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Light spin-3 or spin-0 dark matter particles
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We recall and precise how light spin-0 particles could be acceptable dark matter candidates, and extend this
analysis to spini-r particles. We evaluate thgather largg annihilation cross sections required, and show how
they may be induced by a new light neutral spin-1 bogbnlif this one is vectorially coupled to matter
particles, the(spin-% or spin-Q dark matter annihilation cross section irtbe~ automatically includes aﬁm
suppression factor at threshold, as desirable to avoid an excessive productiorays from residual dark
matter annihilations. We also relate dark matter annihilations with production cross sectns irscatter-
ings. Annihilation cross sections of spﬁwand spin-0 dark matter particles are given by exactly the same
expressions. Just as for spin-0, light spimtark matter particles annihilating in&" e~ could be responsible
for the bright 511 keVy ray line observed by INTEGRAL from the galactic bulge.
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. INTRODUCTION lation cross section inte*e™ has av3,, suppression factor,
S0 as to avoid an excessive productiomorfays originating
Weakly-interacting massive neutral particles, taken asrom the residual annihilations of dark matter particléfs
possible dark matter candidates, should not be too light, othighter than~100 MeV)[9]. This is naturally the case when
erwise they would not have been able to annihilate suffithese spin-0 particle annihilations result from the virtual pro-
ciently. Weakly-interacting heavy neutrinos would have hadyyction of a new spin-U boson.
to be heavier than about 2 GeV, for examfie get(,h? We shall show here that, while the first situatiin is

=1) [1]. . . specific of spin-0 particles, the secofit) is not, and could
Supersymmetric extensions of the standard model natlsy iy to spink as well as to spin-0 particles. One crucial

rally provide such weakly-interacting neutral particles, Stablq‘eature is that the new interactions mediated bylheoson

is(fligﬁﬂlt))ogg'pgr'g} Cor:‘;?rz\ézt'g?(r\gg?e Rgr:e(ralll)neu- should actually be “not-so-weakfat lower energies and
frali . - =pin p ’ ge Yy relatively to weak interactions—i.e., (gannvel/C)~ a few
ralinos, with cross sections roughly of weak-interaction or-(up to~ 10) picobarns—so as to ensure for sufficient anni-
der when the exchanged squarks and sleptons-ang, [3], hilations of light dark matter particles, whatever their spin.

should be heavier than a few GeV$or light sfermion \,re precisely, the nes-mediated dark-matter/matter in-
mass_e)sat least to annihilate sqfflmently, this bound INCIeaS-taractions will bestronger than ordinary weak interactions at
N9 W'.th the exchanged sfermion massegy [4.'5]' Glyen lower energies—but weaker at higher energiesat which
the still unsuccessful hunt for superpartners, in particular afhey are damped by propagator effects. The smallness of
LEP, the lightest neutralind_SP) of supersymmetric exten- the U couplings to ordinary matter, as comparedeioby

sions of the standard model is now generally believed t0 bggera) orders of magnitude, then accounts for the fact that

hea\;]ier tr;]an abmlﬁ”S?_ Gev. ilai } o these particles have not been observed yet.
Then, how could a lightannihilating dark matter particle A second essential feature is that the annihilation cross

possi_bly exist? At first it shou_ld h_aveo significant direct  gefions of such spis-dark matter particles into fermion
coupling to the Z bosqrotherwise it would have been pro- . — .
pairs ff through the exchanges of a new neutral spib-1

duced inZ decays at LEP. Despite that, it would have to ) . . .
annihilate sufficiently-and in fact, much more strongly than 20Son will, also in this case, have the desitg), suppres-

through ordinary weak interactions—otherwise its relic en-Sion factor at threshold, provided theboson isvectorially
ergy density would be too high! Can this happen at all, ancfOUPIed tomatter fermions, as is in any case necessary to
what could then be the new interactions responsible for lighfv0id @ problematic axionlike behavior of its longitudinal
dark matter annihilations? polarization stat¢8]. o

We have explored ii6] under which conditions a light Indeed, as we shall see, the annlhllaupn, at threshold, of a
spin-0 particle could be a viable dark matter candidate. Twd>= * state(made of two Majorana particleg, with J=L
different situations have been exhibited, in which the new=S=0) into a ff final state withC’'=(—)" *S)=+,
interactions responsible for the annihilations are due to northrough aC-violating interaction(axial ¥ current times vec-
chiral couplings with exchanged heavy fermions such as mirtor f curreny, is forbidden by charge conjugation. This en-
ror fermions(case J, in (supersymmetrictheories somewhat sures that the annihilation cross sectian,,wei(xx
reminiscent oN=2 extended supersymmetry and/or higher-—e"e~) has the appropriatev?,, behavior, automatically
dimensional theorief7]. Or, such interactions may be medi- suppressingby a factor~10"°) the late annihilations of
ated by a new neutral spin-1 gauge bogbftase 1), similar  nonrelativistic relic dark matter particles.
to the one, light and very weakly coupled, introduced long Furthermore, the annihilation cross sections of spand
ago[8]. It is also desirable that the dark matter pair annihi-spin-0 dark matter particles will, in this case, be given by
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exactly the same expressior®pin+4 particles then turn out Pam=(2)NogmMam=(2)XgNogmT ¢

to be acceptable light dark mattgiDM) candidates, as well

as spin-0 particles. In particular, their annihilations into 4 43 T3 1
e*e” pairs could lead to & ray signature from the galactic =(2) 77166/ 9. :ZXFm_y (Camtre)
center at low energy, as indicated for spin-0 particle§6in PIATannTrel
(before the observations pf0]). Just as the latter, they could Xp 4.2X1075 Ge\?

be responsible for the bright 511 keY ray line recently =(2 20

observed by the INTEGRAL satellite from the galactic bulge (TannVrer)
[10-12. Other effects of such light dark matter particles, on Dividing by the critical density p./h?=1.054
nucleosynthesis and energy transfer in stars, were discussed; o-5 Gev/end (times h=6.58x 10”25 GeV~§) to get the
very recently in[13]. density ratioQ 4,h?, we find

()

2 — 26
Il. DARK MATTER DECOUPLING AND RELIC DENSITY Qamh® Xe _ 6Xx107 2 cm’/s

The interactions responsible for the pair annihilations of 01 20 (oanrirel)
spin+ dark matter particleg (such as heavy neutrinos or Xg 2X 10736 e
neutralinos,. . . ) may bewritten, in the local limit approxi- =2) g (4)

. : S _ = 20 Ic)
mation, as effective four-fermion interactioms~Gy- - - x (Tannvrel/C)

f---f. The corresponding annihilation cross sections, proporwith the extra factor 2 present in the case of non-self-
tional to G?, scale essentially liken3,,, My being the dark ~ conjugate particles.

matter particle mass. Sudermionic particles annihilating More precisely, there is also, from an approximate solu-
through exchanges of heabpsonsof masses=m,, cannot  tion of the Boltzmann equation, an expected increase of the
be light (in a perturbative theoby since their annihilation required cross section by a factsr2, for (o,nvrer) behav-
cross sections would be too small. ing at threshold Iikejﬁm, as compared to a constdib,16.

To estimate what annihilation cross sections are actually Indeed the later annihilations that would still occur below
needed for a correct relic abundance of light dark mattethe temperaturd@ ¢ given by Eq.(2) are further inhibited by
particles(corresponding t6) 4,)h?>=0.1), we express that the this vﬁm factor, preventing the dark matter density from
annihilation ratd” = ngyn(oanwre;) @and expansion ratd are  reaching the equilibrium value corresponding to this, as
approximately equal when the dark matter annihilation reacit would be given by Eqs(2)—(4). Altogether, obtaining the
tions freeze out. This occurs at a temperatufe  right amount of dark matter}4,h?=0.1) requires typically
=Mym/Xe, With xg roughly between=16 to =23 for a 1
MeV to 1 GeV particle(cf. Appendix. (Tannrer/C)=(2) (4 or 2) pb, 5

(i) For10 MeV =my=< 1 GeV, the freeze-out occurs at ) L
Te (with, roughly, 0.6 MeV<T<50 MeV) after muons depending whethefoap e /c) behaves likeygy (= (2) 4
have annihilatedmost of them at leaktbut not electrons PP, the most interesting case for us hewr as a constant
yet. The effective number of degrees of freedom is tgen (= (2) 2 pb) [17], the factor 2 being associated with non-
=42 The surviving particles get diluted by the expansion ofSelf-conjugate dark matter particles. .
the Universe, proportionally td3, with an extra factor (i) Let us now considelighter dark matter particlegsay
corresponding to the subsequent annihilatiore6é™ pairs ~ Mam= 10 MeV), actually the most interesting situation. At

into photons, so that the relic density of dark matter particledirst, for particles lighter than about 2 to 3 MeV, that would
may now be expressed Bi4] decouple(at Te=myn,/X=0.15 MeV) after most electrons

have annihilated, the dilution factor of; is no longer
present in Egs(1)—(3). In addition, theg, at dark matter

(1) freeze-out is no longet? when electrons have disappeared.
It may in fact be expressed in terms of the neutrino tempera-
ture as

3
4 T2,

nodm:ﬁ T_,e_l Nam,

T.,~2.725 K=2.35x10 * GeV(=11.9 cm!) being the
present photon temperature. We shall denote Ny, 7
=(2)Nn.4m, the total density of dark mattéparticles+ anti- 9. =2+ 35(2X3)
particleg, with the factor 2 present only in the case of non-
self-conjugate dark matter particles.

The resulting freeze-out equatidh=H, i.e.,

T4)
=1 (6)
T/

which would be=3.36 according to the standard model,
whereT,/T= (%)Y as an effect of electron annihilations.
11 T3 43 T2 The neutrino contribution tog, , however, is then
N — — ~1.66 - F 2 no longer the same as in the standard model. Indeed dark
«dmz” 73 < annvrel> Ox 4 ) 2 . I .

T2, Mp, matter particles annihilating after neutrino decouple, at
T~3.5 MeV forv,,v, or ~2 MeV for v, (@assuming neu-

sufficient as a first approximation, fixes the relic energy denirino interactions with dark matter do not keep them longer
sity in thermal equilibrium with photons, as discussed[13])
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TABLE |. Estimates of the annihilation cross sections X102 the velocity at freeze-out in the primordial Universe
(Tanrer/C) at freeze-out required for a correct relic abundance(=0.4 c), to annihilation cross sections

(Qgmh2=0.1). s
<Uannvrellc>o:(4 to 10 10> pb, (7)
.1 . .1 . .
Spinz Majorana Sping Dirac Spin-0 respectively. Although large, this is indeed the right order of
) (¥) (¢ compley magnitude for light dark matter particlén the = MeV
4-5 pb 8-10 pb 8-10 pb range annihilations to be at the origin of the 511 kewray
P P P signal observed by INTEGRAL from the galactic bulge

[10,11,19.

_ In any case, sinceGZ(1 GeV)/27w=0.8x10 % cn?,
would also heat up the photon gas as compared to neutrinogyoss sectiongat freeze-outof weak interaction order are,
so that the resulting neutrino temperature would be less thafr light massesny,< GeV, by far too small for a correct
the usual €)Y3T, resulting ina lower contribution of neu- relic abundance. Significantly larger annihilation cross sec-
trinos to theg, at Tg than in the standard modédown to tions are needed, requiring new types of interactions, as dis-

0.71 to 0.94 instead of 1.36due to dark matter annihilations €uSSed irl6]-
themselves18]! o , IIl. ANNIHILATIONS THROUGH HEAVY FERMION
Such a phenomenon, if a significant fraction of dark mat- EXCHANGES
ter annihilations were to occur after neutrino decoupling but
before the neutron/proton ratio freezes out, could have im- In case(l) (cf. Introduction, one arranges, for spin-0 dark
portant implications, potentially allowing for less primordial matter parncles, to have annihilation cross sections behaving
helium than in the standard moder conversely allowing 2 the inverse of théarge) squared massesf exchanged
for new species, e.g., additional light inos, etc., to contributdermions(rather than the fourth power of exchanged boson

to the expansion rate in a way which would otherwise hav assep Spin-0 dark matter particlesp] are taken to have

been forbidden This effect, that we found qualitatively, is ukawa interactions coupling ordinary quarks and leptbns
. . i ' ' to heavy fermiong$= such agmirror fermions[20]. The low-
discussed in detail if13], as well as, more generally, the

effects of light dark matter particles on the big bang nucleo Sy effective Lagrangian density responsible for their

synthesis, with the conclusion that light masseg,, Par-annihilation intoff may be written as

=<2 MeV are disfavored as they would severely disturb the C,C, o

BBN concordance. L~——¢* pfrf +h.C., (8)
Given INTEGRAL results, we tend to favor light dark M

matter masses just above this_ value, so as to maximize thghereC, andC, denote the Yukawa couplings of the spin-0
number ofe™ produced for a given dark matter energy den-gark matter particles to the left-handed and right-handed fer-
sity; and, also, to avoid these’ from dark matter annihila- mion fields, respectively. The resulting annihilation cross
tions (with their associatece™, produced with an energy section at threshold is of the type

close tomy,,y) having too much energy dissipated jnrays

(as it would happen for a not-so-smal);,,), before they can C|2Cr2
form positronium and annihilate, leading to the bright 511 Uannvreﬁ—wmz , (©)
keV y ray line. F

Ignoring for a moment this mass restrilction as we discussn the case ohonchiral couplings(i.e., for C,C,#0). This
relic abundances, for a particle in the;-2 MeV mass  cross section, largely independent of the dark matter mass,
range, the required cross section gets incredéetn the  can be quite significaneven for light spin-0 dark matter

absence of thé; dilution factor and the lower value af, , particles[21].
andx;) by a factori \/g, /(%) (xg/20=0.85)=1.2, as com- However, in the absence of Rwave suppression factor

pared to a~100 MeV particle, a rather moderate increase ofProportional tov 3, (since the couplingég) involve fermion
about 20%. No spectacular difference is then expected whefiglds of both chiralities, allowing for nonvanishingwave
the mass grows from 2 to 10 MeV, the effects of the annihilations intoff) [22], one runs the risk, at least for
dilution factor and of the largeg, approaching® getting lighter dark matter particles$100 MeV/c?), of too muchy
progressively reestablished. ray production due to residual annihilations of dark matter
(iii) Altogetherfor cross sections behaving Iikt%m, the particles[9] (unless there is an asymmetry between dark
required annihilation cross sections at freeze-outmatter particles and antiparticles
(oannvrer/C) are of the order of 4 to 5 picobarns for a self- It is thus preferable to consider annihilations induced
conjugate(Majorana dark matter particle, or 8 to 10 pico- through the virtual production of a new light neutral spin-1
barns for a non-self-conjugate one, e.g., a complex scalar, @uge bosolJ (case ). We can then get both an appropriate
summarized above in Table (We do not consider real self- relic abundance, together with the desirzﬁ;in suppression
conjugate spin-0 particles, as Bose statistics does not allovactor in the annihilation cross sections. We shall point out
for the desiredP-wave annihilation. later, in Sec. VI, that these two features are not specific to
This corresponds roughly, for present annihilations of redight spin-0 dark matter particles, but may apply as well to
sidual dark matter particles having a velocity,~3 spin+ particles.
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IV. SPIN-0 DARK MATTER ANNIHILATIONS THROUGH ally to the rest-frame momenfa,,, of the initial particles, or
U EXCHANGES tovgm, as a result of the derivative nature of thecoupling
to scalar particles.
Let us now evaluate explicitly these annihilation cross
In the local limit approximatiorgvalid, in the annihilation  sections(as given in[6] at threshold, forE=my,,). Still
case, for E<my), dark matter interactions may be de- another way to obtain them, without calculation, from the

scribed by an effective Lagrangian density involving thecorresponding production cross sectionseine™ annihila-
product of the dark mattery) and quark and lepto(f) con-  tions, will be given in Sec. V.

tributions to theU current, i.e.,

A. Spin-0 annihilation cross sections

2. Vector coupling to fermions

C = — —
L= —ggo*iﬁlugo(fvf Y+ faf Y ysT), (10 The following factor in the “squared amplitude” is easily
my evaluated, in the center of mass reference frame:

with “Fermi-like” coupling constantsGVmCUfV/mf,, Ga

— J— — + M + 4
~Cyfa/m?. Cy andfy and/orf, denote the couplings of (P17P2)u(P1P2)y TIL(Pat M) y(— Pt my) ']

the new gauge bosdd to the spin-0 dark matter field and =—4(p1—P2) .(P1—P2) ,(—P5Ps— P3PY
the matter fermion field considered, respectivelylf the 5

local limit approximation is not validU propagator effects +9*"(P3.pat+mi))

may be taken into account by replacirgm? by s—mj

=4E?—m?.) The contributions of the vector and axifl = — 16py;p;(2p5pL+ 297 E?)

currents do not interfere for unpolarized cross secti@ms

interference term would have to involve the totally antisym- on2 2 2
metric € tensor and must therefore vanisand may be con- =32p;,E*(1- Bicos o).
sidered separately. THe, coupling(i.e., in fact the product

Cyfy) is invariant under charge conjugation, whila, ~ Averaging over angles, and multiplying bggfg/(m?
(which is likely to be absent, otherwise we would generally—4E?)?, and by [1/(27)?][ 1/(2E)*14mp;E/2=(1/32m)
have an unwanted axionlike behavior of the new light gaugex(1/E2) B; for the phase space integration, we get
bosonU [23)]) is C-violating.

(12

2
1. No S-wave annihilation for spin-0 dark matter particles O'annvrelzsivgm 2Cufv 2(; _ % ?)
_ 2\2
The threshold behavior of the annihilation cross section Tr (my—4E9
agann(@ee— ff) may be understood easily from_simple argu- 2, szz mf2 , mfz
ments based on charge conjugation. The inifigl state has :Evdm(m—Tz)z 1- £ B+ >
C=(-)"=+ inanSwave (L=0). The finalff state then v
also haC’ = (—)"+S) = + (since angular momentum con- (13

servation requireg’ =J=0).

In the case of amxial coupling (f ) to the fermion field ~ This reduces, at thresholds€4E?~4mj ), to the same
f, the relevant terms in the Lagrangian dengity), being  expression as if6] (choosingfy, =fy =fy). We recognize,
C-violating, cannot induce the decayps yave— - in terms of the velocity parameterB;=v¢(/c)=(1

In the case of aectorcoupling (fy), the relevanttermsin —m#/E?)*2, the usual kinematic factor relative to the vec-
(10) are indeedC-conserving, but thef final state, being torial production of a pair of spig-Dirac fermions,
vectorially produced through the virtual production olUa

boson(as if it were through a one-photon exchapgaust 3 1 mf2 mfz
have C'=— (while C'=+ from angular momentum con- “Bi—=Bi=\[1- — | B>+ —|. (14)
servation. 2 2 E? 2
In both cases of vector and axial couplin(@s for a linear
combination of thery there can be n&wave term in the 3. Axial coupling to fermions

annihilation cross section. The dominaft-(vave terms in
Tannlrel are then proportional to the square of the dark mat-,
ter particle velocity in the initial state, i.e.,

We can still use the previous calculation, replacfgby
fa, and changlng;nf into — mf W|th|n the expression of the
“squared amplitude’|.A|?. p3- ps+mi=2E? is replaced by

St an  Pape-mi=2p?, and (1-Bicodd) by (81— picosh)
=fZsir6. The kinematic factok14) which appears for the
at threshold. vectorial production of théf pair gets simply replaced by

Stated in other terms, the totdl charge-density and cur- the correspondmg factgs? appropriate to the axial produc-
rent of a(p(p pair must vanish at threshold. The annihilation tion of spin4 particles. Expressing the latter in termsrof
amplitudes, proportional to(p%—p%), vanish proportion- and the dark matter particle energy,,=E¢=E, we get
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2 c2f2 2\ 32 The same cross section formul@sgith vector couplings
oannvre|=3—v§m2U—A22 21— —; (150  fy), etc., may also be used, as we shall see in Sec. VI, in the
™ o (mG—4E%) E case of spiny dark matter particles, as well as for spin-0
L articles.
Again this reduces, at threshol&{my,,,), to the same ex- P
pression as obtained frop8] (choosingf, = —f, =f4).
. . o r V. RELATING PRODUCTION AND ANNIHILATION
If the U coupling to the fermion field includes both
. o I . CROSS SECTIONS
vector and axial contributions, the annihilation cross section
is the sum of the two contributiond3) and (15). The production and annihilation cross sections of dark
matter particles may be easily related, as the corresponding
B. Constraints on the U couplings amplitudes are related b@PT (or simply T, whenCP in-

. . . variance holds When computing cross sections,o; we
”r:\lusrpde:c:rlllginanglstg (?r?ihinrrgiiamz;rr:s;lze roef Tireegou_sum on final state polarizations while averaging over initial
pling P 9 5 dm) req nes. The integration of the squared modulus of the transi-

to get appropriate values of the annihilation cross sections Ot - 2 . ;
decoupling(i.e., about 8 to 10 picobarns, cf. Seg, We can tion amplitudes A|*)—identical when one appropriately

. ; exchanges the initial and final states—over the final particle
write the above expressiort$3) and(15) as momenta, makes the velocity of the latter particlgs; (

03[ Cufya % mgyx 3.6 MeV\? =0vt, OF Bam="Vdm, for f,f or dark matter particlosappear.
TanVrel™ 7z — pb, The production(in e™ e~ scatteringsand annihilation cross
0.16| 10-© 2,2 ,
' my —4Mg, sections are then related by

(16)

— _ _ 1 - —
still to be multiplied by the appropriate kinematic factor TprodVe(€' €™ —@@)/V4n= & Tanam(@e—e" € )/ve.
(<1) relative to the vectorialy8;— 3 83) or axial (8) pro- (20

duction of spins particles[24]. We shall in fact consider  Erom the usual electromagnetic pair production cross sec-
mostly vectorial couplings of thel to ordinary matter{v),  tion of charged spin-0 particles ia" e~ annihilations(ne-
with values much smaller than the electric charge=0.3) glectingm,),

by several orders of magnitude. The resultidgooson ef-

fects on ordinary particle physics processes, charged lepton Aol 1 et

g—2, etc., then appear sufficiently smgd). Tprod™ 3g Zﬁgm=ﬁﬂgm, (21)

In particular, for a vectorially coupled boson somewhat

heavier than the electron but lighter than the muon, the com- . ; Pl o2 221 0a 212
parison between the additiondl contributions to the muon o immediately getreplacinge’/s’ by Cyfy/(s—mj)®) the

and electron anomalies and the possible difference betweé)r{?r?_%cgg?k %C;Stfefe;?ﬁgésthmugﬂ' exchanges, of neutral
the experimental and standard model values indicates thaP P ’

6,25
. ISR S < A

2. Tprod(€7 € H@@)—EWE Bim- (22

sa, = Fz(ZtZ)lO‘g,
4 Multiplying it by v,q=2, by the spin factor 4 and the
2 2 velocity ratio (ﬂgzl)/(,f?’dm=_vdm) appearing i20), we get
A~ Ve _° _(4+3)10° %, (17)  the corresponding annihilation cross section,
1272 m¢,
— 2 cif?
N 2 u'v 2

so that o-annv,e|(gocp—>e+e )_Evdm(rna—Tz)zE ) (23)

fy,<6x1074, fye=2x10*my(MeV). (18)
which, once the kinematic factgr;— 383 (taking into ac-
One should also have, forimass larger than a few MeV's, count the effect of nonvanishing,) is reintroduced, coin-
cides precisely with E¢(13). In a similar way replacindy,
by fa, and reintroducing the appropriate kinematic factor

so thatU exchanges do not modify excessively neutrino-/A7 « We recover Eq(15) for the annihilation cross section
electron low-energy elastic scattering cross sections, in gooffaniUrer through an axial coupling to the matter fermion
agreement with standard model valy&$§]. This requires field f. ) ) _ o

that the U couplings to neutrinos, at least, be sufficiently ~Thevgm Suppression factor in the annihilation cross sec-
small. This also requires, conversely, that theouplingC, 10N oannrel Of Spin-0 particlesp appears simply aa re-

to dark matter be not too small, so as to get, from @),  flection by CPT of the well-knowp? factor for the pair
appropriate values of the annihilation cross sectiorProduction of spin-0 particles ia" e~ annihilations(with, in
(Tanvrel) [27]. both cases, ® wave for thep¢ state.

|fv,fve =Gem§=10"(my(MeV))? (19)
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Equation(22) may be used to discuss the pair production A. o,,, vanishes at threshold, for vector couplings—but not

of spin-0 dark matter particles i@ e~ annihilations. When

theU and ¢ particles are light it may be written under any of

the equivalent forms:

iy

oo (6t ) B CifZ  ayay 21.7nb
prod " 487s

1927E2 a2 s(Ge\?)

, 2.58ub

Vs(Ge\?)
(cufv)zz.ex 10742 cn?
10°¢)  (Vs(GeV))?

2
—>u

(24

For the relevant values & fy (or conceivablyCf,) con-
sidered, these production cross sections get very small

high energies, much below neutrino production cross se
tions, so that the direct production of such dark matter par
ticles is in general not expected to lead to easily observabl

signals ine*e~ annihilations[6].

Let us now turn to spirk- particles. Their pair production
through an axial coupling involves &3, factor [28]. It re-
flects precisely, as we saw, inuﬁm suppression factor for
the corresponding annihilation cross section at threstetld
least as long as the masges of the produced fermions are
neglected, a point to which we shall return in Sec). VI

Since theproductioncross sections of spin-0 artdxially
coupled spin4 particles ine*e™ annihilations are given by
similar formulas we expect that the correspondamihila-
tion cross sections intdf pairs be given, also, by similar

formulas. Still it is essential to clarify under which circum-

for axial ones

At threshold the antisymmetry of our 2-Majoragg state
(in an S wave imposes that the total spin hk=S=0, so
that the productioriindifferently through vector and/or axial
couplings of massless fermion pairf with total angular
momentum\=*+1 along their direction of propagation is
forbidden. But the $wave annihilation cross section
OannVrel COUld in principle include, at threshold, nonvanish-
ing contributions proportional tmfz.

Our initial 2-Majoranay y state ha€C=+. Ifitisinan S

wave (so that J=0), the final ff state must haveC’
=(—)E"*S)=+ (with L'=S" from angular momentum
conservation It follows immediately that the @-violating)
vectorial couplingfy cannot contribute to th&wave (p;

— ff annihilation amplitude.
A second reason is thatld boson with a vectorial cou-

a —_
Hing to thef can only produce &f pair with C’ = —, while

It must haveC’ =+ from angular momentum conservation.
or either reason, thg, contribution to theS-wave annihi-
ation cross section must vanish, so that

o’annvre|(xx—>ﬂ)ocv§m at threshold. (26)

The situation would clearly be different for the production
of massive fermion pair$f through anaxial current(with
C=+), rather than avector current(with C=—). The f,
contribution to theS\wave annihilation cross section has now
no reason to vanish, as soom+ 0, since

(i) the correspondingC-conserving operator ii25) can
indeed induce g y—ff transition from aC=+ to aC’
=+ state; and

(i) the axial fermionic currenTyMy5f, beingC-even, is

stances these annihilation cross sections will continue to becapable of creating &f pair in aC’'=+ state.

have at threshold likev3,, when nonvanishing fermion
massesn; are taken into account.

VI. SPIN-% DARK MATTER PARTICLES

We now consider spig-Majorana fermionsy, which can
only have an axial coupling to tHg boson. The analysis, in
fact, applies as well to Dirac fermiorig), provided they are
also axially coupled to thé.

Again the vector and axial couplings of thieboson to the

Constant terms proportional tm? (undesirable for us
here, at least for light dark matter particlesl00 MeV) do
then appear in the annihilation cross sectiofw e -

It is remarkable that the constraint wéctor couplings of
the lightU to the matter fermion§ obtained here from the
requirement of annihilation cross sections behaving like
vin, is essentially the same as already necessitated from the
fact that such a light) boson(given the masses and cou-
plings consideredwould have an unacceptable axionlike be-
havior if it had sizeable axial couplingk, to the matter
fermionsf [8].

fermionsf may be considered independently. The effective

Lagrangian densitysimilar to the one responsible for the

effective interactions of photinos with matter througor T
exchangesmay now be written as

Cy— _ _
L= —szmnx(fvf Y+ faf v yst). (25)
2mg

In contrast to the previous case of a spin-0 fieldthe cou-
pling fy is now C-violating while f, (still normally pre-

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

We now intend to compare the padnnihilation cross
section for(Majorana spin+4 particles y (with axial cou-
pling Cy/2), and for spin-0 particles df-chargeCy, by
relating them to the correspondipgoductioncross sections
in e"e” annihilations.

In the limit of vanishingm, the production cross section
of a pair of Dirac particles ) through an axial coupling

(Cutry,ys) to theU is proportional th'jm. Itis related to

sumed to be absent as it would be related with an unwanteite production cross section for a pair of spin-O particles

axionlike behavior of théJ boson is C-conserving.

(¢@), proportional to B3, (with in both cases @, factor
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associated with ®-wave production of these particles in the m¢, will simply be a multiplication of(31) by the usual
final state, by kinematic factor for the vectorial production of fd pair,
3 103 H H
B — B — 5B:i—3B; . This yields
o'prod(e+e _"p‘p)540prod(e+e — Q). (27) ? 2t
By using the relations of Sec. V between annihilation and  oannvrei(xx—€"€7)
production cross section@s expressed b{20) for spin-0

particles, we get from Eq.(27) the following relation be- _2 5 CHfé £2 3. 15
tween the(Dirac) spin4 and spin-0 annihilation cross sec- 37Tvdm(m6—4E2)2 2B~ 5B
tions:
I I 2¢2 2 2
O'ann((/f‘/’_’e+e7):Uann(¢¢_’e+e7)- (28 :i 2 Cu—fv :I_—E EZ'|—E (32
3, 0dm 5 2\2 2 2
7 M(m? - 4E2) E

To relate the annihilation cross sections of Dirac and Ma-
jorana particles we can use the following trick: by writing ~ Remarkably enough, this cross section is actually identi-
the decompositiony= (x—i x’)/+/2 of the Dirac spinor field cal to the cross sectigil3) for the pair annihilation of spin-0
Y, so that dark matter candidates! In particular, we get in both cases the
B 1 1 ?amevﬁm sdupprets)lsio? facto_rdof the annihilation cdrosts sec-f
= " / ions, as desirable to avoid an excessive production o
VYWY X VWYX T X VuYsX @9 gamma rays originating from residual light dafk matter an-
nihilations. The(collisional and free-streaminglamping ef-

and' c.on.S|der|ng. an mmgl state in W_h'C_h egch of the tWofects [6,29] associated with such particles are also, in both
annihilating particles is either & or a ¢ (i.e., just as well, cages, sufficiently small.

equivalently, either g or a x'), we see that the pair anni-  The effect ofm, in the case of an axial coupling to fer-
hilation cross section of Dirac particlegs( with axial cou- mions, however, will now be much more drastic than a
pling Cy) is the same as for Majorana particleg, (with  simple multiplication bys?, since new terms not behaving
axial couplingCy/2). It follows that like v3,, (and proportional tan?) will appear in the annihi-
Fann(XX—E €)= oan(P—eE) lation cross section.
— 4 C. Direct evaluation of spin- cross sections
=0annlee—e’e ), .
(30) Now that we know the result, at least in the case of a
) ) vector couplingf,,, without performing any explicit calcula-
the latter being given by Eq13) or (23). Altogether we get  tion, we can verify it explicitly. Since the annihilation cross
section for a pair ofMajorana particles (, with an axial
. 2, Cfé ) couplingCy 3 v*vs to theU boson is the same as fdbirac
TanVrel(XX—€7€7)= Evdm(mz_Tz)zE - BD  fermions @, with an axial couplingCy*vs to theU), we
v can evaluate the “squared amplitudes,” and resulting cross
We can now take into account explicitly the effect of the sections, as if we were dealing with such Dirac fermions.
electron mass in the final state. Our previous argument¥ith an overall; factor from the average on the incoming
showed that ndcSwave annihilation cross section may be spin states, a first trace factor corresponding to the pair an-
induced from a nonvanishing,, in the case of a vectorial hihilation of dark matter_particles through an axial coupling,
coupling fy (in contrast withf,). The only expected effect and a second one to tHé pair production through a vector
of a nonvanishingn,, or more generally of fermion masses coupling, we evaluate

1
ZTV[(IélJF Mam) ¥ Ys(— B2+ Mgm) ¥, ¥s 1 TIP3+ Me) y(— Patme) y”]

=4(—=P1,P2,~ P1,02,+ 9, (P1 - P2~ M) (— PEP,— P3PS + 9" (P3 - Pat+MP))
=4[2p1 - P3Pz - Pat 2P1 - PaP2 - P3— 2P - PaMimt 2P1 - PoMZ — 4mim?]

=4[ 2(E?— pgmprCO9) %+ 2(E2+ pypmP;C0SA) 2 — 2(2p2 + mZ) M3+ 2(2p3 -+ M3 ) m?— 4m3 m?]

2
m
2
E+2

4 2
=4[ 4p5,p7(1+cog o) + 8p§mmf2]—>16,8§mE2<§p?+ 2mf2) =325 05,F?

3 . (33
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Averaging over angles as done above, reintroducing the fac- APPENDIX: EVALUATING  xg

tor C3f2/(m3—4E?)2, and multiplying(as for a spin-0 par-

ticle in Sec. IV A by (1/327)(1/E?) B; for the phase space fre

integration, we recover precisely the previous expressior&ti

(32) for the annihilation cross section of spjndark matter

particles, a result also identical to the one obtainedli®)

for spin-0 particle annihilations.

Let us also give for completeness the corresponding

spin4 annihilation cross section in the case of an axial mat- Ndm:g(

ter fermion couplingf,. By changingm?— —m? at appro-

priate places in the calculation of E@®3J), this expression of

the squared amplitudes gets replaced by the now symmetrige work here in the naive approximation in which the re-

one sidual abundance of dark matter particles is taken to be de-
termined from its equilibrium value at the freeze-out tem-
peratureTg. If this occurs aftere*e™ annihilations, dark

A[2p1-P3P2 - Pat2P1 - PaP2 - P3 matter particles get diluted by the expansion of the Universe,

as for photons, so that their present density reads

For a dark matter particle of mass;,,, with g degrees of
edom(including antiparticles freezing out in the nonrel-
vistic regime at a temperatufig-=my,,/Xg, the residual
number densityevaluated as if in equilibriunat T is

mTg

3/2 X
> ) e—m/T,::ng(

. 312
—) e *r. (Al
2

—2p3 - P4aMim— 2Py - PoM? +4mg,m?]

3/2
=16 p3pF(1+cos h) + mj,m?], (34) Nodm=gT§<x—F e %, (A2)

"\ 2w

which leads to

with T.,=1685 cm 3. For particles in thes1 MeV mass
range decoupling aftee"e™ annihilations, we get
1 Cifa m?
0'annvrelzz m E2
u
Qdmhz Nodmmdm g Mym

. (35 01  (p./h?)x0.1 2 MeV

2 3/2,— X
ﬁ(EZ—mZ) 2 +mdmm2 2.03X 10°(xg) % ¥,
3 f)Udm = f

(A3)

It does coincide wit32) (replacingf 5 by fy) in the limit of which determinege.g., by taking Inks as a function ofn;,

vanishing fermion masses; , for which there is no physical (andg), e.g., for 1 MeVxg=16.4 forg=2 (or 17.2 forg

distinction between vector and axial matter fermion cou-_ e F ' '

plings, so that we get in both casesé“ suppression factor For heavier particles decoupling after w~ but before

in the annihilation cross section. But, as anticipated earlielg+ o~ annihilations there is a furthef: reduction factor in

this overallv3,, factor no longer subsists for nonvanishing the relic density as compared (42), so that

fermion masses;, for which one recovers a nonvanishing

Swave term in the annihilation cross secti@b), propor-

tional tom?.

Qgmh?
0.1

Mym

Moy /-4 10 (xg)¥%e%F. (A4)

N @
<

D. Final remarks

Altogether, in the case of a vector couplifig of the U
boson to quark and lepton fieldsspin4 dark matter par- This gives approximately, fang,,= 10 MeV, 100 MeV or 1
ticles have the required characteristics for light dark matte5eV, xg=17.8, 20.3 or 22.8, respectively, for a complex
(LDM) particles annihilating int@*e™ pairs, just as well as Spin-0 or a Majorana particleg&2). For a Dirac particle
spin-0 particles. In both casesj-induced dark-matter/ with g=4, these values are increased $40.8, to about
electron interactions should be significantly stronger than or18.6, 21.1 or 23.6, respectively.
dinary weak interactions at low energlgut weaker at high These estimates fo, although naive, are sufficient for
energiey which requires théJ to be more strongly coupled a first estimate of the required annihilation cross sections at
to dark matter than to ordinary matter—also resulting in sigfreeze out. Since we now demand a fix@¢,,h?=0.1 for
nificantU-induced dark matter self-interactions. Finally, light any givenmg, (rather than estimating an unknowy,;h? as
spin4 dark matter particles appear more attractive thara function ofmy, and{oa,w er)), the correspondingg as
spin-0 ones, as the smallness of their mass is easier to und@valuated above is directly fixed byy,, (and g) through
stand, and provide valuable alternative scenarios to be digA3) or (A4), without any direct reference here{a v el
cussed and confronted with the standard ones. (itself a function ofmy,, andxg).
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