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Kinetic decoupling of neutralino dark matter
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After neutralinos cease annihilating in the early Universe, they may still scatter elastically from other
particles in the primordial plasma. At some point in time, however, they will eventually stop scattering. We
calculate the cross sections for neutralino elastic scattering from standard-model particles to determine the time
at which this kinetic decoupling occurs. We show that kinetic decoupling occurs above a temp@rature
~MeV. Thereafter, neutralinos act as collisionless cold dark matter.
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[. INTRODUCTION matter candidates, Guret al. [6] showed that they would
fall out of kinetic equilibrium shortly after their annihilation
Neutralinos provide perhaps the most promising candidatéeezes out. Later, Schmat al.[7] estimated the decoupling
for the mysterious dark matter in galactic haleee, e.g., temperature of neutralino-neutrino interaction. In this paper
Refs.[1,2] for reviews. Such particles would have existed in We consider the process of kinetic decoupling of neutralinos
thermal equilibrium in the early Universe when the temperain more detail. We calculate the cross sections for elastic
ture exceeded the mass of the particle. However, as the terficattering of neutrinos and photons from neutralinos, and for
perature drops below the mass, the rate of the production arg@mpleteness, we consider the elastic scattering of neutrali-
destruction reactions that maintain the equilibrium density10s from other particles as well. We show that the estimates
become smaller than the expansion rate. At this point, annffor neutrino-neutralino and photon-neutralino scattering used
hilations cease, and a relic population of neutralinos remaindy Baehmet al. neglect important kinematic effects, and thus
The calculation of this relic density is straightforward, and tohugely overestimate these cross sections. We show that neu-
a first approximation, the relic density is fixed by the crosstralinos are more likely to undergo kinetic freezeout much
section for neutralino annihilation to lighter standard-model€arlier, at temperatures between a MeV and a GeV, rather
particles. The cross section required for the critical density ihan a keV. Thus, although Bcehet al's mechanism for
~10"% cn?, coincidentally within a few orders of magni- collisional damping may be applicable to more general dark-
tude of the neutralino annihilation cross section in the mini-matter candidates, it is unlikely to be relevant to the most
mal supersymmetric extension of the standard model. promising supersymmetric dark-matter candidates.
After freezeout(i.e., after they fall out of chemical equi-  In the next section we briefly review the cross sections
librium) neutralinos may still continue scattering elastically "equired for the Boehrat al. collisional damping. In Sec. Ill,
from other particles in the primordial plasma, and thus re\We calculate the cross section for neutral!no—photqn scatter-
main in chemical equilibrium. In an interesting recent paperind. In Sec. IV, we move on to the neutralino-neutrino cross
[3], Boehmet al. pointed out that if these particles remain in S€ction. We c_onS|der elastic scattering of_neutralmos from
kinetic equilibrium until a temperature~0.1 keV, at Other species in Sec. V, and we conclude in Sec. VI.
which point the mass enclosed in a Hubble volume is com-
parable to that of a d\_/varf galaxy,_ then collisional damping Il. REQUIRED CROSS SECTIONS
due to elastic scattering of neutrinos and/or photons from
neutralinos could erase structure on such scales and thus helpIn the standard scenario, neutrinos undergo chemical de-
resolve the discrepancy between the predicted and observedupling at a temperature of one MeV and their kinetic de-
substructure in Galactic hal¢4,5]. They also argued briefly coupling follows shortly thereafter. Now suppose that the
that supersymmetric dark-matter candidates may have the rgeutrino has a nonzero elastic-scattering cross section with
quired neutralino-photon and/or neutralino-neutrino crosghe dark-matter particlg. This elastic scattering will keep
sections. the dark-matter particles in kinetic equilibrium until the rate
When heavy neutrinos were first considered as cold darkt which neutrinos scatter from a given dark-matter particle
becomes comparable to the expansion rate. The scattering
rate isI'=n,o,,c, wheren, is the number density of neu-
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X q 04 tralinos are related to these by crossing symmetry, and this
* led Beehmet al. to speculate that the elastic-scattering cross
Vo~ sections could also be as large as ¥0cn?. This, however,
' q neglects a dramatic suppression of the elastic-scattering cross
H section that arises from the spinor structure of the amplitude.
¢ The amplitude for either process can be written,
X q Y
e? _
FIG. 1. One of the Feynman diagrams for neutralino annihila- A= stpok“kVepe"A, 2
tion to two photons. There are also other Feynman diagrams for this m

rocess.
P wherek* andk” are the four-momenta of the photons astd
of relativistic degrees of freedom at a temperatlirekeV, ande” are the|.r polarlzgtlon four-vectors, arg,,, is th_e
andmp=10"° GeV is the Planck mass. The temperature acompletely antisymmetric tensor. The reduced amplitude

which the Hubble volume encloses a baryonic mssis depends on the particle masses and couplings in the diagram
loops. Its value for annihilation will differ from that for elas-

T=0.15 keMM/10°M) Y3(Q,h?/0.029Y3 (1) tic scattering by factors of order unity, but not by many
orders of magnitude. For the annihilation process, the four-
where(}y, is the baryon density anldis the present Hubble momenta will be equal tan,, while for elastic scattering,
parameter in units of 100 kmsetMpc™t. Settingl'=H,  they will be equal to the photon energy. Thus, neglecting the
at T~0.1 keV, we find that the cross section required togmg|| difference inA, we see that the factors & in the

H — 40 . . .
erase structure ons10°M scales iso,,~10 *° cm?,  amplitude will lead to a reduction by a factoE {/m,)* of
which recovers the estimate of Boetehal. Similar argu-  the elastic-scattering cross section relative to that for annihi-

ments for scattering from photons lead Boeébhal. to esti-  |ation. For E.~0.1 keV and a neutralino massn
mate a dark-matter—photon cross section of #0cn? for  _100 Gev, this suppression is 1%. More precisely, the
collisional damping via photon scattering. annihilation cross section is

In fact, we believe that Beehet al. may have underesti-
mated the required cross section by several orders of magni- a2m?
tude. The cold-dark-matter particles are non-relativistic, so axxﬂw=m)ﬁ|/l|2, 3)

even if neutrino and photon scattering keep them in kinetic
equilibrium, they could hardly move far enough to smooth
out fluctuations in the dark-matter density. For collisional
damping to work, the motion of photons and neutrinos must
be affected. Indeed, this is how collisional damping works in
the case of baryonSilk damping in which density pertur-
bations are smoothed on scales which are small compared

with the photon diffusion length8]. If it is in fact the neu-  \we have calculated this cross section for a number of super-
trinos (or photons that are responsible for collisional damp- symmetric models using a modified version of the code
ing with neutralino-neutrino scattering, then the appropriatqeytpriver [1]. For a range of typical supersymmetric pa-
reaction rate to equate to the Hubble length is the rate ggmeters and a photon energy of 100 eV, we find
which a given neutrino scatters from a neutralino, rather thaqg-79 cpR< <1073 cn?. We thus conclude that elastic
vice versa. In this case, the required neutrino—dark-matt&feytralino-photon scattering will play no role in maintaining

cross section must be larger by the ratio of the neutrino numginetic equilibrium of neutralinos, nor of scattering photons
ber density to the dark-matter number density, and this factof,om neutralinos.

is 5x 10’ (m,/GeV), wherem, is the dark-matter-particle
mass.

while the elastic-scattering cross section is

2
Tarnr= gz EJAL @
XY= XY 37T2m)2( Y

IV. NEUTRALINO-NEUTRINO SCATTERING

[1l. NEUTRALINO-PHOTON SCATTERING The neutrino-neutralino differential scattering cross sec-

: T . tion is given by
The cross section for annihilation of two neutralinos to

two photons has been calculated by a number of authors

(e.g., Refs[9-14]). Annihilation can proceed, e.g., through a (

Feynman diagram such as that shown in Fig. 1, but there are

also many other diagrams that can contribute. The value of

the annihilation cross section depends on a number of supewhere

symmetric couplings and sparticle masses, and it may span a

range of several orders of magnitude. In some regions of the M= Mg+ M+ M, (6)

plausible supersymmetric parameter space, it can indeed be

as large as 10°® cn? [13]. is the scattering amplitude. The Feynman diagrams are
The diagrams for elastic scattering of photons from neushown in Fig. 2(we have omitted Higgs-boson—exchange

do |M|?
)_— )

ao/ 64172m)2( ’
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FIG. 2. Feynman diagrams for elastic neutralino-neutrino scat-

tering.
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diagrams since the Yukawa coupling of the Higgs boson is

zero in the limit of zero neutrino massThese are given By
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J
X(P2P3) — OfoLM2(P2Pa) . (14
In the limit m,>E, , we have
Szmi, t=—2(p2pa), Uzm)z(’ (15
and
(P1P2)=(p2p3)=m,E,,
(P1P4)=(paps)=m,E,, (16)

(p2pa)=E%(1—cosb).

wherei, | are the flavor indices of the neutrino and sneutrino,We thus see that fam,>E, , the square of the matrix ele-

respectively, P =(1—ys)/2 and Pg=(1+ys5)/2, X0 is
the neutralino-sneutrino-neutrino couplingiven in Ref.
[1]), and Ofs and Op, are neutralind® couplings (also
given in Ref.[1]). The superscript denotes the transpose of
the matrix, andC is the charge-conjugation matrix. Then,

[ MI2= | M2 M2 M2+ 2ROMAME + MM
+ MM, ®)

The various terms are given

2 2| v|]0|4

(s—m;_)

J

5(P1P2) (P3Pa), 9

| M|

4

29

m[|06¢|2(p1p2)(p3p4)
w 7

|Mt|2:

+]OGorl?(P1P4) (P2P3) — O OorM:(P2P4) ],
(10

2| V|]0|4

(u— m;,)

I

| M |*= 5(P1P4)(P2P3), (11

'For Feynman rules of Majorana fermions, see, e.g., R&.

ment, and thus the cross section, are proportional to
(EV/mX)Z, and so they are enormously suppressed as the
neutrinos cool. The cross section is thus, schematically,

17

and should be at mostfor couplings of order unity
10 %¢ cn?. A survey of the supersymmetric parameter space
shows that when realistic couplings are included, the typical
cross section is more like 16% cn?. The cross section can

be enhanced if the sneutrino mass is nearly degenerate with
the neutralino mass, in which case there can bes-aar
u-channel resonance. However, the sneutrino would have to
be extraordinarily close in mass to the neutralino, and there
is no reason why this should be so in supersymmetric mod-
els.

~ (couplings?(E2/m?),

V. KINETIC DECOUPLING MORE GENERALLY

More generically, the annihilation cross section should be

T an~ (couplingg?/m?, (18

and this must be-10 38 cn? if the neutralino is to be the
dark matter. This refers to the cross section for annihilation
to light quarks, leptons, and neutrinos. The elastic-scattering
cross section will be related to this by crossing symmetry,
but with the correct kinematic factor, we obtain an elastic
cross section like Eq.17) (but with E, replaced more gen-
erally by the light-fermion energyThe rate at which a given
neutralino will scatter from these light particles will g,
~nsoe, Wherens~T2 is the light-particle densityT is the
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temperature, and at this temperature, the elastic-scatterirgalaxy masses. Moreover, the cross sections required for col-
cross section will besg~10"%" cn? (T/mX)Z. Equating lisional damping may be ten orders of magnitude bigger, in
this elastic-scattering rate to the expansion raté, which case neutrino and photon elastic scattering are that
~T?/mp, we find that neutralinos should undergo kinetic much further from being able to provide collisional damping

decoupling at on these scales. Therefore, elastic scattering of neutralinos
- from neutrinos or photons cannot erase structure on sub-
Tkin dec—MeV(m, /GeV)“~. (19 galactic scales.

. We have moreover argued that neutralinos should generi-
Thus, afte_r th_e ”e“”"?"'”_o fr¢ez?s out at a temperaTure cally decouple kinetically from the primordial plasma shortly
~m,J/20, it will remain in kinetic equilibrium with the After they cease annihilating, above temperatdresvieV
plasma and thep undergo kinetic decoupling shortly thgrea (at which time a Hubble volume encloses no more than a
ter. For neutralino masses 10. Geh, < 10.00 GeV, this solar mass of baryohsNeutralinos will thereafter act as col-
takes place well before neutrino decoupling and eIECtronﬁsionless cold dark matter and thus be incapable of altering

positron annihilation. the
. . power spectrum on scales relevant for galaxy and large-
At temperature§ <100 MeV, the baryons will be in the ?cale-structure formation.

form of neutrons and protons, and shortly thereafter, 25% o Note added in proofShortly after the publication of our

the lmass will be b(_)und up in Qellum T“‘C'_e'- The r}_eutrli\_lmo_- aper, another papéf7] which also discussed kinetic de-
nucleon cross section required to maintain neutralino kineti oupling of cold dark matter came out.

equilibrium at a temperatufB~MeV is roughly 10 ° cn?.
This cross section is extremely high for supersymmetric
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