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Constraint on the Photino Mass from Cosmology

H. Goldberg
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A lower bound for the photino mass m- as a function of the spin-0 fermion superpartner
mass m& is derived as an extension of tIIe calculation of Lee and Weinberg. The Majora-
na nature of the photino induces a p-wave threshold for annihilation yy ff into light
fermions, and leads to a rather unexpected form for the bound: for 25 QeV ~ mf- ~ 45
GeV, (my)~fp m~=1.8 GeV; for mf-&45 GeV, (m&)~~ increases approximately linearly
with m- to a value of 20 GeV when m- = 100 GeV.f f
PACS numbers: 14.80.Pb, 11.30.Pb, 98.80.Bp

The supersymmetric partner of the photon, the
photino (y), is very possibly the lightest super-
symmetric particle. As such, it is stable, and
the value of its mass, m&, assumes phenomeno-
logical importance. Since the photino is mass-
less in a supersymmetric world, one may expect
that m

&
is related to the scale of supersymmetry

breaking. For example, in some recently pro-
posed locally supersymmetric grand unified
models, ' the photino is massless at tree level,
and m& is radiatively induced:

~ y ~'L+/2 )~ gravitino tnn gravitino

for C =10, where C is an appropriate Casimir
number. In another class of models, m& may
enter as a parameter in a nonperturbative modifi-
cation of the gauge kinetic energy, in such a way
that both mg„„,-, and m™&are nonzero in the
limit m»- ~.'~ One then obtains relations of
the sort'

-2 (X~ 2 LT 2
yn y &~ yet teton Z/ ~ fer minn Jx~™gravitino (2)

(N is a group factor), implying a possibly heav-
ier photino mass. Hence, there is not yet a
clear theoretical constraint on m &.

As noted by Weinberg, ' the photino mass should
be bounded from below by a cosmological con-
sideration applied previously' to neutral lepton
masses: namely, the contribution to the present
mass density of such particles (those which sur-
vive annihilation) is no greater than that needed
to close the universe.

It is the purpose of this note to quantify this
cosmological result, taking into account the speci-
fic nature of photino couplings. The result of
interest is displayed in Fig. 1, which shows the
dependence of (m y);„on another phenomenolog-
ically significant parameter, the (almost) com-
mon mass mf- of the spin-0 supersymmetric
partners of the light fermions. In many models,
mf- and m& are not independent, and the explica-
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FIG. 1. The behavior of the lower bound on photino
mass as a function of m& (spin-0 fermion mass). The
region to the left of the crosshatching is disallowed
by experiment. The label T* on the curves denotes
the temperature at which the entropy of the quark-
gluon plasma attains its massless ideal-gas form.

tion of this relation between them is of interest.
The peculiar behavior of the bound can be traced
to the presence of a p-wave barrier in the inci-
dent channel for the annihilation of cool photinos
into the light fermions, while the s-wave annihi-
lation into the heavy fermions (notably 7 and c)
will lead to sufficient depletion of y's only for
mf- &45 GeV. I will proceed to the derivation of
the result, reserving further comment until
later.

The low-energy effective interaction for the
annihilations yy -ff (f is a light fermion) is
(with A, the Majorana photino field)

&„i=Zy(e'Qy'/2m'')(Xri rn&)(f X"ref),
where my- is the (assumed) common mass of the
scalar and pseudoscalar spin-0 f particles and

Qy is the charge of f. The spread in masses
among all spin-0 quarks and leptons is severely
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constrained by bQ=0 flavor-changing phenomenology, and, in addition, !m;„—m;! /m,-„ is predicted to
be sma1. 1 in supergravity grand unification theories. Hence it is sufficient1y accurate to take a com-
mon mass mz independent off in Eq. (3).

The annihilation rate at low yy momenta is calculated to be (for Majorana y 's)

((!v„, ! o) y~ =(e'/4~)m~ 'Q~Q~'[~(my' —m~')! —,'v„,!'+m~'],

where !v„&! is the relative velocity of the photinos. The momentum dependence in Eq. (4) can be
understood as follows: For massless fermions, only the J= 1 part of the axial coupling [in Eq. (3)J

contributes. The Fermi statistics of the photinos requires that at 1ow energies they be in a spin-0 s
wave or spin-1 p wave. For J=1, only the latter is possible, giving rise to a, p-wave barrier at yy
threshold. The factor of + comes from averaging over a p-wave (1+cos'8) factor. The term inmz'
is the remnant of the yy s-wave annihilation.

I now replace v„&' in Eq. (4) by its thermal average 6ABT/m~ [ —,'(-,'m~)v„, '=, k, T J. At the same
time, e~ is rewritten as 2(4 sin'0& m~') GF2 in order to bring vo into the standard weak interaction
form used in Ref. 6:

(vv) && =(GF'/2m)(4 sin'9~)2(m~/m&)4+&Q&~[2(m z
—m&2)x +m&2], (5)

where x = k B T/m z.
Because of the differing x and m& dependence of the cross section from that used in Ref. 6, the re-

sults of the exact integration of the rate equation are not directly applicable. However, the analytic
approximation obtained in that reference can be used (modified to take into account the yy p-wave fac-
tor x), with a result for the relic abundance that is approximately 25& high. As an approximation, I
will carry out the analytic approximation and downgrade the resulting abundance by a factor of 0.8.

The reduced abundance f=n/T' at T = 0 is found by integrating the rate equation

df /dx = yf

from the freezeout value of x, x =xf„ to x =0. Here

y(x) = C m y y2(x), C =N~ '~2 GF2mp, (45/32~')'~2 (4 sin2e~)2(m„/m~)~,

p.'(x) = po'+ 2 p,2x, p02 =+~ Qf 4m~'0(m ~
—mf ), p, 2 =g~ Q~4(m y2 —mf ') e(m y

—m~),

and X„is the effective number of degrees of freedom at freezout. ' The freezeout temperature is
found by setting

df0/dx =Cm yp2(x)fo

with f, given in Ref. 6. The only difference in procedure is that now the coefficient y in Eq. (6) is x
dependent.

Integrating the rate equation (6) using the linear form (7) for y, I find

f (O) = (Cm y) '( y,,'x (, + g, 'x „') '.
With the aforementioned reduction of this approximation by 20%, the present matter density due to
y's is then (with m~ =81 GeV)

(6)

(8)

(1Oa)

(1ob)

! value of T* will be discussed in the conclusion:
Some estimates based on finite-temperature
QCD will give T*-1 GeV; other heuristic argu-
ments suggest T*-400 MeV. The ~'~' in Eq.
(10b) is the result of a, partial cancellation of ~

by N~' ' (~K ' ') as m z crosses thresholds.
The freezeout condition (8) gives x f yp to 2'2

over a range of m z= 1.5 to 25 GeV and mf- =20

p&
——0.8 ~» T&'m &f(0)z

=- (0.72 &&10 "
g cm ') ~' '(~,'x&„+ ~,'x „')-'[m;/(100 CeV) ]'

at T&—- 2.8 K. (All masses are in gigaelectron-
volts. ) The factor v in (10a) adjusts for the in-
eQua»ty &~g Tz due to reheating of the photon
gas by annihilation of particles when T (Tf, .'
v=1 if m, ( Tf, (mp „. K= ~~9

——0.62' if rap
& T f, & T*, where T* is the temperature at
which the entropy of the quark-gluon plasma is
approximately equal to its massless, ideal-gas
value. If Tg, & T*, then ~= ~205 =0.21." The
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The requirement that p&
~ 10 '

g cm ' for T
= 2.8 K leads to a condition on the masses:

Q y Qy (my + xf~my ) & 7.2x~, '(m& /100) «'

It is convenient to parametrize xt, = (20$) ',
0.85~ $& 1.1. Then Eq. (12) becomes

(P~Q~'m~') + ~ i 'my'(P~q~')

—144/[m&/(100 GeV)]' «'l' GeV'. (13)

The sum in Eq. (13) is over open channels. As
a, reasonable approximation, and for clarity of
exposition, I take e, p,, I, d, and s fermions as
massless, and m, = m, =1.8 GeV, m, =4.5 GeV.
The assumed degeneracy of c and ~ will play a
completely negligible role in the results, and
the thresholds can be separated if so desired. I
then consider the following cases:

(i) m z&m, .—The first term in Eq. (13) is then
absent, and we obtain the bound (with « =1)

m&& (33 GeV) $[m&/(100 GeV)]2, (14)

which is inconsistent with m&& m, unless m&

& 23$ ' ' GeV. Since the PETRA lower bound on

mz is about 17 GeV, "we find from (14) that mz
& 1.0$ GeV. In this mass range $ turns out to
be about 0.86 (see below), so that there is a nar-
row experimentally allowed range (17 GeV & mf-

& 25 GeV) in which (m z);„ lies between O. S and

1.8 GeV (see Fig. 1).
(ii) my&m, .—For mz&m„Eq. (13) reads

~(1 8)'+ ~ ~
& '~-'»44((~ /100)'«'i'

and for Spy y& ppl g

g.(1 8)2 y w(4 5)2 y lla. M( &pyz-2

&144)(m& /100) «'i'.

(15a)

(15b)

It is easy to see from Eq. (15a) that if mz-

GeV, the locker bound on I- is simply
the spectral one (mz & rn, ). The physical origin
of this result is apparent: If mz- & (44 GeV)( ' ',
the s-wave 4 =0 yy annihilation into TT+cc is
large enough to deplete the photino abundance to
give a mass density below p„;,. The dependence
on mz' (rather than my') of this part of (vo) re-

to 100 GeV (see below for details). Thus to a
good approximation

p +p, xf, —Q Q (m +x„m-)6'(I-„—m ).

or

g = (20xt, ) ' = 0.80 + 0.27 mz /(100 Ge V) . (16)

The resulting lower bound (mz);„ is plotted
against m& in Fig. 1. The behavior outlined in
the text is clearly seen. The threshold factor
(1 —mz'/m I,') ' ', and the inequality m, w m „
both ignored in obtaining Fig. 1, introduce neg-
ligible changes in the result. The effect of chang-
ing ~ from 1 to 0.62 when xf, m

&
& m „has been in-

cluded in both curves. The solid curve assumes
that the quark-gluon entropy does not attain its
ideal massless value until T*=1 GeV, whereas
the dashed curve assumes that this occurs for
T*=400 Mev.

Several comments are in order:
(1) Clearly the most favorable situation for

models in which the photino derives its mass
from radiative corrections is that m& ~ 45 GeV,
in which case m z can theoretically be as small
as -2 GeV. This situation is also (coincidental-
ly) the most propitious for the detection of double
photino production at PETRA. '2

(2) If mz -70 GeV or larger, then the minimum
photino mass is large (~ 10 GeV), and the radia-
tive origin becomes unlikely. Models such as
those in Ref. 3 (with all their attendant ambiguity)
can accomodate large photino masses.

(3) When m
&

& 4 GeV, the freezeout temperature
Tf, —=

2O m& lies above T, =200 MeV, the quark-
hadron transition point. It is then appropriate
to insert a factor « = [g(m, & T & m „,)/g(T = T f )] 'i'
in Eq. (15b). [Here g=S/(RT)' is the degeneracy
factor for the entropy in a comoving volume R'
at temperature T. ] The question of significance
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moves any restriction on m z beyond the spectral
one. It is also important to note the insensitivity
of this result to g, which turns out to be =O. S2
in this region of m&™.

However, if m~ &44) ~' GeV, Eqs. (15a) and

(15b) do impose a lower bound on m
&

(other than
spectral), and this bound grows approximately
linearly with rn& until m& =100 GeV. To obtain
the bound on m z from (15a) and (15b), a value of

$ [=(20xf, ) '] as a function of mz is needed. This
is arrived at self-consistently: An initial value
of &=1 is used in Eq. (15) to generate a set
lm&, (my);„)]. These are then fed into Eq. (8)
to obtain new values of xf, (or $) as a function of
mf™and m &. The procedure converges very
rapidly, and the result is that xf, may be param-
etrized roughly as

xf, '=16+5.3mf-/(100 GeV),
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becomes the following: At what temperature T*
)T, does g assume its (large) value correspond-
ing to an ideal gas of massless quarks and gluons 7
An estimate based on the qq interaction energy"
relative to the kinetic energy implies that T*
=—440 MeV and the dashed curve reflects this
number. However, it is crucial to note that
there are nonperturbative effects in the quark-
gluon plasma which are much sponger than the

qq interaction. Self-mass effects for gluons and

quarks are especially important. For example,
a massless quark will grow' a chirally invariant
mass m, „(T) as. a result of polarization effects.
To lowest order in g, m, „(T)=1.3gT." Iteration
of this effect leads to the calculation of the en-
tropy of a noninteracting gas of quarks of mass
m, „(T); this attains 50% of the massless form
only when m, „(T)/T&2, or g'/4~&0. 20. With
g'/4' =(2v/9)1n(4T/AQ( D) (4T —= mean c.m. en-
ergy of quark collisions) and AQcD —= 0.2 GeV,
this does not occur until T = 5 GeV l The thermo-
dynamics is similarly strongly affected by effec-
tive mass generation for the gluons. In this con-
text, it has been noted"'" that the O(g') con-
tribution to the free energy (the Debye-Huckel
effect) is comparable to the ideal-gas value for
g'/4w R 0.25, or T &0.8 GeV. The effects of pos-
sible magnetic mass growth' '" are more specu-
lative. Recent Monte Carlo calculations" for
SU(2) suggest that the transverse modes of the
gluon propagate with an effective mass m, g(T)
=0.25g T. With a modest extrapolation to
m~, &(T) = 2 (0.25g'T) for SU(3), the same analy-
sis as above indicates a confluence with massless
ideal-gas entropy for T) 550 MeV. In view of
this discussion one may favor T* to lie between
0.4 and 1.0 GeV. The two branches in the figure
reflect these boundaries.
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