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Light spin- 1
2 or spin-0 dark matter particles

P. Fayet
Laboratoire de Physique The´orique de l’ENS (UMR 8549 CNRS), 24 rue Lhomond, 75231 Paris Cedex 05, France

~Received 21 March 2004; published 30 July 2004!

We recall and precise how light spin-0 particles could be acceptable dark matter candidates, and extend this
analysis to spin-12 particles. We evaluate the~rather large! annihilation cross sections required, and show how
they may be induced by a new light neutral spin-1 bosonU. If this one is vectorially coupled to matter
particles, the~spin-12 or spin-0! dark matter annihilation cross section intoe1e2 automatically includes avdm

2

suppression factor at threshold, as desirable to avoid an excessive production ofg rays from residual dark
matter annihilations. We also relate dark matter annihilations with production cross sections ine1e2 scatter-
ings. Annihilation cross sections of spin-1

2 and spin-0 dark matter particles are given by exactly the same
expressions. Just as for spin-0, light spin-1

2 dark matter particles annihilating intoe1e2 could be responsible
for the bright 511 keVg ray line observed by INTEGRAL from the galactic bulge.

DOI: 10.1103/PhysRevD.70.023514 PACS number~s!: 95.35.1d, 14.80.2j, 52.38.Ph, 78.70.Bj
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I. INTRODUCTION

Weakly-interacting massive neutral particles, taken
possible dark matter candidates, should not be too light,
erwise they would not have been able to annihilate su
ciently. Weakly-interacting heavy neutrinos would have h
to be heavier than about 2 GeV, for example~to get Vnh2

&1) @1#.
Supersymmetric extensions of the standard model n

rally provide such weakly-interacting neutral particles, sta
as a result ofR-parity conservation~with Rp5(21)2S

3(21)(3B1L)) @2#. Spin-12 photinos, or more generally neu
tralinos, with cross sections roughly of weak-interaction
der when the exchanged squarks and sleptons are;mW @3#,
should be heavier than a few GeV’s~for light sfermion
masses! at least to annihilate sufficiently, this bound increa
ing with the exchanged sfermion massesmq̃, l̃ @4,5#. Given
the still unsuccessful hunt for superpartners, in particula
LEP, the lightest neutralino~LSP! of supersymmetric exten
sions of the standard model is now generally believed to
heavier than about;30 GeV.

Then, how could a light~annihilating! dark matter particle
possibly exist? At first it should haveno significant direct
coupling to the Z boson, otherwise it would have been pro
duced inZ decays at LEP. Despite that, it would have
annihilate sufficiently—and in fact, much more strongly tha
through ordinary weak interactions—otherwise its relic e
ergy density would be too high! Can this happen at all, a
what could then be the new interactions responsible for li
dark matter annihilations?

We have explored in@6# under which conditions a ligh
spin-0 particle could be a viable dark matter candidate. T
different situations have been exhibited, in which the n
interactions responsible for the annihilations are due to n
chiral couplings with exchanged heavy fermions such as m
ror fermions~case I!, in ~supersymmetric! theories somewha
reminiscent ofN52 extended supersymmetry and/or high
dimensional theories@7#. Or, such interactions may be med
ated by a new neutral spin-1 gauge bosonU ~case II!, similar
to the one, light and very weakly coupled, introduced lo
ago @8#. It is also desirable that the dark matter pair anni
0556-2821/2004/70~2!/023514~9!/$22.50 70 0235
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lation cross section intoe1e2 has avdm
2 suppression factor

so as to avoid an excessive production ofg rays originating
from the residual annihilations of dark matter particles~if
lighter than;100 MeV) @9#. This is naturally the case whe
these spin-0 particle annihilations result from the virtual p
duction of a new spin-1U boson.

We shall show here that, while the first situation~I! is
specific of spin-0 particles, the second~II ! is not, and could
apply to spin-12 as well as to spin-0 particles. One cruci
feature is that the new interactions mediated by theU boson
should actually be ‘‘not-so-weak’’~at lower energies and
relatively to weak interactions!—i.e., ^sannv rel /c&' a few
~up to ' 10! picobarns—so as to ensure for sufficient an
hilations of light dark matter particles, whatever their sp
More precisely, the newU-mediated dark-matter/matter in
teractions will bestronger than ordinary weak interactions a
lower energies—but weaker at higher energies, at which
they are damped byU propagator effects. The smallness
the U couplings to ordinary matter, as compared toe, by
several orders of magnitude, then accounts for the fact
these particles have not been observed yet.

A second essential feature is that the annihilation cr
sections of such spin-1

2 dark matter particles into fermion
pairs f f̄ through the exchanges of a new neutral spin-1U
boson will, also in this case, have the desiredvdm

2 suppres-
sion factor at threshold, provided theU boson isvectorially
coupled tomatter fermions, as is in any case necessary
avoid a problematic axionlike behavior of its longitudin
polarization state@8#.

Indeed, as we shall see, the annihilation, at threshold,
C51 state~made of two Majorana particlesx, with J5L

5S50) into a f f̄ final state with C85(2)(L81S8)51,
through aC-violating interaction~axial x current times vec-
tor f current!, is forbidden by charge conjugation. This e
sures that the annihilation cross sectionsannv rel(xx
→e1e2) has the appropriate}vdm

2 behavior, automatically
suppressing~by a factor'1025) the late annihilations of
nonrelativistic relic dark matter particles.

Furthermore, the annihilation cross sections of spin-1
2 and

spin-0 dark matter particles will, in this case, be given
©2004 The American Physical Society14-1
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exactly the same expressions. Spin-12 particles then turn ou
to be acceptable light dark matter~LDM ! candidates, as wel
as spin-0 particles. In particular, their annihilations in
e1e2 pairs could lead to ag ray signature from the galacti
center at low energy, as indicated for spin-0 particles in@6#
~before the observations of@10#!. Just as the latter, they coul
be responsible for the bright 511 keVg ray line recently
observed by the INTEGRAL satellite from the galactic bul
@10–12#. Other effects of such light dark matter particles,
nucleosynthesis and energy transfer in stars, were discu
very recently in@13#.

II. DARK MATTER DECOUPLING AND RELIC DENSITY

The interactions responsible for the pair annihilations
spin-12 dark matter particlesx ~such as heavy neutrinos o
neutralinos,. . . ) may bewritten, in the local limit approxi-
mation, as effective four-fermion interactionsL'Gx̄•••x

f̄ ••• f . The corresponding annihilation cross sections, prop
tional toG2, scale essentially likemdm

2 , mdm being the dark
matter particle mass. Suchfermionic particles annihilating
through exchanges of heavybosonsof masses*mW cannot
be light ~in a perturbative theory!, since their annihilation
cross sections would be too small.

To estimate what annihilation cross sections are actu
needed for a correct relic abundance of light dark ma
particles~corresponding toVdmh2.0.1), we express that th
annihilation rateG5ndm^sannv rel& and expansion rateH are
approximately equal when the dark matter annihilation re
tions freeze out. This occurs at a temperatureTF
5mdm /xF , with xF roughly between.16 to .23 for a 1
MeV to 1 GeV particle~cf. Appendix!.

~i! For 10 MeV ›mdm› 1 GeV, the freeze-out occurs a
TF ~with, roughly, 0.6 MeV&TF&50 MeV) after muons
have annihilated~most of them at least!, but not electrons
yet. The effective number of degrees of freedom is theng*. 43

4 . The surviving particles get diluted by the expansion
the Universe, proportionally toT3, with an extra factor4

11

corresponding to the subsequent annihilation ofe1e2 pairs
into photons, so that the relic density of dark matter partic
may now be expressed as@14#

n+dm5
4

11

T+g
3

TF
3

ndm , ~1!

T+g.2.725 K.2.35310213 GeV(.11.9 cm21) being the
present photon temperature. We shall denote byN+dm
5(2)n+dm the total density of dark matter~particles1 anti-
particles!, with the factor 2 present only in the case of no
self-conjugate dark matter particles.

The resulting freeze-out equationG.H, i.e.,

n+dm

11

4

TF
3

T+g
3 ^sannv rel&.1.66Ag* 5

43

4

TF
2

mPl
, ~2!

sufficient as a first approximation, fixes the relic energy d
sity
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rdm.~2!n+dmmdm.~2!xFn+dmTF

.~2!
4

11
1.66Ag* 5

43

4
xF

T+g
3

mPl

1

^sannv rel&

.~2!
xF

20

4.2310256 GeV2

^sannv rel&
. ~3!

Dividing by the critical density rc /h2.1.054
31025 GeV/cm3 ~times h”.6.58310225 GeV•s) to get the
density ratioVdmh2, we find

Vdmh2

0.1
.

xF

20
~2!

6310226 cm3/s

^sannv rel&

.~2!
xF

20

2310236 cm2

^sannv rel /c&
, ~4!

with the extra factor 2 present in the case of non-se
conjugate particles.

More precisely, there is also, from an approximate so
tion of the Boltzmann equation, an expected increase of
required cross section by a factor'2, for ^sannv rel& behav-
ing at threshold likevdm

2 , as compared to a constant@15,16#.
Indeed the later annihilations that would still occur belo

the temperatureTF given by Eq.~2! are further inhibited by
this vdm

2 factor, preventing the dark matter density fro
reaching the equilibrium value corresponding to thisTF , as
it would be given by Eqs.~2!–~4!. Altogether, obtaining the
right amount of dark matter (Vdmh2.0.1) requires typically

^sannv rel /c&.~2! ~4 or 2! pb, ~5!

depending whether̂sannv rel /c& behaves likevdm
2 (. ~2! 4

pb, the most interesting case for us here!, or as a constan
(. ~2! 2 pb! @17#, the factor 2 being associated with no
self-conjugate dark matter particles.

~ii ! Let us now considerlighter dark matter particles~say
mdm› 10 MeV!, actually the most interesting situation. A
first, for particles lighter than about 2 to 3 MeV, that wou
decouple~at TF5mdm /xF&0.15 MeV) after most electrons
have annihilated, the dilution factor of411 is no longer
present in Eqs.~1!–~3!. In addition, theg* at dark matter
freeze-out is no longer43

4 when electrons have disappeare
It may in fact be expressed in terms of the neutrino tempe
ture as

g* .21
7

8
~233! S Tn

4

T4D
F

, ~6!

which would be.3.36 according to the standard mode

whereTn /T.( 4
11 )1/3 as an effect of electron annihilations.

The neutrino contribution tog* , however, is then
no longer the same as in the standard model. Indeed
matter particles annihilating after neutrino decouple,
T'3.5 MeV for nm ,nt or '2 MeV for ne ~assuming neu-
trino interactions with dark matter do not keep them long
in thermal equilibrium with photons, as discussed in@13#!
4-2
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would also heat up the photon gas as compared to neutr
so that the resulting neutrino temperature would be less

the usual (411 )1/3T, resulting ina lower contribution of neu-
trinos to theg* at TF than in the standard model~down to
0.71 to 0.94 instead of 1.36!, due to dark matter annihilation
themselves@18#!

Such a phenomenon, if a significant fraction of dark m
ter annihilations were to occur after neutrino decoupling
before the neutron/proton ratio freezes out, could have
portant implications, potentially allowing for less primordi
helium than in the standard model~or conversely allowing
for new species, e.g., additional light inos, etc., to contrib
to the expansion rate in a way which would otherwise ha
been forbidden!. This effect, that we found qualitatively, i
discussed in detail in@13#, as well as, more generally, th
effects of light dark matter particles on the big bang nucl
synthesis, with the conclusion that light massesmdm
&2 MeV are disfavored as they would severely disturb
BBN concordance.

Given INTEGRAL results, we tend to favor light dar
matter masses just above this value, so as to maximize
number ofe1 produced for a given dark matter energy de
sity; and, also, to avoid thesee1 from dark matter annihila-
tions ~with their associatede2, produced with an energy
close tomdm) having too much energy dissipated ing rays
~as it would happen for a not-so-smallmdm), before they can
form positronium and annihilate, leading to the bright 5
keV g ray line.

Ignoring for a moment this mass restriction as we disc
relic abundances, for a particle in the. 1

2 –2 MeV mass
range, the required cross section gets increased~from the
absence of the4

11 dilution factor and the lower value ofg* ,

andxf) by a factor11
4 Ag* /( 43

4 )(xF/20.0.85).1.2, as com-
pared to a'100 MeV particle, a rather moderate increase
about 20%. No spectacular difference is then expected w
the mass grows from 2 to 10 MeV, the effects of the4

11

dilution factor and of the largerg* approaching43
4 getting

progressively reestablished.
~iii ! Altogetherfor cross sections behaving likevdm

2 , the
required annihilation cross sections at freeze-
^sannv rel /c& are of the order of 4 to 5 picobarns for a se
conjugate~Majorana! dark matter particle, or 8 to 10 pico
barns for a non-self-conjugate one, e.g., a complex scala
summarized above in Table I.~We do not consider real self
conjugate spin-0 particles, as Bose statistics does not a
for the desiredP-wave annihilation.!

This corresponds roughly, for present annihilations of
sidual dark matter particles having a velocityvdm'3

TABLE I. Estimates of the annihilation cross sectio
^sannv rel /c& at freeze-out required for a correct relic abundan
(Vdmh2.0.1).

Spin-12 Majorana Spin-12 Dirac Spin-0
(x) (c) (w complex!

4–5 pb 8–10 pb 8–10 pb
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31023 the velocity at freeze-out in the primordial Univers
(.0.4 c), to annihilation cross sections

^sannv rel /c& +.~4 to 10! 1025 pb, ~7!

respectively. Although large, this is indeed the right order
magnitude for light dark matter particle~in the . MeV
range! annihilations to be at the origin of the 511 keVg ray
signal observed by INTEGRAL from the galactic bulg
@10,11,19#.

In any case, sinceGF
2(1 GeV)2/2p.0.8310238 cm2,

cross sections~at freeze-out! of weak interaction order are
for light massesmdm! GeV, by far too small for a correc
relic abundance. Significantly larger annihilation cross s
tions are needed, requiring new types of interactions, as
cussed in@6#.

III. ANNIHILATIONS THROUGH HEAVY FERMION
EXCHANGES

In case~I! ~cf. Introduction!, one arranges, for spin-0 dar
matter particles, to have annihilation cross sections beha
as the inverse of the~large! squared massesof exchanged
fermions~rather than the fourth power of exchanged bos
masses!. Spin-0 dark matter particles (w) are taken to have
Yukawa interactions coupling ordinary quarks and leptonf
to heavy fermionsF such asmirror fermions@20#. The low-
energy effective Lagrangian density responsible for th
pair-annihilation intof f̄ may be written as

L'
ClCr

mF
w* w f Rf L1h.c., ~8!

whereCl andCr denote the Yukawa couplings of the spin
dark matter particles to the left-handed and right-handed
mion fields, respectively. The resulting annihilation cro
section at threshold is of the type

sannv rel'
Cl

2Cr
2

pmF
2

, ~9!

in the case ofnonchiral couplings~i.e., for ClCrÞ0). This
cross section, largely independent of the dark matter m
can be quite significanteven for light spin-0 dark matte
particles @21#.

However, in the absence of aP-wave suppression facto
proportional tovdm

2 ~since the couplings~8! involve fermion
fields of both chiralities, allowing for nonvanishingS-wave
annihilations into f f̄ ) @22#, one runs the risk, at least fo
lighter dark matter particles (&100 MeV/c2), of too muchg
ray production due to residual annihilations of dark mat
particles @9# ~unless there is an asymmetry between d
matter particles and antiparticles!.

It is thus preferable to consider annihilations induc
through the virtual production of a new light neutral spin
gauge bosonU ~case II!. We can then get both an appropria
relic abundance, together with the desiredvdm

2 suppression
factor in the annihilation cross sections. We shall point o
later, in Sec. VI, that these two features are not specific
light spin-0 dark matter particles, but may apply as well
spin-12 particles.

e

4-3
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IV. SPIN-0 DARK MATTER ANNIHILATIONS THROUGH
U EXCHANGES

A. Spin-0 annihilation cross sections

In the local limit approximation~valid, in the annihilation
case, for 2E!mU), dark matter interactions may be d
scribed by an effective Lagrangian density involving t
product of the dark matter (w) and quark and lepton~f! con-
tributions to theU current, i.e.,

L5
CU

mU
2

w* i ]m

↔
w~ f Vf̄ gm f 1 f A f̄ gmg5f !, ~10!

with ‘‘Fermi-like’’ coupling constantsGV'CUf V /mU
2 , GA

'CUf A /mU
2 . CU and f V and/or f A denote the couplings o

the new gauge bosonU to the spin-0 dark matter fieldw and
the matter fermion fieldf considered, respectively.~If the
local limit approximation is not valid,U propagator effects
may be taken into account by replacing2mU

2 by s2mU
2

54E22mU
2 .! The contributions of the vector and axialf

currents do not interfere for unpolarized cross sections~an
interference term would have to involve the totally antisy
metrice tensor and must therefore vanish!, and may be con-
sidered separately. Thef V coupling ~i.e., in fact the product
CU f V) is invariant under charge conjugation, whilef A
~which is likely to be absent, otherwise we would genera
have an unwanted axionlike behavior of the new light gau
bosonU @23#! is C-violating.

1. No S-wave annihilation for spin-0 dark matter particles

The threshold behavior of the annihilation cross sect
sann(ww̄→ f f̄ ) may be understood easily from simple arg
ments based on charge conjugation. The initialww̄ state has
C5(2)L51 in an S wave (L50). The final f f̄ state then
also hasC85(2)(L81S8)51 ~since angular momentum con
servation requiresJ85J50).

In the case of anaxial coupling (f A) to the fermion field
f, the relevant terms in the Lagrangian density~10!, being
C-violating, cannot induce the decayww̄S-wave→ f f̄ .

In the case of avectorcoupling (f V), the relevant terms in
~10! are indeedC-conserving, but thef f̄ final state, being
vectorially produced through the virtual production of aU
boson~as if it were through a one-photon exchange!, must
haveC852 ~while C851 from angular momentum con
servation!.

In both cases of vector and axial couplings~or for a linear
combination of them!, there can be noS-wave term in the
annihilation cross section. The dominant (P-wave! terms in
sannv rel are then proportional to the square of the dark m
ter particle velocity in the initial state, i.e.,

sannv rel~ww̄→ f f̄ !}vdm
2 ~11!

at threshold.
Stated in other terms, the totalU charge-density and cur

rent of aww̄ pair must vanish at threshold. The annihilatio
amplitudes, proportional toi (p1

m2p2
m), vanish proportion-
02351
-

e

n

t-

ally to the rest-frame momentapdm of the initial particles, or
to vdm , as a result of the derivative nature of theU coupling
to scalar particles.

Let us now evaluate explicitly these annihilation cro
sections~as given in @6# at threshold, forE.mdm). Still
another way to obtain them, without calculation, from t
corresponding production cross sections ine1e2 annihila-
tions, will be given in Sec. V.

2. Vector coupling to fermions

The following factor in the ‘‘squared amplitude’’ is easil
evaluated, in the center of mass reference frame:

2~p12p2!m~p12p2!nTr@~p” 31mf !g
m~2p” 41mf !g

n#

524~p12p2!m~p12p2!n~2p3
mp4

n2p3
np4

m

1gmn~p3 .p41mf
2!!

5216p1i p1 j~2p3
i p3

j 12gi j E2!

532pW dm
2 E2~12b f

2cos2u!. ~12!

Averaging over angles, and multiplying byCU
2 f V

2/(mU
2

24E2)2, and by @1/(2p)2#@1/(2E)4#4ppfEf /25(1/32p)
3(1/E2)b f for the phase space integration, we get

sannv rel5
2

3p
vdm

2
CU

2 f V
2

~mU
2 24E2!2

E2S 3

2
b f2

1

2
b f

3D
5

2

3p
vdm

2
CU

2 f V
2

~mU
2 24E2!2

A12
mf

2

E2 S E21
mf

2

2 D .

~13!

This reduces, at threshold (s54E2.4mdm
2 ), to the same

expression as in@6# ~choosingf Ul
5 f Ur

5 f V). We recognize,

in terms of the velocity parameterb f5v f(/c)5(1
2mf

2/E2)1/2, the usual kinematic factor relative to the ve
torial production of a pair of spin-1

2 Dirac fermions,

3

2
b f2

1

2
b f

35A12
mf

2

E2 S E21
mf

2

2 D . ~14!

3. Axial coupling to fermions

We can still use the previous calculation, replacingf V by
f A , and changingmf

2 into 2mf
2 within the expression of the

‘‘squared amplitude’’uAu2. p3•p41mf
252Ef

2 is replaced by
p3•p42mf

252pf
2 , and (12b f

2cos2u) by (b f
22b f

2cos2u)
5bf

2sin2u. The kinematic factor~14! which appears for the

vectorial production of thef f̄ pair gets simply replaced by
the corresponding factorb f

3 appropriate to the axial produc
tion of spin-12 particles. Expressing the latter in terms ofmf
and the dark matter particle energyEdm5Ef5E, we get
4-4
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sannv rel5
2

3p
vdm

2
CU

2 f A
2

~mU
2 24E2!2

E2S 12
mf

2

E2 D 3/2

. ~15!

Again this reduces, at threshold (E.mdm), to the same ex-
pression as obtained from@6# ~choosingf Ul

52 f Ur
5 f A).

If the U coupling to the fermion fieldf includes both
vector and axial contributions, the annihilation cross sect
is the sum of the two contributions~13! and ~15!.

B. Constraints on theU couplings

Numerically, and to get an idea of the size of the co
plings ~depending also on the massesmU andmdm) required
to get appropriate values of the annihilation cross section
decoupling~i.e., about 8 to 10 picobarns, cf. Sec. II!, we can
write the above expressions~13! and ~15! as

sannv rel.
vdm

2

0.16S CUf V,A

1026 D 2S mdm33.6 MeV

mU
2 24mdm

2 D 2

pb,

~16!

still to be multiplied by the appropriate kinematic fact

(,1) relative to the vectorial (32 b f2
1
2 b f

3) or axial (b f
3) pro-

duction of spin-12 particles @24#. We shall in fact consider
mostly vectorial couplings of theU to ordinary matter (f V),
with values much smaller than the electric charge (e.0.3)
by several orders of magnitude. The resultingU boson ef-
fects on ordinary particle physics processes, charged le
g22, etc., then appear sufficiently small@6#.

In particular, for a vectorially coupledU boson somewha
heavier than the electron but lighter than the muon, the c
parison between the additionalU contributions to the muon
and electron anomalies and the possible difference betw
the experimental and standard model values indicates
@6,25#

dam.
f Vm

2

8p2
.~262!1029,

dae.
f Ve

2

12p2

me
2

mU
2

.~463!10211, ~17!

so that

f Vm&631024, f Ve&231024mU~MeV!. ~18!

One should also have, for aU mass larger than a few MeV’s

u f Vn f Veu&GFmU
2 .10211~mU~MeV!!2 ~19!

so that U exchanges do not modify excessively neutrin
electron low-energy elastic scattering cross sections, in g
agreement with standard model values@26#. This requires
that theU couplings to neutrinos, at least, be sufficien
small. This also requires, conversely, that theU couplingCU
to dark matter be not too small, so as to get, from Eq.~16!,
appropriate values of the annihilation cross sect
^sannv rel& @27#.
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The same cross section formulas~with vector couplings
f V), etc., may also be used, as we shall see in Sec. VI, in
case of spin-12 dark matter particles, as well as for spin
particles.

V. RELATING PRODUCTION AND ANNIHILATION
CROSS SECTIONS

The production and annihilation cross sections of d
matter particles may be easily related, as the correspon
amplitudes are related byCPT ~or simply T, whenCP in-
variance holds!. When computing cross sectionssv rel we
sum on final state polarizations while averaging over init
ones. The integration of the squared modulus of the tra
tion amplitudes (uAu2)—identical when one appropriatel
exchanges the initial and final states—over the final part
momenta, makes the velocity of the latter particles (b f

5v f , or bdm5vdm , for f , f̄ or dark matter particles! appear.
The production~in e1e2 scatterings! and annihilation cross
sections are then related by

sprodve~e1e2→ww̄!/vdm[ 1
4 sannvdm~ww̄→e1e2!/ve .

~20!

From the usual electromagnetic pair production cross s
tion of charged spin-0 particles ine1e2 annihilations~ne-
glectingme),

sprod
(g) 5

4pa2

3s

1

4
bdm

3 5
e4

48ps
bdm

3 , ~21!

we immediately get~replacinge4/s2 by CU
2 f V

2/(s2mU
2 )2) the

production cross section, throughU exchanges, of neutra
spin-0 dark matter particles,

sprod~e1e2→ww̄!5
1

12p

CU
2 f V

2

~4E22mU
2 !2

E2bdm
3 . ~22!

Multiplying it by v rel.2, by the spin factor 4 and the
velocity ratio (be.1)/(bdm5vdm) appearing in~20!, we get
the corresponding annihilation cross section,

sannv rel~ww̄→e1e2!5
2

3p
vdm

2
CU

2 f V
2

~mU
2 24E2!2

E2, ~23!

which, once the kinematic factor32 b f2
1
2 b f

3 ~taking into ac-
count the effect of nonvanishingme) is reintroduced, coin-
cides precisely with Eq.~13!. In a similar way replacingf V
by f A , and reintroducing the appropriate kinematic fac
b f

3 , we recover Eq.~15! for the annihilation cross sectio
sannv rel through an axial coupling to the matter fermio
field f.

The vdm
2 suppression factor in the annihilation cross se

tion sannv rel of spin-0 particlesw appears simply asa re-
flection by CPT of the well-knownb3 factor for the pair
production of spin-0 particles ine1e2 annihilations~with, in
both cases, aP wave for theww̄ state!.
4-5



on

of

ll
e
a
b

r

e

r
-
b

iv
e

nt

l

s

h-

n.

n

w

ike
the
-
e-

n

les

P. FAYET PHYSICAL REVIEW D 70, 023514 ~2004!
Equation~22! may be used to discuss the pair producti
of spin-0 dark matter particles ine1e2 annihilations. When
theU andw particles are light it may be written under any
the equivalent forms:

sprod~e1e2→ww̄!.
CU

2 f V
2

48ps
.

CU
2 f V

2

192pEe
2
.

aUaV

a2

21.7nb

s~GeV2!

.CU
2 f V

2 2.58mb

s~GeV2!

.S CUf V

1026 D 2
2.6310242 cm2

~As~GeV!!2
. ~24!

For the relevant values ofCUf V ~or conceivablyCUf A) con-
sidered, these production cross sections get very sma
high energies, much below neutrino production cross s
tions, so that the direct production of such dark matter p
ticles is in general not expected to lead to easily observa
signals ine1e2 annihilations@6#.

Let us now turn to spin-12 particles. Their pair production
through an axial coupling involves abdm

3 factor @28#. It re-
flects precisely, as we saw, in avdm

2 suppression factor fo
the corresponding annihilation cross section at threshold~at
least as long as the massesmf of the produced fermions ar
neglected, a point to which we shall return in Sec. VI!.

Since theproductioncross sections of spin-0 and~axially
coupled! spin-12 particles ine1e2 annihilations are given by
similar formulas we expect that the correspondingannihila-

tion cross sections intof f̄ pairs be given, also, by simila
formulas. Still it is essential to clarify under which circum
stances these annihilation cross sections will continue to
have at threshold likevdm

2 , when nonvanishing fermion
massesmf are taken into account.

VI. SPIN- 1
2 DARK MATTER PARTICLES

We now consider spin-1
2 Majorana fermionsx, which can

only have an axial coupling to theU boson. The analysis, in
fact, applies as well to Dirac fermions~c!, provided they are
also axially coupled to theU.

Again the vector and axial couplings of theU boson to the
fermions f may be considered independently. The effect
Lagrangian density~similar to the one responsible for th
effective interactions of photinos with matter throughq̃ or l̃
exchanges! may now be written as

L5
CU

2mU
2

x̄gmg5x~ f Vf̄ gm f 1 f A f̄ gmg5f !. ~25!

In contrast to the previous case of a spin-0 fieldw, the cou-
pling f V is now C-violating while f A ~still normally pre-
sumed to be absent as it would be related with an unwa
axionlike behavior of theU boson! is C-conserving.
02351
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A. sann vanishes at threshold, for vector couplings—but not
for axial ones

At threshold the antisymmetry of our 2-Majoranaxx state
~in an S wave! imposes that the total spin beJ5S50, so
that the production~indifferently through vector and/or axia
couplings! of massless fermion pairsf f̄ with total angular
momentuml561 along their direction of propagation i
forbidden. But the (S-wave! annihilation cross section
sannv rel could in principle include, at threshold, nonvanis
ing contributions proportional tomf

2 .
Our initial 2-Majoranaxx state hasC51. If it is in an S

wave ~so that J50), the final f f̄ state must haveC8
5(2)(L81S8)51 ~with L85S8 from angular momentum
conservation!. It follows immediately that the (C-violating!

vectorial couplingf V cannot contribute to theS-wave ww̄
→ f f̄ annihilation amplitude.

A second reason is that aU boson with a vectorial cou-
pling to thef can only produce af f̄ pair with C852, while
it must haveC851 from angular momentum conservatio
For either reason, thef V contribution to theS-wave annihi-
lation cross section must vanish, so that

sannv rel~xx→ f̄ f !}vdm
2 at threshold. ~26!

The situation would clearly be different for the productio
of massive fermion pairsf f̄ through anaxial current ~with
C51), rather than avector current ~with C52). The f A
contribution to theS-wave annihilation cross section has no
no reason to vanish, as soonmfÞ0, since

~i! the correspondingC-conserving operator in~25! can
indeed induce axx→ f f̄ transition from aC51 to a C8
51 state; and

~ii ! the axial fermionic currentf̄ gmg5f , beingC-even, is
capable of creating af f̄ pair in aC851 state.

Constant terms proportional tomf
2 ~undesirable for us

here, at least for light dark matter particles&100 MeV) do
then appear in the annihilation cross sectionsannv rel .

It is remarkable that the constraint ofvectorcouplings of
the light U to the matter fermionsf, obtained here from the
requirement of annihilation cross sections behaving l
vdm

2 , is essentially the same as already necessitated from
fact that such a lightU boson~given the masses and cou
plings considered! would have an unacceptable axionlike b
havior if it had sizeable axial couplingsf A to the matter
fermionsf @8#.

B. From spin-0 to spin-1
2 dark matter annihilation cross
sections

We now intend to compare the pairannihilation cross
section for ~Majorana! spin-12 particlesx ~with axial cou-
pling CU/2), and for spin-0 particles ofU-chargeCU , by
relating them to the correspondingproductioncross sections
in e1e2 annihilations.

In the limit of vanishingme the production cross sectio
of a pair of Dirac particles (cc̄) through an axial coupling
(CUc̄gmg5c) to theU is proportional tobdm

3 . It is related to
the production cross section for a pair of spin-0 partic
(ww̄), proportional to1

4 bdm
3 ~with in both cases abdm

3 factor
4-6
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associated with aP-wave production of these particles in th
final state!, by

sprod~e1e2→cc̄![4sprod~e1e2→ww̄!. ~27!

By using the relations of Sec. V between annihilation a
production cross sections~as expressed by~20! for spin-0
particles!, we get from Eq.~27! the following relation be-
tween the~Dirac! spin-12 and spin-0 annihilation cross se
tions:

sann~cc̄→e1e2!5sann~ww̄→e1e2!. ~28!

To relate the annihilation cross sections of Dirac and M
jorana particles we can use the following trick: by writin
the decompositionc5(x2 ix8)/A2 of the Dirac spinor field
c, so that

c̄gmg5c5
1

2
x̄gmg5x1

1

2
x̄8gmg5x8, ~29!

and considering an initial state in which each of the t
annihilating particles is either ac or a c̄ ~i.e., just as well,
equivalently, either ax or a x8), we see that the pair ann
hilation cross section of Dirac particles (c, with axial cou-
pling CU) is the same as for Majorana particles (x, with
axial couplingCU/2). It follows that

sann~xx→e1e2!5sann~cc̄→e1e2!

5sann~ww̄→e1e2!,
~30!

the latter being given by Eq.~13! or ~23!. Altogether we get

sannv rel~xx→e1e2!5
2

3p
vdm

2
CU

2 f V
2

~mU
2 24E2!2

E2. ~31!

We can now take into account explicitly the effect of t
electron mass in the final state. Our previous argume
showed that noS-wave annihilation cross section may b
induced from a nonvanishingme , in the case of a vectoria
coupling f V ~in contrast withf A). The only expected effec
of a nonvanishingme , or more generally of fermion masse
02351
d
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mf , will simply be a multiplication of~31! by the usual
kinematic factor for the vectorial production of af f̄ pair,
3
2 b f2

1
2 b f

3 . This yields

sannv rel~xx→e1e2!

5
2

3p
vdm

2
CU

2 f V
2

~mU
2 24E2!2

E2S 3

2
b f2

1

2
b f

3D
5

2

3p
vdm

2
CU

2 f V
2

~mU
2 24E2!2

A12
mf

2

E2S E21
mf

2

2 D . ~32!

Remarkably enough, this cross section is actually ide
cal to the cross section~13! for the pair annihilation of spin-0
dark matter candidates! In particular, we get in both cases
samevdm

2 suppression factor of the annihilation cross se
tions, as desirable to avoid an excessive production
gamma rays originating from residual light dark matter a
nihilations. The~collisional and free-streaming! damping ef-
fects @6,29# associated with such particles are also, in bo
cases, sufficiently small.

The effect ofmf in the case of an axial coupling to fer
mions, however, will now be much more drastic than
simple multiplication byb f

3 , since new terms not behavin
like vdm

2 ~and proportional tomf
2) will appear in the annihi-

lation cross section.

C. Direct evaluation of spin-12 cross sections

Now that we know the result, at least in the case o
vector couplingf V , without performing any explicit calcula
tion, we can verify it explicitly. Since the annihilation cros
section for a pair ofMajorana particles (x, with an axial
couplingCU

1
2 gmg5 to theU boson! is the same as forDirac

fermions (c, with an axial couplingCUgmg5 to theU), we
can evaluate the ‘‘squared amplitudes,’’ and resulting cr
sections, as if we were dealing with such Dirac fermio
With an overall 1

4 factor from the average on the incomin
spin states, a first trace factor corresponding to the pair
nihilation of dark matter particles through an axial couplin
and a second one to thef f̄ pair production through a vecto
coupling, we evaluate
1

4
Tr@~p” 11mdm!gmg5~2p” 21mdm!gng5#Tr@~p” 31mf !g

m~2p” 41mf !g
n#

54~2p1mp2n2p1np2m1gmn~p1•p22mdm
2 !!~2p3

mp4
n2p3

np4
m1gmn~p3•p41mf

2!!

54@2p1•p3p2•p412p1•p4p2•p322p3•p4mdm
2 12p1•p2mf

224mdm
2 mf

2#

54@2~E22pdmpfcosu!212~E21pdmpfcosu!222~2pf
21mf

2!mdm
2 12~2pdm

2 1mdm
2 !mf

224mdm
2 mf

2#

54@4pdm
2 pf

2~11cos2u!18pdm
2 mf

2#→16bdm
2 E2S 4

3
pf

212mf
2D532

2

3
vdm

2 E2S E21
mf

2

2 D . ~33!
4-7



fa

e
io

in
a

et

l
u

r
lie
g
g

tte

/
o

ig
ht
a

nd
d

e-
de-

m-

se,

x

r
s at

P. FAYET PHYSICAL REVIEW D 70, 023514 ~2004!
Averaging over angles as done above, reintroducing the
tor CU

2 f V
2/(mU

2 24E2)2, and multiplying~as for a spin-0 par-
ticle in Sec. IV A! by (1/32p)(1/E2)b f for the phase spac
integration, we recover precisely the previous express
~32! for the annihilation cross section of spin-1

2 dark matter
particles, a result also identical to the one obtained in~13!
for spin-0 particle annihilations.

Let us also give for completeness the correspond
spin-12 annihilation cross section in the case of an axial m
ter fermion couplingf A . By changingmf

2→2mf
2 at appro-

priate places in the calculation of Eq.~33!, this expression of
the squared amplitudes gets replaced by the now symm
one

4@2p1•p3p2•p412p1•p4p2•p3

22p3•p4mdm
2 22p1•p2mf

214mdm
2 mf

2#

516@pdm
2 pf

2~11cos2u!1mdm
2 mf

2#, ~34!

which leads to

sannv rel5
1

2p

CU
2 f A

2

~mU
2 24E2!2

A12
mf

2

E2

3F4

3
~E22mf

2!vdm
2 1

mdm
2

E2
mf

2G . ~35!

It does coincide with~32! ~replacingf A by f V) in the limit of
vanishing fermion massesmf , for which there is no physica
distinction between vector and axial matter fermion co
plings, so that we get in both cases avdm

2 suppression facto
in the annihilation cross section. But, as anticipated ear
this overallvdm

2 factor no longer subsists for nonvanishin
fermion massesmf , for which one recovers a nonvanishin
S-wave term in the annihilation cross section~35!, propor-
tional to mf

2 .

D. Final remarks

Altogether, in the case of a vector couplingf V of the U
boson to quark and lepton fieldsf, spin-12 dark matter par-
ticles have the required characteristics for light dark ma
~LDM ! particles annihilating intoe1e2 pairs, just as well as
spin-0 particles. In both cases,U-induced dark-matter
electron interactions should be significantly stronger than
dinary weak interactions at low energy~but weaker at high
energies!, which requires theU to be more strongly coupled
to dark matter than to ordinary matter—also resulting in s
nificantU-induced dark matter self-interactions. Finally, lig
spin-12 dark matter particles appear more attractive th
spin-0 ones, as the smallness of their mass is easier to u
stand, and provide valuable alternative scenarios to be
cussed and confronted with the standard ones.
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APPENDIX: EVALUATING xF

For a dark matter particle of massmdm with g degrees of
freedom~including antiparticles!, freezing out in the nonrel-
ativistic regime at a temperatureTF5mdm /xF , the residual
number density~evaluated as if in equilibrium! at TF is

Ndm.gS mTF

2p D 3/2

e2m/TF.gTF
3 S xF

2p D 3/2

e2xF. ~A1!

We work here in the naive approximation in which the r
sidual abundance of dark matter particles is taken to be
termined from its equilibrium value at the freeze-out te
peratureTF . If this occurs aftere1e2 annihilations, dark
matter particles get diluted by the expansion of the Univer
as for photons, so that their present density reads

N+dm5gT+g
3 S xF

2p D 3/2

e2xF, ~A2!

with T+g.1685 cm23. For particles in the'1 MeV mass
range decoupling aftere1e2 annihilations, we get

Vdmh2

0.1
.

N+dmmdm

~rc /h2!30.1
.

g

2

mdm

MeV
2.033105~xF!3/2e2xF,

~A3!

which determines~e.g., by taking ln)xF as a function ofmdm
~and g), e.g., for 1 MeVxF.16.4 for g52 ~or 17.2 forg
54).

For heavier particles decoupling afterm1m2 but before
e1e2 annihilations there is a further411 reduction factor in
the relic density as compared to~A2!, so that

Vdmh2

0.1
.

g

2

mdm

MeV
7.43104~xF!3/2e2xF. ~A4!

This gives approximately, formdm510 MeV, 100 MeV or 1
GeV, xF.17.8, 20.3 or 22.8, respectively, for a comple
spin-0 or a Majorana particle (g52). For a Dirac particle
with g54, these values are increased by.0.8, to about
18.6, 21.1 or 23.6, respectively.

These estimates forxF , although naive, are sufficient fo
a first estimate of the required annihilation cross section
freeze out. Since we now demand a fixedVdmh2.0.1 for
any givenmdm ~rather than estimating an unknownVdmh2 as
a function ofmdm and^sannv rel&), the correspondingxF as
evaluated above is directly fixed bymdm ~and g) through
~A3! or ~A4!, without any direct reference here to^sannv rel&
~itself a function ofmdm andxF).
4-8
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