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1 Introduction

Thermal dark matter, that was once in chemical equilibrium and decoupled from ther-
mal plasma in the Universe, has been one of the plausible candidates for dark matter, in
particular, under the name of Weakly Interacting Massive Particles (WIMP). Chemical
equilibrium of dark matter usually requires a standard 2 — 2 annihilation of dark matter
into the SM particles, so it has provided an interesting interplay between the relic den-
sity, direct and indirect detection of dark matter at terrestrial and satellite experiments.
Recently, a new mechanism for freezing out the density of dark matter from the 3 — 2
annihilation process, coined the Strongly Interacting Massive Particles (SIMP) [1], has re-
cently drawn special attention, due to the fact that there is no need of a large coupling
between dark matter and the SM particles in this case.

Dark matter in the early Universe has once had a Maxwell-Boltzmann velocity dis-
tribution in the non-relativistic limit for which the DM annihilates only. Thus, there is a
need of making a thermal average for the annihilation cross section of dark matter in order
to incorporate it in the Boltzmann equation for the DM relic density. In particular, when
the annihilation cross section depends strongly on the DM velocity, for instance, due to



dominance of higher partial waves or resonance poles. In the case of WIMP dark matter
that is based on the 2 — 2 annihilation, it is enough to do the thermal average for the
velocity of a single DM particle or the relative velocity in the center of mass frame. On
the other hand, in the case of SIMP dark matter that is based on the 3 — 2 annihilation,
we need to do the thermal averages for two (relative) velocities of dark matter in the ini-
tial states. Given that the velocity dependence of the 3 — 2 annihilation depends on the
properties of dark matter [2-8] and the existence of resonance poles [8], it is worthwhile to
make a systematic study of the thermal averages for 3 — 2 and higher-order annihilation
processes in general.

In this article, we present a general discussion on the thermal average of the 3 — 2
annihilation cross section in the perturbative regime where the velocity expansion is valid
and near the resonance pole that mediates between three particles in the initial state and
two particles in the final state. We discuss the effects of the resonance pole on the thermal-
averaged cross section as well as the relic density and compare the results to the WIMP
case. Representative examples for SIMP dark matter, such as models with Z,, discrete
symmetries and dark mesons, are discussed in light of the thermal average of the 3 — 2
annihilation cross section without or with a resonance pole.

The paper is organized as follows. We begin with a review on the thermal average
of the 2 — 2 annihilation cross section and then discuss a counterpart of the 3 — 2
annihilation cross section without or with a resonance. Next we incorporate the thermal-
averaged cross sections in the Boltzmann equations for WIMP and SIMP cases and apply
our general results for known models for SIMP dark matter. We continue to generalize
our discussion to the 3 — 2 coannihilation between particles with different masses and
higher-order annihilation processes. Finally, conclusions are drawn.

2 Thermal average for 2 — 2 DM annihilations

To warm up and compare to our later discussion on 3 — 2 processes, we first give a review
on the thermal average of the standard 2 — 2 annihilation cross section without or with
a resonance. Assuming that two DM particles in the initial states have the same masses,
m1 = meg = mpwm, the thermal averaged 2 — 2 cross section is given by
(ov) = J dPvid®uy 8%( + ) (ov) e 3 0E D) (2.1)
f d32)1d31)2 (53(171 + 172) eféx(v%Jrv%) ’ )

where the momentum conservation is included as a delta function in the center of mass

frame and x = ™PM with T being the DM temperature that is equal to the background

temperature in kinetic equilibrium. In this case, the thermal average is simplified to the
integral for relative velocity, |U; — U2| = v, as follows,

I'B/Q 0
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Suppose to take the velocity expansion of the 2 — 2 cross section as

2

(ov) = dv v?(ov) e 1mv? (2.2)

(ov) = — (v?)L. (2.3)



Due to the absence of a resonance, we get the thermal average simply as

_ I+1 -l
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= ap+ 6a12” " +30a0x 2+ - . (2.4)

Thus, we have recovered the well known results for the thermal-averaged 2 — 2 annihilation
cross section [10].

On the other hand, in the presence of a resonance R, the 2 — 2 annihilation cross
section for Yy — R — ff takes the following Breit-Wigner form,

(ov) 32m T Br(R — xx)Br(R — ff)
OV)R = r xx) Br
mEBy (er — ) + 7%
_ I 1 R
=Nty TR 2.5
117 (er—n)?+ R (25)
h the DM velocity, and 2 p = 7’”?% I and mel'e with mp, T
where 3, is the velocity, and 1 = fv , ER = 2 and v = 4 , with mp,I'r

being the mass and width of the resonance. Then, we obtain the generai result for the
thermal average with a resonance as follows,

b
(ov)r =22 VryR Y 7 Filzr; @) (2.6)
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Here, the generating integral is given by
; o0 pl/2,—zn g -
Fo(zr;x) = Re [2/ 77677] = Re 211{/2e_“RErfc(—ixl/Qzll%/z)], (2.8)
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with the complementary error function being given by

Erfc(a) = \F Ooe*lt2 dt. (2.9)

In particular, in the narrow width approximation with v < 1, we get Fy(zg;z) =~
6}%/26_306}%9(6}3) with 0(eg) = 1 for eg > 0; O(eg) = 0 for eg < 0 and the thermal av-
eraged cross section becomes
b
(ov) g ~ 2\/TVR 6}%/2?[;3/267x6R9(6R) l—f eh. (2.10)
1=0
Thus, the averaged annihilation cross section becomes a step function in the narrow width
approximation, being sensitive to the resonance mass [10, 11].
In figure 1, we show the exact results for the averaged annihilation cross section with
s-wave overall factor in arbitrary unit as a function of e for a fixed ygr and temperature,

T = ™RM. In the limit of a narrow width, the averaged annihilation cross section is shown
to be step-wise as in our approximate formula in eq. (2.10).
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Figure 1. Thermal-averaged 2 — 2 annihilation cross section near resonance as a function of eg.
Here, the cross section is given in arbitrary unit, so only the relative ratio at different values of ep
is important.

3 Thermal average for 3 — 2 DM annihilations

Assuming that three DM particles in the initial states have the same masses, m; = mo =
ms = mpm, the thermal averaged 3 — 2 cross section is given by

[ dBuidBuadduy 83 (51 + Ty + T3) (0v2) e 2 (U

— — — 1 2102492
f d3vid3vaddus (53(?]1 + Uy + U3)e 3% (viFvy+03)

(ov?) (3.1)

We assumed that the spins of dark matter are averaged and summed over initial and final
states in 3 — 2 processes. Then, the resulting velocity expansion of the 3 — 2 cross section
depends on the spin and parity of dark matter. For instance, in the case of fermionic SIMP,
the initial states in the 3 — 2 process can be all fermions as discussed in refs. [15, 16] while
the case of vector SIMP was discussed [6] or will be published elsewhere [7].

In the non-relativistic limit of dark matter, taking into account the Galilean symmetry
and permutation symmetry between three initial DM particles, we can take the velocity
expansion of the 3 — 2 cross section as follows,

(0v?) = ap + a1 (v} + v3 +v3) + a5 (v + 03 +13)? + a8 (v + vh + v+ . (32)

There appear more combinations of squared velocities at higher orders. We note that at
the fourth order in velocities, an alternative basis can be choosen with v?v3 + v3v2 + v3v?
or (v - U9)? + (U - U3)% + (T3 - 91)?, instead of v} + vj + v3, whenever it is more convenient
for thermal average.!

'We note the following identities, v?v3 + v3v2 + v3v? = %(v% +v3 +v3)? — %(vf + v3 + vj), and
(T - T2)? + (T2 - T3)? + (T3 - 01) = vi + 05 +v5 — 3(0F + 03 4 05)” due to T + T2 + T = 0.



3.1 Non-resonance

The thermal average of velocity terms, given by a function of v? + v3 + v%, namely in an
SO(9) symmetric form, can be easily computed in a closed form as below. Thus, we first
treat them separately and next consider general terms of the form, (v3)"(v3)™(v3).

First, we take the velocity expansion of the 3 — 2 cross section in the following form

with SO(9) invariance,
[e.o]

() =Y 5 (3.3)
=0
with n = %(v% + v% + v%) Then, the corresponding thermal average is given by
1 o0
<0’U2> — 32 / d nl+2 —xn
1 oo
= 52 (+1D(+2)azx -
1=0
= ag+3a1z" " +6agz 2+ - . (3.4)

In most cases, the most important terms appear up to p-wave terms that are SO(9) invari-
ant, so the above result gives rise to a good approximation for the full average. But, if the
3 — 2 cross section is velocity-suppressed, we need to take into account the precise form
of higher order terms in the velocity expansion.

There are cases where the leading terms in the velocity expansion are higher than
p-wave, such as in the case with SIMP mesons which have leading d-wave terms. Thus, for
more general velocity terms, we need to do the velocity integrations as

™

563 ) [’
(@) )y = 2V /O du? /0 duprB(02) (03)™ x

+1
(2 12
X/ dcos@lg(vf+v%+2v1v2003912)le x(vi+v5+vivs cos f12)
—1

= Cnml gl (3.5)

where ¢, are constant coefficients depending on (n,m,l). In the case with [ = 0, the
above integration can be simplified to

2 o 00 1 \2m+1 ,
<(v%)"(v§)m):3\/§x /0 dvy v¥ e 300 / dvg(vg+§m) e (3.6)

™

These integrals can be calculated numerically and some of them with low n, m, [ are shown
in table 1. Other combinations with a fixed value of n + m + [ are not shown because
they are the same as the one shown in table 1 due to permutation symmetry between dark
matter particles.

Instead, taking m = [ = 0, we can perform the integral in a closed form as

n'(n 3
(3 = (3)" T2 o= (g = (). (3.7



(n,m,1) | (1,0,0) | (1,1,0) | (2,0,0) | (1,1,1) | (2,1,0) | (3,0,0)

c 9 14 20 100 160 280
nml 3 3 9 9 9

Table 1. Coefficients of thermal averaged velocity terms.

In particular, using eqs. (3.4) and (3.7), we get the thermal average of d-wave terms as
follows,

(002 g wave = a5 (v} + 03 +12)2) + oS ((v] + vi + vd))

= (48a8" + 200y 2. (3.8)

o

In most of examples for 3 — 2 processes such as SIMP mesons, it would be sufficient to
consider at most the d-wave terms for thermal average.

3.2 Resonance

In the presence of resonances near the center of mass energy of three initial DM particles,
more care is needed in the process of thermal average. In the non-relativistic limit of dark
matter, the 3 — 2 cross section for yxx — R — XX, before thermal average, takes a
generalized Breit-Wigner form,

9v5 N2
2 R

Br(R — Br(R —
(@7)r 28, @sm}, (er — 2n)2 + 7% r( xxx) Br( XX)

R
(er— 2n)% +%

= bp (3.9)

where 3, is the DM velocity in the two-body decay of the resonance, namely, 3, =

£ /1= 4m§< / mQR, ®3 is the phase space integral for the three-body decay of the resonance,

. 2 -9 2

R — xxx, and eg, vr are the counterparts for the 3 — 2 resonance, given by eg = W
DM

— mpl'gr

= 2
IMmp

and vg , with mpg, I'g being the mass and width of the resonance. We note that the

three-body phase space integral ®3 is proportional to e%m% near resonance, so the three-
body decay rate of the resonance is suppressed as compared to the two-body decay rate.

First, when the overall factor of the 3 — 2 cross section is taken as a function of 5 as
()
br=> 1" bl—? n', the resulting thermal average is given by

3 au by
(ov*)R = ng > T]'% Gi(2r; @), (3.10)
=0
where
. ) +2 —xn al
. A n_¢ — (1. .
Gi(zr;x) = ReLT/O dn 32377} (-1) 5l Go(zr; ). (3.11)
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Figure 2. Thermal-averaged 3 — 2 annihilation cross section near resonance as a function of eg.
Here, the cross section is given in arbitrary unit, so only the relative ratio at different values of ep
is important.

with zp = er + iyr. Here, the generating integral Go(zg;x) can be written in a closed
form as follows,

00 77267:1:77
Go(zr;x) = Re [/ dn 3] (3.12)
™Jo 52R — 1

1
= % ’%R - %Re [z e*%IZRZ%{ <F <0, —ngR> +1In < — ZR) + In(—zR)>]

where the incomplete gamma function being is given by
o] eft
a

For narrow width approximation with yp < 1, we get Go(zr;z) ~ 26%67%“39(63)
and the thermal averaged cross section becomes

27 . > 5 3\!
<0’U2>R 2 Ewe%xiie 2Rl (eR) Z T}T <2> 6%. (3.14)
=0

We find that the averaged cross section in the SIMP case is more sensitive to the resonance
mass through e% than in the WIMP case where the averaged cross section is proportional
to 6}2/2 in eq. (2.10). This is due to the fact that the phase space in the velocity average for
three initial DM particles takes a higher power in DM velocity so it becomes more sensitive
to the pole of the resonance.

In figure 2, we depict the analytic results for thermal-averaged 3 — 2 annihilation cross
section with s-wave overall factor in arbitrary unit as a function of eg for a fixed yg and

temperature, T' = m1D5M. Similarly to the WIMP case, the result is sensitive to the mass of

the resonance and it becomes step-wise in the limit of a narrow width.



4 Boltzmann equations for dark matter

We use the general results on thermal averages in the previous section to solve the Boltz-
mann equations for the relic density of WIMP or SIMP dark matter.

4.1 Boltzmann equation for WIMP

The Boltzmann equation for WIMP dark matter is given by

dnpwm
dt

Then, the above equation can be rewritten in terms of the relic abundance of dark matter,

+3Hnpy = —(ov)(nhar — (nHiy)?)- (4.1)

YpMm = npm/s, as follows,

dYpm 2 2 eq \2
28— —xa(ov) (Vv — (V5%)?) (4.2)
where A = s(mpym)/H(mpm) with s(mpym) = %g*sm%M and 1/H(mpy) =

3.02¢g, 1/2 T%P . Therefore, we obtain the solution to the Boltzmann equation as
DM

Yorr(oo) ~ </\J(mf)) N (4.3)

with -
J(zy) = / dx x7%(ov). (4.4)
T
Here, xy = mpwm /Ty with Tf being the freeze-out temperature. In the case without a
resonance, when (ov) = a;z~! from eq. (2.4), the J factor becomes
J(zs) = zil1 oL (4.5)
As a result, the relic density of WIMP dark matter is given by

mpmYpm (00)sg
3MZHZ/h?

' 10-11 -2
_ 853 x10 GeV ‘ (4.6)

g% ()

In the case with a resonance having a narrow width with ez > 0, when (ov) =

Qwivph? =

1
bivr 6g2$3/26_$ER from eq. (2.10), the J factor becomes
+3 [
J(zf) = byr 6;—2/ dx x~1/2eerR
ap

= by\/TyR € Erfc(x}/Qe}{Q). (4.7)

In figure 3, we draw the ratio of J-factors for the 2 — 2 annihilation cross section with
s-wave overall factor at on- and off-resonance as a function of eg. Thus, the large enhance-
ment of the thermal-averaged cross section stands out in the J-factors, helping reducing the
relic density to a right value without a large coupling. We note that the ratio of J-factors
changes by order of magnitude, depending on er below 0.1.
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Figure 3. J-factors on vs off-resonance for WIMP. Narrow Width Approximation(NWA) for the
resonance is assumed and Yg, €g are related to the resonance width and the amount of off-resonance

as defined below eq. (2.5).
4.2 Boltzmann equation for SIMP
The Boltzmann equation for SIMP dark matter is given by

dn
d]iM +3Hnpy = —(ov?) (nhy — nphnbu)- (4.8)

Similarly as in the WIMP case, we rewrite the above equation for the relic abundance of
dark matter, Ypy = npm/s, as follows,

dYpm _ e
M — —pa S ov?) (Y — Vi Y ) (4.9)

where p = s%(mpwm)/H (mpy). Therefore, we obtain the solution to the Boltzmann equa-
tion as

~1/2
Ypm(oo) &~ <2pK(xf)> . (4.10)
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Figure 4. K-factors on vs off-resonance for SIMP. Narrow Width Approximation(NWA) for the

resonance is assumed and Yg, €g are related to the resonance width and the amount of off-resonance
as defined below eq. (3.9).

with
[e.e]
K(zy) = / dx z % (ov?). (4.11)
T
As a result, the relic density of SIMP dark matter is given by
mpmYpm(00)sg  1.05 x 10710 GeV 2

Qsuph® = = . (4.12)
BMEHG /h? g mpn (K (x5) /Mp)'/?

In the case without a resonance, when (cv?) = aqz~! from eq. (3.4), the K factor
becomes

aj -

In the case with a resonance having a narrow width with e > 0, when (ov?) =

~10 -



b 6g2$36_%x63 from eq. (3.14), the K factor becomes

& 3
K(zy) =b elg?/ dxx2e2%R

TR
3 3
= bt <63wfm ~ Sorerl (0, 2xfeR>>. (4.14)

As a result, we find that the K-factor has a different dependence on eg from the one of the
J-factor in the previous section, due to the fact that the phase space in the velocity average
for the SIMP case is more sensitive to ez than for the WIMP case. In figure 4, we depict
the ratio of K-factors for the 3 — 2 annihilation cross section with s-wave overall factor
at off- and on-resonance as a function of eg. Thus, we find that the K-factor becomes
suppressed at small ep unlike the WIMP case while there is an optimal value of ep for
which the K-factor is maximized.

5 Benchmark models for SIMP dark matter

In this section, we discuss some benchmark models for SIMP dark matter, with or without
a resonance. We first consider a complex scalar dark matter in models with discrete gauge

symmetries and then dark mesons in models with hidden non-abelian gauge symmetries.

5.1 SIMP dark matter with discrete gauge symmetries

We consider discrete symmetries as remnants of a dark local U(1) after it is spontaneously
broken by a Higgs mechanism. Then, the 3 — 2 processes appear with dark Higgs resonance
h' for the Z3 case [5] and with extra scalar resonance S for the Z5 case [8]. Dark matter is
a complex scalar y with ¢, = +1 in both cases or another complex scalar S with g5 = +3
in the Z5 case. In both cases, the 3 — 2 processes are s-wave so our previous discussion in
section 2.2 for the thermal average of the SO(9) invariant velocity expansion applies.
After a dark local U(1) is broken into a discrete symmetry Z, due to a VEV of a
charged scalar ¢ with g4 = n, the relevant interaction terms for SIMP dark matter in the

dark sector are given as follows [5, §],

1
Zs: Lz, = —r(v +1)x* +he. — A\ |x|* - §>\¢X(v’ + 1)?|x|?, (5.1)
Zs : Lz, = M0 ST = Aot/ Sx? — X357y + hec. (5.2)

Here, v’ is the VEV of a dark Higgs, which is expanded as ¢ = (v/ +h’)/+/2. Moreover, the
dark photon Z’ gets mass of mz = 3gpv’ or 5gpv’ in the Z3 or Z5 cases. The resonance
poles for 3 — 2 processes appear at my, = 3m, in the Z3 case and mg = 3m, or m, = 3mg
in the Z5 case. For the 3 — 2 dominance, we need to suppress the 2 — 2 annihilations in
the dark sector, requiring that mz, my > m,,.

In the non-relativistic limit of dark matter, the 3 — 2 annihilation cross sections with

a resonance for discrete gauge symmetries take the form,

ov), =C, Tn 5.3
)2 = Co oz (5.3

- 11 -
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in the narrow width approximation.

where €, = m%;%:n?‘ and v, = 73;1”1;(” with m3 = my and ms = mg or m,, and C,, is
given by
2
Oy = 12\25’;225 <1 + A¢’m’<;}/2> , (5.4)
x My X
SRR TR
126,m3, 4m? — m%
CS \/5 )‘%)\%Uﬂl

b 3Bsm3 (4m?

and By = 4/1 —4m§</mi,,

Here, Cg(’s denote the coefficients for y and .S SIMP dark matters in Z5 models, respectively,
X ==

the resonance is approximated by the partial decay width of the two-body decay mode,
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Figure 5. Relic density as a function of €, (C,) in the s-wave models in the left (right) panels.
Blue solid line corresponds to the central value of the relic density by Planck. The results are shown

(5.5)

(5.6)
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h' — xx* in the Z3 case and S — x*x* or x — SS in the Z5 case, as follows,

A2 yf? 4m2
(2% X
Ty = 1-— 5.7
h 16mmy, m%, ’ ( )
)\21}/2 4m2
g =2 11— —X, 5.8
o 8mmg m?g (58)
)\2 12 4 2
L= 13 (5.9)
Ty ms

We note that there are also three-body decay modes of the resonance in both Z3 and Z5
models, but the corresponding decay rates are suppressed by extra phase space, roughly
by €2 /(47?%) for a constant squared decay amplitude, as compared to the two-body decay
rates. Therefore, near the resonance with €, < 0.1, the three-body decay contributions to
the total decay rate of the resonance can be ignored.

Then, since the 3 — 2 processes are s-wave in all the cases above, using the result in
eq. (3.10), we obtain the thermal average as

3
(0v*) 2, = JCn2” Golm; ), (5.10)
with 2z, = €, + i7y,. In the narrow width approximation, the above result becomes
27 0 i
<0”U2>Zn ~ ECRFGZ 23 e~ 5ven 0(en). (5.11)

In figure 5, we show the relic density Qh? as a function of €, (C,,) in the left (right) panel
for a fixed C), (en). These results are for the resonance cases with s-wave annihilation,
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which are applicable to Z, models. DM mass is chosen to 100(200) MeV in the upper
(lower) panel. Moreover, in figure 6, we show the parameter space for DM cubic coupling
and mass satisfying the relic density measured by Planck, depending on the value of e =
0.01,0.02,0.06 from top to bottom. The DM cubic coupling is given by x for the Z3
model and A3 for the Z5 model. Here, the narrow width approximation is assumed. As a
consequence, we find that the required value of x for the relic density varies by a factor of
3 — 5, depending on €,. We note that we kept only the resonant channels in Z,, models to
show the dependence on the resonance pole but extra non-resonant channels to the same
3 — 2 process can allow for a smaller x coupling [5, 8, 9]. Furthermore, other couplings
such as A\, make the model consistent with the bound on the self-scattering cross section
of dark matter [5, 8, 9].

5.2 Dark mesons

We consider non-abelian gauge symmetries with flavor groups in the dark sector, such
as SU(N.) gauge symmetry and SU(Ny) x SU(Ny)/SU(Ny) coset space for flavor group.
The Wess-Zumino-Witten (WZW) terms [12, 13] are responsible for 3 — 2 processes for
dark mesons [2, 14]. When dark quarks are charged under a dark local U(1), the dark
gauge boson Z' has vector-like couplings to dark quarks, resulting in dark meson couplings
such as Z' —m; —mj — m, and Z' — m; — 7, [4, 13]. In this case, a gauge kinetic mixing
between dark photon and SM hypercharge gauge boson allows for dark matter to be in
kinetic equilibrium until freeze-out, and the extra 2 — 2 (semi-)annihilation channels,
nm — Z'Z'(m), is kinematically forbidden? for mz > my. Furthermore, the 3 — 2 process
for dark mesons can have a resonance at myz = 3m,.

The effective Lagrangian for dark mesons including WZW terms is the following,

2N,
1572 F5

e’“’aﬁZLTr (Qpal,rrﬁaﬂagw) + - (5.12)

Ly = iTI‘(D;ﬂT(D”ﬂ')T) + E“VQBTr(Wauwaywaaﬂ'@ﬁTr)

igDNc

+37T2F3

where I is the decay constant of dark mesons, 7 = 27%7® with T satisfying [T, T%] =
ifabe T and belonging to SU(Ny) x SU(Ny)/SU(Ny) (e.g. A* = 2T* being Gell-Mann
matrices for Ny = 3), and the covariant derivative for dark mesons is given by D,m =
Oum+igpZ,|Qp, ). Here, Qp is the dark charge operator which is chosen to be Tr @p # 0
and Q% = 1 for the absence of chiral anomalies [4, 14]. For the 3 — 2 dominance, we need
to suppress mm — Z'Z'(w), requiring mz > 2(%)mﬂ.

First, the WZW terms for dark mesons lead to the d-wave suppressed 3 — 2 processes
for dark mesons and the corresponding annihilation cross section takes the following form
in the velocity expansion,

1 1
(01)2)sz = Cwzw <4(vf + v% + v§)2 — Q(vf + v% + vé)). (5.13)

2We note that the forbidden channels can be still important for determining the relic density if m, <
mz S 2(2)ma [9].
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Thus, as there is no resonance, we can make use of eq. (3.8) to get the thermal average as

<UUZ>WZW = 2szwx*2, (5.14)

where Cwzw depends on group factors. The result agrees with ref. [2].

The gauged WZW terms for dark mesons lead to additional 3 — 2 processes for dark
mesons with a resonance. After the dark photon is integrated out, the resulting effective
interaction is

o 16g% N

T W Tr (QD[T“’TbD Tr (QDTchTe> E,uuaﬂﬂ_aauﬂ_bayﬂ_c aﬂ'daﬂﬂ'e. (5'15)

For the resonance case, we only have to replace 1/m%, by —1/(s—m?%,) where s is the center
of mass energy for 3 — 2 processes. As the gauged WZW terms lead to the effective 5-point
interactions of the same form as the one of the ungauged WZW terms, the corresponding
3 — 2 annihilation cross section is given by

1 1 Yz
(0v?)ewzw = Cowzw <(v% + 03 +v2)% — Z(vf + vy + v§)> , (5.16)
: : 4 2 (€2 = 3m? +7%

2 2
_ my,—9mz

r
where €7 = Tzl z!

2 2
Imz Imz

the dark charge operator Qp. Here, the decay rate of the dark photon is approximated by

and vz = and Cwzw depends on group factors as well as

the two-body decay to be

2 2\ 3/2
_ 90 9 (1 dmsz
Pz = - Tr(Q7) mz (1 mzz) : (5.17)

Then, in the narrow width approximation, using the result in eq. (3.14) and doing an

explicit integration for the thermal average of the terms with v?v?, i # j, we get the

i g0
thermal average of the additional 3 — 2 annihilation cross section as
729 3.,
<UU2>gWZW = ECgWZWT[‘E%/ e 2z Q(EZ/). (5.18)

In this case, the resulting averaged cross section has a higher power dependence on e near
resonance, due to the overall d-wave suppression of the 3 — 2 annihilation cross section.

6 Generalizations

In this section, we generalize our previous discussion on the thermal average to the cases
with non-degenerate masses in the initial states or the n 4+ 2 — 2 annihilation processes.

6.1 3 — 2 co-annihilations

The results on thermal average can be generalized to the case with non-degenerate masses
in the initial states of the 3 — 2 process [15, 16], namely, the co-annihilation between
multiple components of dark matter. In this case, we consider the momenta p;(i = 1,2, 3)
instead of velocities v;(i = 1,2, 3) in the integration and the velocity expansion of the 3 — 2
annihilation cross section.
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For simplicity, we take the 3 — 2 annihilation cross section as a function of the total
kinetic energy, namely, K = le + 2m2 + 2m , in the non-relativistic limit. Then, the
thermal average for the case with non-degenerate masses can be simply given by the one
for the case with degenerate masses where mpy is replaced by (m; + ma + m3)/3 in
egs. (3.4) or (3.10), depending on whether the process is non-resonant or resonant. This
result is particularly useful for the s-wave 3 — 2 process with non-degenerate masses. But,
if the 3 — 2 co-annihilation process is velocity-suppressed, one needs to take care of the
thermal average of all the individual velocity terms, that are not necessarily SO(9) invariant
due to mass differences.

6.2 Higher-order DM annihilations

We can generalize our previous discussion to the thermal average for n+2 — 2 annihilation
processes [1, 17, 18] with initial particles having the same masses. We denote the corre-

sponding annihilation cross section by (ov™*1) and the corresponding thermal average is
given by
S -, Cla(p2dtp?
oty = L0 B B@ o+ Tyt e i)
= 4 i
f d3vy - P 63(V] + o 4 Upyo) e 2 w(vi+tod o)

Then, in the case of the SO(3(n + 2)) invariant velocity expansion, namely, (cv™!) =

S0 %! with n = J(vi+---+v2,,), we obtain the thermal average in a simple matter as
3(n+1) (9]
<U’Un+1> _ ‘§2 / dn n%(Sn-ﬁ-l)—i—l e
I'(5(n+1)) Jo
—1§:F<3(n+1)+l> ! (6.2)
L(3(n+1)) —~ \2 ne

Likewise in the case of 3 — 2 processes, in most cases, the most important terms appear
up to p-wave terms that are SO(3(n+2)) invariant, so the above result gives rise to a good
approximation for the full average of n + 2 — 2 processes.

7 Conclusions

We have presented general results on the thermal average of 3 — 2 annihilation cross
sections of dark matter. The results can be important to improve the calculation of the
dark matter abundances in the case with strong velocity-dependence and resonance poles.
We have shown some examples on SIMP dark matter where the obtained results can be
applied and have extended our discussion to the case with the 3 — 2 co-annihilation and
even higher-order annihilation processes.
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