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Introduction

e Boltzmann Equation

—2 4 3Hny = (0, o s 7-Veer) (57057 — 1y.05)

e Dark Matter Freeze-out scenario e Details

Relic abundance of Dark Matter

Q = p/pc (pc : Critical Density
for Our Universe)

Y:nx/T3
x—m;/ F

B Coloured curves corresponds to
different values of (o /7. Vier)

Courtesy ( arXiv : 0911.1120)
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DM freezes-out in thermal plasma when expansion rate of the
Universe starts dominating over the annihilation rate of DM particles

This is determined by (o, o . ¢7 Vrel)
Thermal corrections due to thermal fluctuations can be important,
hence o \x_+fF assumes importance due to same.

m Temperature dependence of dark matter annihilation cross-section,
a”, due to thermal fluctuation, utilizing Thermal Field Theory

= + 3Hn, = (ffxiﬁf;.vreﬁ(n;q.nf—(q — ny.ng)
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L= LEREL, £ D~ mo)f + 23— my)x
+(Du0)! (Duo) = m3p'é + (AXPLF 6" + hc)

Details of Model!
f=(f° f)T are SM fermions, doublets under SU(2)
DM : x (Majorana fermion), singlets under SU(2) x U(1)
¢ = (¢+, %) T, massive scalars, SU(2) doublets; assume my > m,
my /T ~ 20 at freeze-out

!Beneke, M. et al. JHEP 2014, 10, [Erratum: JHEP 07, 106 (2016)], 045.
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Thermal Field Theory (TFT)

e Thermal field theory incorporates (inverse) temperature, 3 as the
imaginary time axis
e Photon Propagator in TFT

-t th = = I’Ak 0 1D 0 1 e%
,DHJ/ (k) _ gIJ,V <|: 0 /At :| +27T(5(k )NB(‘k ) l e% 1 :|>
e Details eTime Path (Real Time Formalism)
iD=/ e) —
0 — 1 T
Ne(1k1) = ST - :
B S—i/p-mtie — £ et
. e
fin ti—io = =
S'=(p+m) c4+ =
oy 1 -
Ne(le"l) = oo =
e Fermion Propagator in TFT o
. s ¢ . 1 en
iSepm) = | o & | = 2mS'6(6? - n)e((5”) =
—€(po)en 1
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Feynman Diagrams for yx — ff and xyx — ffvy

X X 7 X X X {REE=—F X (R2) - (R3)

Figure: Tree level t- and u-channel, diagram along t-channel real photon emission
diagram . If DM is Dirac type , then u-channel does not contribute.

f i i f f

e e o
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Figure: The t-channel virtual photon corrections to the dark matter annihilation
process at next to leading order (NLO). Diagrams are labelled from V1-V5.
Analogous contributions from the u-channel diagrams exist.
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Virtual corrections at NLO and IR Divergence

e NLO scattering process e Details

Consider the sample diagram
shown:
x(q) x(q) — f(F') f(p)

Thermal virtual photon is
inserted between fermion and
scalar

>
©-
‘\\H

i

=
Photon Propagator is IDW’,( =

—iguw [i/k? £ 2m6(k*)Np (k)]

s

e Soft and Collinear IR div. @ NLO
kO;) T

N L = e
Bk 1) extp{t\ko\/T}—l K0 =
* 4 = i3 = ’ 2oN [ stv
_IM SN /d k{[up/,mf(’yl )(Isp¢+l‘(/,mf)(l)\ PR)uqumx][lAq‘ip+k7m¢]

[(29 = 2p + k)N A M Za.m, (GAPLVom 11D T}
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Cancellation of IR Div.{Grammer and Yennie(GY) Tech.}

e GY technique for Rearrangement of —ig,,, (Virtual Photon)?
_ig,ul/ = _l{ Gur/ + K;u/}
e Rearrangement of Photon polarization sum (Real Photon)

> CRet) et el bR

pol
o Details e Structure of by(pr, pi)
sope b LGt 1 (2pr—k)-(2p;—k)
’D;f;,k = guliDl ) 2 |:((Pf—k)§im2)((:—k)2—m2) + (k & —k)}

IR Finite Contribution
@w e 4T e Ek(pi«, pf)kpkz/
ny =By bk(Pia pf)k,u,ku

e Structure of Ek(p,c, pi)
bi(ps, Pi) = bi(pr, Pi)lke—0

IR Divergent Contribution e IR divergence cancellation takgs place
Ko = bi(pi, pr)kuk, order by order between K, & K,
K Ek(p" pr)k k< e We only need to compute G, and

B Iy TEall: ~
G;w

2Grammer Jr., G. et al. Phys. Rev. D 1973, 8, 43324344, Indumathi, D. Annals
Phys. 1998, 263, 310-339, Sen, P. et al. Eur. Phys. J. C 2020, 80, 972.
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Leading order (LO) annihilation cross section (o/0)

e LO scattering processes m Heavy scalar approximation
i — if(—m3)

q" = - ! g = ¢ P 5 :
. >< m Dynamical scalar approxmation
N (dsa)

iA ~ i T 21k
Figure: The t- and u-channel DM ERk ’2""2 < ’Z‘mé
annihilation processes at LO. m H=./5/2
L P X
heav: 1 2 2 2 2 2 2
0067 " = T p x [BH(HE = my) + my(5my — 2H)[ . (1)
@
)\ P! m2 m2
dsa Vﬂ;” o f - O(V2) (2)

Lo 4rs P

(m2 +mj — m2)?
e Momenta in CM frame 3

3/ = (H,0,0,P) ; p'* = (H, P'sin6,0, P! cos 6)
(H 0,0, —P) p" = (H,—P'sin0,0,—P’ cosh)
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. e . virtual
Thermal correction to annihilation cross section (O'NLO(T))

e t-channel virtual photon correction at NLO

1 :
gl % - 2 Z ( o MLLIO)T (M7VLO B MUNLO) +heif,

spins

e Feynman Diagram for

: Thermal contribution from ¢ is
Sample Calculation

negligible (mg > m,)

e Heavy scalar approximation

e = iD > i/ (=m2)

Dynamical scalar approxmation (dsa)

x = i 2/-k
IA/+k ~ IZJmi (l =+ W
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virtual )

Thermal correction to annihilation cross section TNLO(T)

e It can be shown that the contribution with fermion and photon propagator
simultaneously thermal, vanishes.
e Consider the contribution when the thermal part of the photon propagator is

included.
e The photon propagator appearing in MJ, , term contains the § — function

term, which gives:
4k (276(K2)) F(k) = ocko ooK2K Qi [66(k%)? N EKY K, Q
/d (2m3(k2)) F(K) 27r/md /0 d /d « [BE0O2 — K] F(K, K, ) |

5(kO — K) 4+ 6(k2 + K
:27r/dk°/ko/K2dK[(( ?2:O‘|( tK)] F(K°, K, Q) ,

oo 0
:w/ko [/ \ko\dkOF(kO,kO,Qk)-i-/ |K°|dkOE(K®, —Kk°, Q)| ,
0 — o0

= [ wdo [ 4 [Fi (00,20 + F-(-w0,90)] |
0

and the angular integrals can be performed analytically.
o If there is no explicit w dependence in this angular integral, we have

71_2 T2
6 %

e
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Thermal correction to annihilation cross section (0,‘(,’?5%)

e Result for Sample Case

£t 1 P/ .
JNLE = 71285(277)4 - wdw ng(w )/”t/\/Lo :
= - B/ e < Intt1
49850 p 6 2l
In tt-uu—tu,1q 2567‘(62)‘4 8H4 2 H2 2 2 2 2
Atys = —3m¢6 ( — (4m,* + m¢?) + 5m,* me?) |

e Collinear IR Divergences get cancelled after inclusion of real emission
and absorption of photon at NLO

E 64me A
/ tlv:_(;l,ior:;;li’:e = 3!77 6 [ (8H4 =2 H2 (4mX2 =L mr’2) = 5mX2 mf2)

+3log Z -~ (8H> — 4H> (2m,® + m¢?) + 5Hm,*m¢?)
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virtual )

Thermal correction to annihilation cross section (O'NLO(T)

o Contribution to oy o from one NLO process ( photon thermal )

2y4
tttpu—tu, 1y 5 M

Inty, o

= (8H4 =5 2 (4mX2 e mfz) = 5mX2 mf2) 3)
é

e Contribution to onio from all NLO processes ( photon thermal )

s tt+uu—tir, 1 ttuu—tu,2y tt4uu—tu,3y tt+uu—tu, 4y tt+uu—tu,5y
Int/\/Lo == I”tNLO o IntNLO =+ IntNLO =5 IntNLO -+ IntNLO
512me?\*
= ———— [216H® — 4H* (68 m\? + Tm¢?)
15m¢8

+H? (56my* + 86my 2 me2 +5my?) — 28my*me? — 5my? myY (4)

e NLO scattering cross section for process ( photon / fermion thermal)

= 1 \/ He - m)2‘ i -
128stom)t - =5 = 6
\ %

=T T
Intyo + 5’”'—“/\7{0 (5)
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virtual )

Thermal correction to annihilation cross section (aNLO( 7

e Thermal correction to annihilation cross section in dynamical scalar
approximation ; oo o< 1/D?

Diagram y/f InthLzo (T2 contributiona Int§, o (T? contribution)
1 5 78mef(mf — md))/D 0
f 4m? m7(5m3, — 5m, + m?2)/D* 0
Total, Zmim?(")mf< = 9mf = Sm(#))/D4 0
2 v —8m3, m; / D? 0
22
f —6m%(2m§( - m%)/D3 — 201"2 23 m,zf(Zm2 — m,z»)
2 2 2 = 21 T 2
Total, ¢ —mpg(14mS, — 3mg)/D 10:2 = mf(2m — mjg)
3 9 78mxm$(rn% )/D4 0
f 4m? mf(3m 72mf+m,)/D4 0
Total, r 2m? m (3m = 6mf +5m2 )/ D* 0
4 —B6meTZ 2 2,2 2
4 =y 32mef/D Tt mef(mX mg)
5 ~ —16m2 mz? /D> 0
s 0 2 Sinete 2 2
All Total, ;f §mf(2mx +3mg)+ = 10;:2 = f(2m — mg) +
2 g 2 2 2 56m2T2 23— 2
Fm,{mX(Iqu5 +24m; — 15mg) - 1§D5 mxmf(mx — mg)

Table: The v — 0 contributions from various diagrams to the NLO cross section
(the so-called “a” terms in the non-relativistic cross section). Here D is defined

as D =

[~ mé)
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Thermal correction to annihilation cross section (a(r?f’)’)

e Photon phase space factor is

4

dok = %m(k?)[e(ko) + Ne(KOD{O(KO) +6(—K)}]  (6)

e The thermal part simplifies to

/d¢kﬁ(k°,K,Qk) x /dwNB([k°| [ﬁ(w,w,¢)+€(—w,w,¢)]9

Prabhat Butola Thermal correction to DM annihilation processes through real photon emission and absorption (PPC 2024) 16 / 20



Thermal correction to annihilation cross section (a(r?f’)’)

e Diagrams for real photon correction

X f X X

& "AAAAAA

7 I

T X (R2) X ®3 \.\’\_\_\1

Figure: t-channel real photon emission diagram (R1-R3).

e Considering DM () to be Dirac type, we have following result for real
photon correction upto O(T?2)

- 64re’ Xt (H? —m3)  128me’H2M (10H? — 7m3)
() 3mj 3m§

256me?H2\! (B4H* — 43H°m2 +4m}) | #2T2
15m8 6
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We investigated thermal correction to DM annihilation process
utilizing thermal field throry,

We used Grammer and Yennie's approach for IR Div. Cancellation ,
and obtain Finite Remainder for op; o ,

We obtain O(T?) contribution to or’s? in heavy scalar limit,

We present O(T?) and O(T*) contribution to o}irt4?/, in dynamical
scalar approximation, which are helicity supressed.

We present (’)(T2) contribution to a,’\fl‘_’b in heavy scalar limit,
considering DM particle to be Dirac type (Calculations with Majorana
DM in progress) ,

@ Thermal correction to (ov) in the Boltzmann equation will alter ppp.

X

SR ] 7
L SN ”
N
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Relative size of NLO contribution

e Considering only the corresponding “a” (v°) terms in the non-relativistic
limit, the relative size of the NLO contribution for each flavour of fermion
pair is given by,

Ohio T T2 m,2r(22m>2< +3m?)

a 2 2= ?
90 6m¢ mgms,
llma T2
3 my
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