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We solve the coupled Boltzmann equation for the system of light photinos interacting with pio&"and
(the gluon-gluino bound statéo determine the relic abundance of light photinos in the light gaugino scenario.
Cosmology bounds the ratioof the R® mass to they mass to be less than about 1.8. We also use a model
Lagrangian embodying crossing symmetry betweenRhe:y 7w and ROm— yr reactions to identify cos-
mologically favored regions oR? lifetime as a function oR® andy masses[S0556-282(97)07322-(

PACS numbd(s): 95.35+4d, 14.80.Ly, 98.80.Cq

[. INTRODUCTION In the present paper, we calculate the cosmological con-
straints for this scenario of light gluinos and photinos more
In supersymmetri¢gSUSY) models without dimension-3 carefully by integrating the Boltzmann equations for the relic
supersymmetry-breaking operators, gauginos are masslessgundance, as well as including more reaction channels. This
the tree level and obtain nonzero masses solely from radianore precise analysis gives slightly different results from
tive correctiong1-3]. This means that the gluino is light and Ref [9], but within the errors expected from that simplified
the lightest neutralino is nearly a pure photino. Faf#a#€]  ,navsis. The main factor contributing to the difference is our
found that the light gluinos and photinos arising from this ore accurate treatment of tR8 (gluon-gluino bound staje

scenario are consistent with the present experimentajy, ,qonce by integrating the Boltzmann equation. The ad-

constraints-. Although it was once generally believed that the.ustments to the reaction rates made in the present paper are

light gaugino scenario conflicted with the cosmological relic! . . . P pap
comparatively less important. In this paper we also explore

abundance constraints, Farrar and Kfh showed that the h ibility of usi . trv to eliminat
previous constraint calculations neglected the reaction chari€ Possibility of using Crossing symmetry o eliminate some
f the unknown phenomenological parameters.

nels, which really control the relic abundance. Indeed, based - . >
on some simple estimates, they concluded that a light pho- 1€ thrée most important reactions determining the pho-
tino (the relic stable particle in the present SUSY scenariotino abundance areR°m*«m*y, R°—x"n"y, and
might be a significant dark matter candidate. However, theiR°R°— X. The first two are related by crossing symmetry. In
estimates were based on the approximation that only a singliae limit that left and right handed squark masses are equal,
reaction dominates the relic abundance evolution and that thguch that charge conjugation is a good symmetry of the
abundance, which is assumed to track closely the equilibriurtheory, and ignoring the momentum dependence of the ma-
value, stops evolving exactly when the dominant reactioririx elements, this crossing relation indicates that both reac-
rate becomes less than the Hubble expansion(tiaée’sud-  tions may play an important role instead of one reaction
den” approximation. dominating over the other. We use the results of our model
calculations to help identify the cosmologically most prom-
ising values for phenomenologically important parameters

*Electronic address: djchung@yukawa.uchicago.edu such as theR? lifetime, which can help in laboratory
TElectronic address: farrar@physics.rutgers.edu searches.
*Electronic address: rocky@rigoletto.fnal.gov Let us now briefly introduce the relevant features of our

The recent ALEPH claim to exclude light gluingg] assigns a SUSY scenario. Supersymmetric models with acceptable
1o theoretical systematic error based on varying the renormalizaSUSY-breaking phenomenology are generically invariant
tion scale over a small range. Taking a more generally acceptednder a global chiral symmetry call®linvariance R invari-
range of scale variation and accounting for the large sensitivity taance is broken spontaneously by the vacuum expectation val-
hadronization model, the ALEPH systematic uncertainty is compaues of the Higgs fields associated with electroweak symme-
rable to that of other experiments and does not exclude light gluinoy breaking, and by tree-level gaugino masses if they are
[8]. presentR parity is the possible discrete remnant of this bro-
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56 RELIC ABUNDANCE OF LIGHT PHOTINOS 6097
ken continuous symmetry. Und& parity, the gluino, pho- TABLE'I. A list of SUSY mass parameters and ranges used in
tino, and squarks are odd, while ordinary particlesg., the analysis.

gauge and Higgs bosons and quarkse even.R parity, _ _ _

which we shall assume is an unbroken symmetry, ensuregaricle Mass notation  MinGeV)  Max. (GeV)
that the Iight_esR—odd particle is stab!e and preyents unac-photinoy) m 0.2 1.4
cepte_tbly_ rapid proton Qeca_\y. Th_us, in cglculatmg the re“CRO(Eig) M 1 2
density in SUSY, one first identifies the lightdtodd par-

. . . . . . . _Squark Mg 50 300
ticle, which usually is the lightest supersymmetric particle

(LSP). Although the gluino may be the lightest particle in

our scenario, it cannot exist in isolation today because it is

not a color singlet. Bound to a gluon or a color-octet systemnfluences theR® mass,M. The relevant squark mass de-
of quarks and/or antiquarks, it forms a color singlet hadronpoted Mg is a charge-weighted average of up- and down-

The lightest of these is expected to be a gluon-gluino boundyyark masses. See RET0] for squark mass limits in the
state callecR®, whose mass should be comparable to that Oiight gluino scenario.

the lightest glueball4,5]. Because this is most likely heavier
than the photino, it is the photino that acquires the role usu
ally taken on by the LSP even though it may be heavier tha
the gluino?

Since freezeout occurs after the color confinement phase
transition, only gluinos bound in color singlet states are rel-
evant to our calculation. Among the bound states containing Ug= oy =
a gluino (R hadrong, theR® is expected to react most promi- 0.8 GeV' 100 GeV
nently with the photino because othRerhadrons are signifi-
cantly heavier and thus Boltzmann suppressed at the relevant
temperatures. Furthermore, most of the otReodd states As pointed out in Ref[9], the relic abundance is particularly
will contribute to the photino abundance only after havingsensitive to the parameter Note that because of the ranges
decayed to aR® channel. Thus, the photino relic abundancewe adopt, given in Table |, the range ofwe explore is
will be determined primarily by the reactions involving an constrained for a fixed value ofi.

RO, ai, and non-SUSY particles. In the next section, we discuss the Boltzmann equation

In our scenario, the photino abundance depends cruciallgnd some simplifying assumptions used to calculate the
on interactions of hadrons after the confinement phase trampresent photino abundan¢density. In Sec. Ill, we briefly
sition, causing complications distinct from conventional sce-describe the reactions that are included in the simplified
narios where the freezeout occurs above the confinememoltzmann equations. The results of the integration are pre-
transition temperature. In particular, we are only able tosented and analyzed in Sec. IV. In Sec. V we develop an

make reasonable guesses for the relevant reaction rates hefective Lagrangian description of the interaction between

cause of mcalc_ulable long-distance QCD_ effects and_our Iacho’ ';, and pions that embodies the symmetries of the under-
of direct experimental data for the reaction rates of interes

. e ing theory as well as the crossing and chiral-perturbation
Fortunately, we are still able to make useful predictions reﬁy g y 9 P

i 0 = 0 bt theory constraints. Ignoring the possibility that a neairyy
ga[IEj;]ng tr|1_eR banizl]I Y masfse?1 atna 'get'meo-l ol fesonance produces a strong momentum dependence, the two

e relic abundance of photinos depends mainly upon . . ) ~

= andR°. th P . P fRO Y pd (eiomlnant reactions controlling the abundance are deter-

g(;’:sosesxo(y ﬁn x'dt € (t:ross secttlons v i 7,[7_> Wt?’ ar;. ¢ Mined by a single parameter. Using this approximation, we

— A (where enotes any strongly Interacting ight iy an estimate of the cosmologically favored lifetime
species of particles such as the piprid the decay rates for range of theR? as a function of its mass. We summarize our

o .= (VIR . .

R"— ymm andR™— ym. The mass parameter space that will eqits in Sec. VI. In the Appendix, we analyze the possible
be explored in this calculation is justified in Reffg] and[5] h t of Rbr— i .
and is similar to that discussed in RE]. The relevant mass 'eSonance enhancement o — y7 Cross section using

parameters and their plausible ranges are shown in Table ¢ Breit-Wigner model.
The gluino mass itself is unimportant, except insofar as it

In order to express some of the formulas showing numeri-
cal estimates concisely, we also define the following dimen-
"Lonless ratios:

m Mg M
Y—E.

(€

Il. THE BOLTZMANN EQUATIONS

2In some SUSY-breaking models only the gluino is massless at
tree level, while other gauginos have large masses. In this case the The standard method of calculating the relic abundance is
R? could be the LSP and relR®'s would be the SUSY dark matter t0 integrate a simplified form of the Boltzmann equations
candidate. The dark matter density can be approximated[@2jn ~ [11,12. We now briefly remind the reader of the general
accounting for only theR°RC self-annihilation. This give€2goh?  formulation. One can write the Boltzmann equatfbfts the
<10 7. That is, due to their strong interactior®?’s stay in ther- ~ €volution of the particle density; as
mal equilibrium too long for their abundance to freezeout at a non-
negligible value. Thus such SUSY-breaking scenarios do not pro-
vide a natural visible sector dark matter candidate unless the 3As usual, we have used the assumption of molecular chaos to
gravitino has acceptable properties. obtain a closed set of equations.
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whereH is the usual Hubble expansion rafg; andB;; are sets of particle species relevant to the evolution of spgcessd
the summation is over all the reactions of the foi);—B;; . We have defined the thermal averaged transition rate as

f [dp](zm%*“(g pk>|T;AjﬁB,-i|2exp(— > E / T
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nS%= f exp(—E,/T), (5)
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|
where nS% is the equilibrium densit, g, counts the spin o
multiplicity, and |TJ-AJHBJ,,|2 represents the spin averaged AHB__ nx
i i N N €Bj;
transition amplitude squarédn the case of one initial state  (Wja, -5, V") =(Wg _ja V"®i)")
particle, <W]-Aji*>BjiVn(Aji)> evaluates to a decay rate, nqulln nyd
whereas in the case when there are two initial state particles, ! )

<WJ-AJ,i_>B“V”(Aii)> evaluates to the familiafov) of a scat-

tering reaction. For example, in the case of a photino densit efore we can utllize Eq(2) to determine the relic abun-

] ) —— ance of the photinos, we need to specify our modeHof
evolution determined only by the reactigny X, the den-  anq the reactions that are involved. Because the universe is
sity labels becomej =1y, Ajj=A;;={y}, and B;;=B73; radiation dominated for the temperatures of interest, the
={X},; the summation i reduces to a sum over one elementequation of state is taken to be X3 pressure)
(the annihilation channgland the transition rate per unit =( energy density) and any possible spatial curvature is ne-
fluxes becomegWss_ V) =(va(yy—X)). With the usual glected. We also use equilibrium statistics with the number
assumption that the final productsare in equilibrium, Eq.  Of relativistic degrees of freedom set¢q =10.75. The re-
(5) reduces to the familiar equatidaee, for example, p. 120 sulting equatlon_ for the Hubble eépansmn rate as a function
of Ref.[12]) of temperature i$1= \/8w3.g*/90(T /mp), wheremp, is the
Planck mass. The reactions that can enter the Boltzmann
equations includeyR%—X, yy—X, ROR’~X, yr—RO,
dn; —_— 2 eq2 yrm—R? and ym—R%r (X's denote any allowed light
¢ F3HNy=—(volyy=X))(n7=n3"). (6)  products that interact strongly or electromagnetioally
In general, Eq{(2) generates a set of coupled nonlinear
differential equations that can be solved numerically. How-

Note that Eq.(2) assumes that the fluid is rare enough toever, instead of considering all the particle densities as un-
disregard degenerate pressure effects and assumes that tir%gpwns, we can simplify the situation with the good approxi-

: e : ation that the particle densities whose equilibrating
reversal is a good symmetry. More specifically, time reversa : . )
. : e . ; chemical reaction rate is large compared to the Hubble ex-
symmetry is encoded in the following identity used in ob-

- ) pansion rate follow equilibrium densities of the form ES).
taining Eq.(2): This, in fact, is the justification for our Boltzmann evolu-
tion’s initial condition, which is to start all species at equi-
librium densities given by Eq5). With this expectation, we

“As usual, the particle described by this equilibrium density isfeplace theX and thew densities in the Boltzmann equation
assumed to have mass much greater than the temperature. with the equilibrium densities. We are then left to consider

5The W symbol actually represents the number of transitions peonly the R® and they densities as functions that require
unit time when all the initial state reactants have equal unit flux.solutions.
The V symbol represents the characteristic spatial volume of inter- To understand which reactions will be most important in
action and the powar is the number of initial state particles minus our system, we first recast E) into the dimensionless
one. form
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where Y,=n,/s, s is the entropy per comoving volume

given by s~ (272/45)g, m3/x® (entropy conservation is as-

sumed, andx=m/T. Note that we can interpret the numera-

tor aboveH (x) to be the reaction rate per unit density;j¢.
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X dYRO_ Rtot ngq 1 Y;Y;%
Ygo dX Hved Y% RO
2<WR0R0HXV>n;%(Y;% Y .
HO v/ (Y2 )
(12)
RtotE (<W;w~> R0V> n?rq+ <W;ww~> R0V2> ni%?rq
+N(W5 . roV)NEY. (12)

The factor ofN comes from summing over the isospinsmf
In the next section, we argue that onty~ should be in-

cluded iny7— 7R, resulting in N=2.

For the purpose of illustration, suppose two reactions named Before we move on to discuss the transition rates, let us

a andb are governing the evolution gf particles and the
reaction rates corresponding to them are lab&g&ndR,;, .
The evolution equation in the form of E() then becomes

Ra(x) . Rb(x) .
— W(ratlos a)— W(ratlos b),

X dY]-_

Y_j ax - 9

clarify the term “freezeout time” used in this paper, particu-
larly in Sec. IV. In agreement with what will be revealed in
the next section, suppose that the self-annihilation term in
Eqg. (10) can be neglected compared to the term associated
with Ry;. WhenRy,,/H becomes much less than unity and
continues decreasing sufficiently fast to keep the right hand
side of Eq.(10) much less than unity despite the increases in
the magnitude of the term multiplying,,;/H, the fractional
change inY7; becomes negligible. This is then a sufficient

condition for the number ofy’s becoming approximately
constant(freezing out. We shall use the term freezeout time

where the “ratios” refer to the terms consisting of density to refer to the approximate time at whidh,/H becomes
ratios. Suppose further that we are at a time wherinuch less than unity.

Ra(X)/H(x)<<1 while Ry(x)/H(x)>1. Then as long as the
“ratios a” and “ratios b are comparable in value, reaction

a can be neglected during this period of evolution. Further-

more, if the final products of reactidm are in equilibrium,
the j particle density will follow the equilibrium density as
long as reactio dominates. With such reasoning, REJ]

argues thatyR%— X andy'y«< X reactions play a negligible
role compared toR°R%—~X, y7—R%r, and ym—RC in
keeping theR® and the’y densities in equilibrium near the

Ill. THE TRANSITION RATES

Transition amplitudes foR°, y, and pions depend on
hadronic matrix elements of four-fermion effective operators

of the formg'yqq, obtained by integrating out the squark

degree of freedom. Since only a small number of fundamen-
tal short-distance operators underlie all the transition ampli-
tudes of interest, crossing symmetry can be used to relate
transition amplitudes for some of the reactions. Because of

time of 3 freezeout. In our present work, we shall neglectthe possibly strong momentum dependence of the ampli-

only the weakest of the relevant reactiéngR%— X.
The Boltzmann equations relevant to calculating the

abundance thus reduce to a pair of coupled differential equ 5d

tudes, however, this proves to be of limited utility. This is
discussed in Sec. V.

The particlesR® andy are charge conjugation even and
d, respectively{6]. Thus, if charge conjugation were a

tions containing terms corresponding to the set of reactionaood symmetry of the interaction, pions couplingRhto a

";/7777<—>R0, ’:);77<—> RO, ’:);77<—> ROz, RORO— X, T)T’)Z—»XZ

xdY5_ Ruf Y%qYRo)_2<W;;HXV>n%q(y_%q
vy d HLT vovg ooy
Y
x| a1, (10)
Y

y would have to be in &£-odd state. Howevet; invariance
is violated by the mass splitting betweén and R-chiral
squarks(superpartners of the left and right chiral quarks
This mass splitting is a model-dependent aspect of SUSY
breaking. Fortunately, as we will see, our analysis is quite
insensitive to the extent d violation.

We now present expressions for the transition rates to be
used in Eq. (10: (W5, roV)nZ, (W5, . .roV)nGd,
(W5 mrroVANSEY, (Wroro_xV)NRS, and(W55_xV)n='.
We shall see that the resulting expressions do not differ sig-
nificantly from those of Ref[9] even though the issue of

5We have checked numerically that this reaction plays a negligible

role.

"The choiceN=3 was implicit in the treatment in Ref9].
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charge conjugation symmetry is ignored in that reference. branching fraction of arR® to two- and three-body final

A. The 7-R° conversion reactionyw— wR°

states byb, andbs, respectively. As in they-R® conversion
reaction, the neutral pion channeRY—75#°#% can be

If charge conjugation invariance were exact, the neutrapafely ignored even ibs>b,. Whenb, is not negligible, the
pion channel would be absent as it necessarily viol@es two-body final states could bg#° and y7. However, the

However, even ifC is maximally violated, the condition matrix element squared f&%— 7y is about one-quarter of
2(7770_—> 7R <o (ym*— m*RP) still applies because the that for RO 7%y [6], and they final state is additionally
yR%q g coupling is proportional to the quark charge, causingsuppressed by phase space. Hence we make an unimportant

a first-order cancellation to occur in the case of a neutfal

Thus we can ignore the neutral channel without serious iMie o
pact on the quantitative results. In order to avoid any thermal&0
averaging complications that may arise from threshold ef

fects, we estimate the cross section®3m = — 7y instead

error by retaining only the two-body final stater®. Thus,
reactions of interest ar&k®—7ywtx~ and

—ya®, with branching fraction®, andb,, respectively.
In this subsection, we show that our results depend only
minimally upon the individual magnitudes bf andb; be-

of the cross section for the inverse reaction. The cross SeGause the Boltzmann equation depends only on the total de-

tion formula is the same as that given[®:

(Wrop= . r25V) = (v0Ro,)=1.5% 10 % [ uius*C] m(b. )
13

cay width of theR® andb,+ bz~ 1 (due to the relative phase
space suppression of four-body dedays

The ratesT'(R°—y#° and I'(R°—7y#*7") are ob-
tained from theR® decay rate in Ref.9] by insertingb, and

The factorC contains the uncertainty due to possible reso-, to get

nance effects and hadronic physics. Referg@¢eonsidered

the range £C=<10°. An analysis of the effect of the ex-
pectedR,. resonance shows th& can exceed this by an

order of magnitudédsee Appendix but we shall not dwell

on this since our conclusions are mostly insensitive to the

exact value of any large enhancement. However,O‘t;aé
<1 the results are sensitive to the valueGifug. For rea-

sons to be discussed in Sec. V, we also consider valu€s of

as small as 1/20.
Using Eq.(7) andnf%~g;[m;T/(27)]¥% ™", we then
find
nea
(W5 e, pepoV)N = n—;niq:@a'RoW)
Y

=9.17x10 13>~ %2
X exp(—0.175u4 *x) GeV
xexl — (r = 1)x][ ugus *Cl.
(14

Note in Eq.(14) that parameter€ and ug occur only to-
gether in the combinatio@/,ué, which we take to lie in the
range

C
6.17x10 *s — <10
s

(19

in accordance with the limit opg given by Table | and Eq.

(D).

B. The inverse decay reactions

We now estimate the decay rateRY and use Eq(7) to

WROH;WJr.n.f:FROH;,n.Jrﬂ.f
=2.0X10 “A(r)f(r—0.35Qug 1 — 1) GeV

X [u§us *Bbs] (16)

and

Wgro_570=T"go_7 70

=2.0<10" “A(r)6(r—0.175u5 1 — 1) GeV
X[ pams ‘Bbyl, (17)

where A(r)=r>(1—r"1)®, ¢ is a step function employed to
model the threshold of the decay channel, and the fagtor
reflects the overall uncertainty that we set to be in the range
1/300=B=3. Having obtained the decay rate formula, we
now use Eq(7) to convert it to the inverse decay réte

e
g
n<

Y

(Wit m VNN = (TR0 5 1) (18)

=2.0x10 “r327(r)e - x
X (r—0.35Qug '— 1) GeV
X[mgps ‘Bbs], (19)

and similarly

8A more accurate relationship between the thermal averaged de-
cay rate and the nonthermal averaged decay rat€'gs 5 ,+,-)
=T'ro_ 3.+ -~ Ki(rx)/Ky(rx) where K, is the modified Bessel
function irregular at the origin. Since the freezeout occurs typically

obtain the inverse decay rate. If charge conjugation invaripenyeenx=20 andx=30, the thermal averaged reaction rate will

ance is exact, two-body decays of BRito ay and a pseu-
doscalar meson=+1) are forbidden[6]. In order to

maximally deviate from the nonthermal averaged one when
=1.1 andx=20. In that cas&(rx)/K,(rx)=0.94, which is still

avoid reliance on a model of SUSY breaking and its predic-an insignificant correction. Thus we neglect this complication in our
tions for the extent ofC violation, we parametrize the calculations.
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nd and other hadronic effects. We taketo lie in the rang&
<W§WOHR0V>ni%:<FROH;WO>% (200 10 2<A=10?. Hence, theR® self-annihilation rate is given
I’]; by
=2.0x 10" Mr¥27(r)e(r-1x (Wiogo_ xV)nee=10Ar¥2~32expg —rx)[ 3] GeV.
(25

X (r—0.175u5 1— 1) GeV
Note that although th&° self-annihilation rate is generally

5 —4 _
X[ pngus "Bby]. @) mych larger than the other reaction rates before the
Combining Eqs(19) and (21) with Eq. (12), and usingb, freeze-olut.tlme, it is usually not strorlg enough to-mamRﬂ-n
+bs~1, we find in equilibrium abundance through thefreezeout time. This
fact, not taken into account in R¢B], leads to differences in
th=Ftotg(bz,r,M8)+2<W;Wt%WrR0V)nfT1 (22 the results between that paper and the presentfnaly&s.
The well-known thermal average of they self-
where T, =2.0x10" " 32F(r)e "X GeV uous *B] annihilation cross sectionl4—17 can be approximated as
~\ — —11,,—1r,,2,,4
and [9] (vo3;5)=2.0<10" "X [ugusImb for our purposes,
giving the transition rate
1 if r>0.35ug"+1,

g(by,r,mg)=4 by if 0.35ug +1=>r>0.175ug +1,
0 otherwise.

(W55 xV)nZ'=3.3x 10" 15 Sexp( —x)[ ugps 1 GeV.
(26)

Because they self-annihilation becomes ineffective earlier
The functiong allows both the two- and the three-body de- than theR? self-annihilation, it contributes very little to our
cays when th&® is sufficiently heavy (>0.35ug *+1) but  results.
forbids the three-body channel when tR& mass drops be- In summary, the reactions that will be important to our
low the two pion channel threshold. Thus, as long as th%ystem of equations am@°R%— X, ROy, RO yarr,
parametrization in Eqg19) and (21) is valid and theR? is
massive enoughr(>0.35u§1+ 1) to allow kinematically
three-body decays, our results are independebt @ndbg,
and hence the question 6finvariance. Therefore, consider- IV. GENERAL RESULTS

ations ofC invariance is generally unimportant for large val- | this section, we impose the cosmological constraint
ues ofr. Q3h?<1 on the integration results of the Boltzmann equa-
In these formulas, the squark mass paramgigioccurs  tjon to identify the allowed region of the parameter space
only in combination with the uncertainty parameBin the  gnd use the conditiom;hzz 0.01 to identify those param-
form B/ug. Using Table | and Eq(1), we limit the decay  eters for which the photinos are significant dark matter can-
rate for a givenug andr to those values corresponding to the didates. The parameter space is spanned by

andR%— yrr.

rangé =M/m, B/ug, Clud, ug, andA [see Table | and Eq$l),
(13), (16), and(25)]. For reasons of physical interest, we will

4.12x 10 5= 34548. (24) pre;ent our resul.ts in terms of themassm gnd theR® mass
JTps M instead of using and ug. We constrain the parameter

space for the two extreme cades=1 andb,=0 (maximal
C violation andC conservation, respectivelybut in general,
the results are insensitive to the value of. As will be
For the thermal average®® self-annihilation cross sec- discussed below, among the parameters of the model, the
tion, we use(v ororo) =31A mb. This is extracted from the relic abundance is most sensitive to the variations. afsing

pp annihilation cross section in the comparable kinematic
region[13] with a factorA inserted to cover a possible dif-

ference betweeR°RC and p p annihilation, and to account 1oNote the absence of the’- factor which appears in the familiar
for the uncertainty due to possible resonance enhancemerftase of two identical Majorana spinors annihilating to a fermion-
antifermion pair(e.g., yy or gg—qq). Like the yy and gg
states, theR°R® system must be antisymmetric by Fermi statistics,
%Because of our estimated upper and lower limit on each of thd-€- *So,°P1, . ... However, typical final states &R annihila-
parameter<, B, and us separatelyEq. (15), Eq. (24), and Table  tion (e.g., 3 pions can have 0" quantum numbers, allowing
1], for a given value oB/u, the allowed range of values f@/u4 ~ S-wave annihilation. This is to be contrasted with the usual case that
given by Eq.(15) must be supplemented with the condition the final state is a fermion-antifermion pair. Since the sfermion-
fermion-gaugino interaction conserves chirality, the*Ostate in
[Cm‘" ESES CLF"X E (23 that case is helicity-suppressed and thusave annihilation is nec-
B Mé Mé Binin u‘é essary. This treatment departs from Réfl, but does not lead to
where from EQ.(15) Cpa= 1000, Cpin=1/20, andB,,=3, and  significantly different conclusions than tHe orogo) = 100Av?mb
B min=1/300. used there.

C. Self-annihilations and co-annihilations




6102 CHUNG, FARRAR, AND KOLB 56

{o( R* R® +X) v )= 31 mb
T T T T 1

2 [T T A 2 T |(a( RO R: -‘X)- Al )|-l 31.00 lTm T ]
1.9 [ — - B/ug=1.1 x10% c/u=62 x10~ " 1.9 [ — = B/ug=4.t x10® C/pi=6.2 x10-¢ ;
1.8 [ B/ui=1 C/ut=1 1.8 - B/ug=1 C/ug=1 g 7]
1.7_— —— B/ug=1 C/ut=10* //‘_ 1.7 — B/us=1 C/ut=10¢ ///»‘_
1.6 //// - =16F g
o ® s s .
S 15 - - v 15f //// .
51.4_— -] 21-4-_ //// ]
1.3|- ] 13F //// 3
1.21- -] 1.2 - —
B - 11f -
1 [ A A4 I T T T A A L Lo

o6 07 08 09 1 11 12 13 14 155 07 08 09 111 1z 13 14

m (GeV) m (GeV)
. 2 {o( R° R® +X) v )= 0.31 mb

FIG. 1. For any given contour type, the left contour gives those [ T T T T i
values ofM (R® mas$ and them (7 mas$ for which Q;h?=1 O b/uma x100 C/utme2 x10- g
while the right one gives those for Whidh;hZ:O.Ol. The region 1.8 B/ug=1 C/pi=1 2
above the left contour is ruled out by the present analysis. L7 — B/m=1 c/umiot /zf
1.8 -
a maximumA of about 100, our analysis gives us an upper § 1.5 .
bound ofr<1.8. s 1.4 ]
In Fig. 1, we show the Boltzmann equation integration 1 gf 3
results with exac€ invariance p,=0). For any given con- 12 3
tour type, the left contour represents tﬁe;h2=1 contour 11k A
while the right contour represents tlﬁls;h2=0.01 contour. '1 -

The present analysis thus excludes the region above the le 06 07 08 08 (G:lav) 11 12 13 14

contour and constrains the masses to lie between a givei.

contour type in order for thes to be a significant source of  F|G. 2. Same as Fig. 1 except for tR8 self-annihilation cross
dark matter(defined byQ)7h?=0.01). In this figure, the pa- sections. For the top figuréy o(R°R°—X))=3100 mb while for
rameterA multiplying the R® self-annihilation cross section the bottom figure{v o(R°R°— X))=0.31 mb.
has been set to 1.

Note that the values af=M/m are insensitive t&C/ug  r€gion, B/ud is too small for the inverse decay reaction to
=1. This can be heuristically understood by the fact that aplay any significant role, and hence, our results are insensi-

C/ud increases, the freezeout tirtte time at which théy- tive to the extent ofC violation. Explicit numerical calcula-

0 . . - ions confirm this.
R _conveLS|o(r)1 reactlon_ rate become_s negligible compared tg In Fig. 2 we show the effect of changing the magnitude of
H if the y-R” conversion rate dominates over the inverse;

) . 0 he R® self-annihilation cross sectidiby changingA in Eq.
decay ratg approaches the time at which the” self-

S0 o (25)]. When we increase the magnitude from that of Fig. 1
annlhllatl_on rate becomes negligible comparedHtoThus,  py 3 factor of 100(due to a possible resonance enhance-
as C/ug increases, the photino abundance should approacheny the contours folC/ B/ ud=1 shift leftwards, and

the value for the limiting case when e self-annihilation  \yhen we decrease the magnitude by a factor of 100, the same
rate becomes negligibleeforethe freezeout time. When the contours shift rightwards. In both cases, the contours corre-

RO self-annihilation rate becomes negligible, the number Ofsponding to a smat]:/,ué and B/Mé (corresponding to small
SUSY particles are approximately conservédhus, they y-R? conversion and inverse decay ratesmain essentially

abundance is largely determined by the time at whith unchanged. This is expected since for the shifted contours,

self-annihilation becomes negligible in this limiting case.the inverse decay and tReR® conversion reaction rates are
This time is determined by and is independetftof C/u¢. y

Because the extent of violation affects the photino large enough such that the abundance is sensitive to the
abundance only in the region 04M —m=<0.28 GeV, it is time at which theR® self-annihilation becomes negligible
clear from Fig. 1 that only the long-dashed contotasrre-  (PY the mechanism discussed beforhile for the unchang-
sponding to smaily-R° conversion and inverse decay rates ing contours, they abundance is determined nearly indepen-
may depend on the extent 6f violation. However, for this dently of the time thaR® self-annihilation rate becomes neg-

ligible. When the inverse decay and theR® conversion
reaction rates are very small as is the case for the unchanged

liThey self-annihilation rate is already negligible by the time the contours, the’y freezeout time that will lead td);h?
R self-annihilation becomes negligible. =0.01 is much earlier than the time when tR8 self-
12This heuristic argument assumes that Rfeandy abundances ~annihilation reaction rates become negligible. Hence, near
approximately follow a function independent®f .2 until near the the y freezeout time, thex® self-annihilation reaction rate
time that the SUSY particles become approximately conservedwill dominate thed Ygo/dx, theR® abundance will be nearly
This is of course true for the equilibrium abundance functions.  in equilibrium, and thedY7;/dx will decouple from
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dYro/dx, leading to ay freezeout value that is nearly inde- 108 TN

3 L
pendent of theR® self-annihilation reaction. Note also that 104}_ \\\,_,_, -
when the time at which th&®® self-annihilation becomes @ jgsf- ™. S —— -
negligible is pushed away from the freezeout time by in- ? 10,;_ .............. s -.
creasing thQO self-annihilation cross section, the solid and = 10 % ........................................................... _:
the dotted contours become more sensitive to the value of & 1f=muo 3
Clul as we expect from our heyristic discussion above. o 7 e 3

According to Fig. 2, the maximum value ofallowed by Z{-2[epproximate lower limit trom experiments "=~ :

iti ~h?<1 | 2 E K 3

the condition that)7h“<1 is about 1.8. Byo-sf \ 3
= ] =

104 1 3

V. CROSSING RELATION 0 TN - W U Y W U O U N I -

) o N R° mass M (GeV)
The amplitudes determining the quantitieév o)

=(voRo,+ .7.+) andl 'y are related through crossing sym- ~ FIG. 3. TheR® lifetime that implies a cosmological photino
metry if we associatel',,, with the C conserving abundance of);h?=0.25 is plotted as a function of te® mass
ROH");WJr 7~ transition rate(i.e., if we setb,=0). To ob- and its ratior to the photino mass. A model Lagrangian has been

tain a useful constraint from the crossing relation, and td'sed to determine the crossing relation between-ie® conver-
implement the constraints following from the symmetries ofSion amplitude and th&™ decay amplitude.

the underlying theory, we derive in this section an approxi-ip can be induced by long-distance effects. However, since
mate effective interaction Lagrangian. If tRg, resonance is - the R is expected to be more compact than ordinary hadrons
sufficiently far above threshold such that tR87= — yrr™ (as is observed for the'0" glueball®), we neglect all but the
amplitude can be taken to be momentum independent for theurrent-current  terms.  Therefore  we  haveley
purposes of the freezeout calculation, a single paramete:riKRoyM)\;Jw whereJ, is a C-0dd2® four-vector pion

governs both(v ooy 5+) and I'. This allows Us t0 ¢ rent’determined by chiral perturbation theory, anis of
determine what ranges & lifetime are most favorable for order k. The single-pion contribution td, vanishes, and
. u ,

cosmology in the event thR,, is too far above threshold to {he two pion contribution is simplyJ, =i(#'d, =
12 1

have a significant impact. —(a,m) 7). In general« is a function of kinematic invari-

We first note that neglecting light quark masses as well agnts, but far from resonances a constant should be a reason-
left-right squark-mass splitting in comparison to the squarkable approximation.

masses, the four-Fermi effective operator governing Using L.z we can compute botkw o) = (v gRowi_;wt)

RO']T(—);W can be written in the current-current form andTI',; in terms of the single parameter Thus, for a given
r and M, Q;h2 is a function of the single parameter.
. —_— . —_— . . . - 2 - .
Hiy=1 KV)\%—y#)\;ql,y’uTiaqu + KA’\%Y“?’s)\;Q'V,ﬂsTﬁq]- Likewise, values fofQ5h<,r,M} pick out a unique value of

27) k, which in turn determined’,;. In Fig. 3, we assume
Q~h?=0.25(cosmologically “favored” valug and give the

where\g and\; are 4-component Majorana spinor fields for R” lifetime for a range of and R mass. We stress that these
the gluino and photindja,i,j} are color indices, and tHE® resulj[s are iny |r_1d|cat|ve of the actual Ilfetlr_ne-mass-rel_lc
are 3x 3 SU3) matrices. This form follows because the un- density relation, since the most general .effectlve Lagrangian
derlying theory conserves the chirality of light quarks anddepends on additional parameters, which we neglect here.
their SUSY partner$? allowing only current-current cou- Furthermore if theR, resonance is sufficiently close_to
plings for the quarks to appear. Approximate degeneracy Ot,hreshold tQ produce an2 enhancemeont_ effect, therg is no
the left-right squark masses then ensures parity conservatiofimple relation amonyh®, r, and theR" lifetime, and Fig.
which, with Lorentz invariance, results in the form of Eq. 3 iS not relevant. It is encouraging that tRe lifetimes re-
(27). A direct calculation starting with the fundamental su-quired to give the “correct” relic density are compatible
persymmetric Lagrangian of course gives the fd@) and v_wt_h predictions[5] and also compatible with experimental
gives ky=0 and* kx=gse,e/M . The vanishing ofc, is  limits [4]. _
due toC conservation, since the term it multiplies@odd It is also of interest to extract the values Bf and C

for Majorana fields\g and\s . implied by Q;h2=0.25; this is shown in Fig. 4. Overall,
We are concerned with estimating matrix elements suclihese results suggest that the inverse decay reaction may not

a5 (R 7). The most genera form of the maix el. 1€ *T11e NegIgble 1 deermining the protno abundarce.
ement includes current-current terms, plus other terms th E 9

result from the fact that thRC is not pointlike and chirality
VI. SUMMARY AND CONCLUSIONS

3Chirality conservation of the light quarks and their squarks is an  In this paper, we have investigated the cosmological con-
excellent approximation in all SUSY models proposed to date, foistraints on the physics of light photinos and gluinos. A full
which left-right squark mixing is proportional to the mass of the
corresponding quark.

“The strong coupling constant is denotedday ande, gives the D. Weingarten(private communication
electric charge of the quark in units of positron chaege 18Because th&®® andy have oppositeC quantum numbergs].
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10 nario it is determined by the-R® conversion cross section,
102} - R self-annihilation cross section, and the® density at
freezeout. Secondly, WIMP detectors have generally been
E’ l°= 3 optimized to maximize the recoil energy for a WIMP mass
O 2 of order 10-100 GeV. Goodman and Witten in REf8]
E 10-1L _‘ discussy detection throughy-nucleon elastic scattering. Us-
¢ [ ing Eqg. (3) of Ref.[18] and the parameters discussed here,
310"5 3 one finds that event rates range somewhere betweed 10
10-sf . and 10 eventgkg day. Unfortunately even if the event rate
F - reid were larger, observation of relic light photinos would be dif-
L T AN ficult with existing detectors because the sensitivity of a ge-
L1 e A e M (lc'gv)l'7 18 19 neric detector is poor for the less than 1 GeV mass relevant
in this case.

FIG. 4. TheB/,u,é and C/,ué values corresponding to the con-
tours shown in Fig. 3 are plotted. The typical suppressioﬁ/qj‘é
with respect tdB/ ,ué reflects the fact that both thg-R® conversion
and the inverse decay reactions have comparable rates in our simple D.J.H.C. and E.W.K. were supported by the DOE and
model, which does not take into account possible resonance eNASA under Grant NAG5-2788. G.R.F. was supported by
hancements. the NSF(NSF-PHY-94-2302
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treatment of the Boltzmann equations governing the photino APPENDIX
freezeout has been carried out, considering the Ritatidth

andR%7— 7 scattering cross section as independent quan- '™ tis Appendix, we give the formalism for treafing the
tities. We find that to avoid photino abundances inconsistenfesonance enhancement of Rem— ym cross section, us-
with cosmology, the ratia of R® mass to';z mass must be N9 @ Breit-Wigner form for the resonance. This permits us to
less than aboui 1.8. This is a more accurate, and slightl ssess the plausibility of the original range used in FB.

more stringent bound than obtained in R&f]. The differ- .<1]900' IWeI find thﬁt theheﬁecgv.e \I/Ialue (if cou(ljd be
ence is mainly due to our exactly tracking the evolution ofEIgnl icantly larger than the originally estimated upper
the R® abundance instead of assuming it to follow the equi- oundo,, but this is only relevant {b ooro) is large enough
librium abundance until abruptly freezing out. that R”s remain in thermal equilibrium until after photino

We checked that if th&® is the LSP, its annihilation is freezeout. As discussed in Sec. IV, this is not the case for

too efficient for it to account for the observed dark matterIarge % gll/en our eSt'mat%quR°R°>' Howe"e&, If there
density. were a 0" glueball nearR"R” threshold, theR™’s could

We also developed an approximate effective Lagrangiar?tay In qu|l|br|um to a lower temperature, and make_ It nec-
. 0.~ . . ) essary to include resonance effects for both self-annihilation
description of theR" 7+ y7 amplitude, neglecting possible

~_po ; -
C-violating and chirality-violating effects. If th& reso- and y-R™ conversion processes. We treat below the model

; . . i ; 0 oy P
nance is far above threshold is specified by a single ing of a resonance n ﬂ(‘)ﬁ m—ym reaction; the treatment
parameter governing both the to? width andRow—>3777 of a resonance in thR"R" self-annihilation cross section is a

scattering cross section. Assuming that the universe is at it%Iose parallel. 0 ~ o
critical density with photinos constituting most of the dark ~ The resonance relevant to the"z— ym reaction is

matter fixes this parameter for give®P andy masses. We calledR;, which is composed at the valence levelgfaq;,
therefore obtain the cosmologically favored lifetime range ofand g, (whereq;’s areu andd quarks. To study the maxi-
the R as a function of its maséshown in Fig. 3 in the  mum enhancement, we consider Rg mass to be close to
absence of a low-lyindR,, resonance. The lifetime will be the R® mass. We also consider here only the charBets
increased compared to the values given in Fig. 3 when theince we are concerned with charged pion scatte(seg
R, resonance enhances the cosmological importance of tHgec. Ill). Furthermore, because thewave contribution
scattering cross section in comparison to the inverse decagominates, we restrict ourselves to the 1/2 state.
Although the limitations in this estimate must not be forgot-  \we write the resonant contribution to tR87— 7y cross
ten, it is encouraging that the range thus determined, section as
>10 105, is compatible with experimental limif¢]. Much
of this range of lifetimes should be accessible to direct ob-
servation in upcoming experimens]. _
In closing, we note that detectability of relic dark matter Tres™
is different for light y's than in the conventional heavy
weakly interacting massive particdf&/IMP) scenario for two ] .
reasons. Firstly, the usual relation between the relic density/N€repc.m.is the center-of-mass three-momentum of the in-
and the WIMP-matter scattering cross section only applie§0ming particless is the square of center-of-mass energy,
when the relic density is determined by the WIMP self-Mg_ is the mass oR,, the'(A—BC)'s are momentum-
annihilation cross section, whereas in the light photino scefs-) dependent widths to the incoming and outgoing

47 |ME T(R,—ym) I (R,—R"m)

2
c.m.

. (A1)

2 2, 2 12
(mg_—s)"+mg 'y
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channeld, andT',; is the momentum-dependent total width 10% F————rrrr————rrrr
of the R,. Thus, Eq.(13) becomes(voro,)={v Tnonres
+(v 09 Where(voponey is the formula given in Eq(13) 10

with C set to a value of order 1. Since we are concerned with _
the maximum cross section resulting from the resonance, we®
are focusing on the region of parameters for which the non- =

resonant cross section is unimportafite., (voonred é:lo-l:g ,,,,,,,,,,,, me0.6 GeV  rety
<(v O',e5>.). . © E ——=- m=08GeV r=19
The kinematic momentum dependencd'¢A— BC) can ol
. L . . 10-2E — — m=09 GeV r=17
be seen by expressing it in terms of a solid angle integral
i i R 2. F e m=0.9 GeV r=1.9
over the invariant amplitude squaret|“: -
1070 105 !

m -:(.l.diéx;g) .(GeV) 16-1
I'(A—BC)=[pem(s)/(32m%mg_\s)] % "

FIG. 5. The effective resonance enhancement fa@(g’mg is
Xf dQ| M(A—BC)|?. (A2) shown as a function af, m, andmg, .

: taking A large enough to keep thR° in equilibrium abun-

— _ 2 _ _ 2

{-rllere pc.tm_(S)f—l/Z\/[Sf (mBJf[rr]nC) s (mf mC)f ]t/;’ '3 dance until after photino freezeout. To calculate the thermal
c dcetnsg r-o&rgags . rgme4 rie-rggmﬁln:m BOC e deca%{verage(voreg of the resonant cross section, we use a non-

productsB andC. Defining 4m £5=/d(}| M(A—BC)|* an relativistic approximation that is within a factor of two or

. N O .
assuming that'~I'(R,—R"), the three independently | ovor of the exact average. It can be expressed in terms of

adjustable parameters for the resonance are taken to l?ﬁe one-dimensional integral
Mg_, éro, and¢y.

SinceR,—R%+ 7 is a strong decay, we can take its ma-
trix element to be similar to the matrix element for some (4, ) =x32+ /E Ke_ 1 fwdﬂlgo-(s(ﬂ))e—ﬁx
re m\0.175 r ) Jo ’

known strongly decaying resonance whose decay has no an-

gular momentum barrier, for instance, thg(1370) whose (A4)
total width is 300-500 MeV[19]. Thus we useégo
~:I.6’7Tl—‘(f0(1370))|"|']f0(:]_370): 7.4 GeV2 where S(,8)~064;u§(l’+0175[u,8)(l’+0175[u8+ 2,8)

. . . ~ 2
To determineé; we estimate the ratio oR,— y#7 and GeVv . )
R,—R%r matrix elements by keeping track of the factors C. is largest when the resonance is near the threshold of
w . A X 0 0 .
entering the short distance operator responsible fof1€R"m channel, because near the thresHY(&,— R ) is
RO— mwmry, namely,;Ag'qE We use theR® massM to set Phase space suppressed in c_omparlsoﬁ(ﬁw—t yw_) and
the scale. This gives the peak value of the Breit-Wigner cross section is propor-
tional to ~T'(R,— ym)/T'(R,—R%7). However, because
o4 4 —a the width of the resonance vanishes g approaches
~A(4X10" Ot ugus®. threshold, the thermal average integral of the Breit-Wigner
(A3) cross section does not grow arbitrarily large.
In order to assess the plausibility of the original range
We defineC, to be the effective value oF in Eq. (13  used in Ref[9], we plot (Fig. 5 C./ug as a function of
that would reproduce th@5h? calculated using the present - M andmg_with A=1 [in Eq. (A3)] and us=1/2. In all
resonance model for a given set of resonance parameters, aofithe m and r cases shownCe/,u,é22>< 10° (or equiva-
lently C,=10%) whenmg —M—m_ <70 MeV. Since the
mass splitting can easily be less than 70 MeV, we see that
"Note thatC poses no relevant constralnts on the decays of thehe C range used in Ref[9] would be inadequate, were
chargedR,, so bothR,-—R%7* andR,-— y= ™ are allowed even  self-annihilation to be significantly larger than the nonreso-
though theR® and’y have oppositéC eigenvalues. nant estimate adopted here.
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