxS/AKg _ e—(L”)xS/AKg) < (GZK) pointed out [11] that the cross section for proton
‘ —L/A —(L+1)/A scattering from the cosmic microwave background radia-
S K0 kY . . .
Siim = (e s e $) tion is very large for energies abovel0?° eV, because
B(K? — 7°70) Ngio €% 5 at such energies th&(1230) resonance is excited. If cos-
bR10-2p10-4 Niw et=0° ®)  mic ray protons are observed with larger energies than the

GZK bound they evidently originated within about 30 Mpc

Taking the same production rate and efficiencies asf our Galaxy. Since there are no good candidates for ul-
before, and assuming-107 reconstructedk§ — 7070 trahigh energy cosmic ray sources that close, the observed
decays givesSi, = 0.26. SS(x) is shown in Fig. 1(b). eventswithE ~ 3 X 102° eV [10] have produced a puzzle
The sensitivity range i9.19 < xg < 1.3 for pb, = 1;  for astrophysics. However, the threshold for producing a
this corresponds to the lifetime rangex 1071°-2 X resonance of magg* in y(2.7 Kelvin) + S° collisions is
1079 s. a factormso /(M* — mgo)/m,(ms — m,) larger than for

Thus for pb, = 1 the next generation of’/e experi- (2.7 Kelvin) + p collisions. Takingmgo = 1.7 GeV,
ments will be able to se&k”s in the lifetime range m; must lie in the range 0.8—-1.1 GeV to account for the
3 X 10719-0.7 X 1077 s. The greatest sensitivity is for relic dark matter. Ifmg =~ m, + my, we havemg ~
Tre = 2 X 1078 s; for this lifetime, values ofpb, as 1.8-2.1 GeV. Since the photon couples as a flavor octet,
small as~6 X 1073 should be accessible. For a given the resonances excited §i1y collisions are flavor octets.
p, even better sensitivity is possible using the final stateSince theS has spin 0, only a spin-R, or Rs can be
atm~y with m(z"77) > mg, if b3 = b,/8. If we  produced without an angular momentum barrier. There
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are twoR-baryon flavor octets witlf = 1, one with to-  limits [5] are poor in the lifetime region and kinematics of
tal quark spir3/2 and the other with total quark spif2, interest. Silicon microstrip detectors developed for charm
like the S°. Neglecting the mixing between these statesstudies are optimized for the lifetime rang®2-1.0) X
which is small, their masses are about 385—460 and 8152 s. Moreover, unlike ordinary hyperon decay, there
890 MeV heavier than th&°, respectively [9]. Thus the is at most one charged particle in the final state, except
GZK bound is increased by a factor of 2.4—6.5, dependfor rare decay modes. In order to distinguish the decay
ing on whichR hyperons are strongly coupled to thg® R, — S°7* from the much more abundant background
system. Therefore, i§"'s are stable, they naturally in- such as>™ — n#*, which has a similar energy release,
crease the GZK bound enough to be compatible with thene could rescatter the final neutral in order to get
extremely high energy cosmic rays reported in [10] andts direction. Then with sufficiently accurate knowledge
references therein. of the momentum of the initial charged beam and the
The S can be produced via a reaction such asmomentum (and identity) of the final pion, one has
Kp — R°S° + X, or can be produced via decay of a enough constraints to determine the masses of the initial
higher massRk baryon such as amR proton produced and final baryons. The feasibility of such an experiment
in pp — R,R, + X. In an intense proton beam at is worth investigating. Even without the ability to fully
relatively low energy, the latter reaction is likely to be reconstruct the events, with sufficiently good momentum
the most efficient mechanism for producisy’s, as it resolution on the initial and final charged particles, one
minimizes the production of “extra” mass. Measuring acould search for events which are not consistent with
neutral particle’s velocity by time of flight and its kinetic the kinematics of known processes suchas— 7 *n,

energy in a calorimeter determines its mass KiE =  and then see if they are consistent with two-body decay
m(1/{/1 — B2 — 1). Using this technique at FNAL, expected here.
Gustafsonet al.[12] put limits on the production of In summary, plannek® experiments can be used to

stable neutral particles, but was limited to masses abovexplore most of the interesting region & lifetime
2 GeV because of neutron background. At Brookhaverf~ 1075-1071"s) and determine theR® and photino
AGS energy the production cross section is lower, bumasses. Experiments to study light-gluino-containing
pair production ofS%’s probably dominates associated baryons have also been discussed.
production ofS°-R? and production oR® pairs, because | am indebted to many people for information and help-
this increases the phase space. Demanding events fal discussions and suggestions, including M. Calvetti,
which two long-lived neutrals yield the same value ofJ. Conway, J. Cronin, T. Devlin, J. Kane, E. Kolb, S.
m suppresses neutron background. Also, at low energhammel, L. Littenberg, 1. Mannelli, J. Rosner, M.
the calorimetric determination of thg° kinetic energy Schwartz, S. Somalwar, G. Thomson, Y. Wah, W. Willis,
is not smeared by conversion R because of they, B. Winstein, and M. Witherell. This research was
required for a reaction lik§’N — R® + A + N’ + X.  supported in part by NSF-PHY-94-23002.
Systematic errors in the calorimetry due to tfe cross
section possibly differing from the neutron cross section
should be considered.

If the R? is too long lived to be found via anomalous

: i [1] G.R. Farrar, Rutgers University Technical Reports No.
decays in kaon beams and tk&cannot be discriminated RU-95-17 (hep-ph/9504295) No. RU-95-25 (hep-phi

from a neutron, a dedicated experiment studying two-
. ! 9508291), No. RU-95-26 (hep-ph/9508292), and No RU-
body reactions of the typ&? + N — K9 + 5% could 95-73 (SZJSY95 Paris 19(95)p1;)995. )

be done. In principle, using time of flight, calorimetry, 5] G.R. Farrar and E.W. Kolb, Phys. Rev. B3, 2990

and rescattering, the kinematics could be overconstraine (1996).

allowing measurement of thR® andS° masses. [3] G.R. Farrar and P. Fayet, Phys. L&t8B, 442 (1978).
Light R hadrons other than thR® and S° will decay, [4] G.R. Farrar, Phys. Rev. Let53, 1029 (1984).

most via the strong interactions, into one of these.[5] G.R. Farrar, Phys. Rev. B1, 3904 (1995).

However, since the lightesR nucleons are only about [6] G.R. Farrar, Phys. Rev. Leff6, 4115 (1996).

210 + 20 MeV heavier than thes?, they would decay [7] Z. Bai et al, Phys. Rev: Lett.65, 2507 (1990); J.E.

weakly, mainly toS°z. (The Ro— may also have only Augustinet al., LAL Technical Report NO. 90-53, 1990);

weak decays, t®= + 7 or Ry + K, with the Rz or R C. Amsleret al., Phys. Lett. B355 425 (1995).

; 0 0 . [8] M. Weaveret al., Phys. Rev. Lett72, 3758 (1994).
decaying strongly t&°K or S” 7, respectively. Its mass [9] F. Bucellaet al., Phys. Lett.1538, 311 (1985).

should be roughly 940 MeV=mq- — my + 210 MeV]  1g] N Hayashida, Phys. Rev. Leit3, 3491 (1994); D. J. Bird

greater than thé° mass) R-nucleon lifetimes should be et al., Astrophys. J441, 144 (1995).
of order2 x 107" -2 X 107! s, by scaling the rates [11] K. Greisen, Phys. Rev. Lett6, 748 (1966); G. T. Zatsepin
for the analog weak decay®' — nm~, A~ — pm ™, and V. A. Kuzmin, JETP Lett4, 78 (1966).

andE~ — Aw~ by phase space. Existing experimental[12] H.R. Gustafsoret al., Phys. Rev. Lett37, 474 (1976).

4114



