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Introduction

e Boltzmann Equation

o = eq
+ 3Hny = (0,5 r7-Veer) (n52.05" — ny.ng)
e Dark Matter Freeze-out scenario e Details

Relic abundance of Dark Matter
0.120 £ 0.001(:= Qpn h?)

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

Y o/l
X —_—m /T

Coloured curves corresponds to
different values of (o ¢ ,¢7-Vrer)

Courtesy ( arXiv : 0911.1120)
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m Temperature dependence of dark matter annihilation cross-section o
due to thermal fluctuation utilizing Thermal Field Theory

dn
Bt = = eq 9 =
= +3Hny = (0, ¢7-Veen) (NG10E — ny.ng)
e Details
/ V / -
q , > P DM freezes-out in thermal plasma
X ! -
| { when expansion rate of the
Lo Universe dominates over the
i annihilation rate of DM particles
q = X ? P This is determined by

<(7\/>;%ff-‘/re/>
Thermal corrections due to
thermal fluctuations can be
important
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MODEL

1 = . =
L=— ZFWFW + (i) — me)f + Ex(l(? —
+ (Du9) (Dug) — mid'e + (AYPLF ¢F + h.c.)
Details of Model
f = (f° f)7 are SM fermions, doublets under SU(2)
DM : x (Majorana fermion), singlets under SU(2) x U(1)

b= (¢+,¢>0)T, massive scalars, SU(2) doublets, my > m,
my/ T ~ 20 at freeze-out
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Thermal Field Theory [TFT]

e Photon Propagator in TFT

0
- ta,th S I’Ak 0 Sy 0 1 e2F
DY) = —g,, ([ 0 iA; } + 28 (k*)Ng(K°]) l = D
eTime Path (Real Time Formalism) o Details
e iy —ijk*t ie)
Ng(|k%]) = W
L = S=i/lp—m+tie
b 4 TG S' = (p+m)
C4+ Cs —t; —io
= Ne(1p°) = comrirr

e Fermion Propagator in TFT

iSttpm) = | > O | = 2nS8(s? — m)Ne(|p?) 1. dpleln
22 —G(Po)e‘% 1
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IR Divergence

e NLO scattering process e Details

Consider the sample diagram
shown:
x(q) x(q) = f(p') f(p)
Y Thermal virtual photon is
inserted between fermion and
scalar

oy

(1) ? Photon Propagator is D}/ =

—iguw [i/k? £ 2m6(k*)Np (k)]

=

e Soft and Collinear IR div. @ NLO

o
NT’)( k kY=

O o e
‘)_exp{\ko\/T}fl kO
1M = [ @ Ul VS )N P, LD k)

[(29 = 2p + k)N A M Za.m, (GAPLVom 11D T}
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Cancellation of IR Divergence

e Rearrangement of Photon polarization sum [Virtual Photon]

—/'g;uz = _i{g/n/ == bk(Pi: pf)k;l,kl/ £ bk(Pi,- pf)k/zkzz}

e Rearrangement of Photon polarization sum [Real Photon]

S enk) e (k) — g™ =[G} + K[

pol

o Structure of by(pr, pi) o Details

(2pr—k)-(2p;—k tob th
= o + (ko k)| W DY = gu (D)
. Structure of bk(Pf,Pi) IR Finite Contribution
belpr. i) = bilpr.pi)lic o Guur = g = bilpis kK,
oIR divergence cancellation takes G =B — bi(pi, pf)ky ky,
place order by order between IR Divergent Contribution
K/lz/ & K//,L/ lf/u/ — ék(p/’ pf)k/lku

K;uz i bk(Piv pf)ku ky,
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LO scattering cross section [0 0]

-2
S iA

e (v(a, my)PLv(p, m¢)) (a(p’, me)Pru(q’, my)) .

e L O scattering processes e Details
1

o Vv T v P =
X f X - 1 5
Pp =5t

=

% X = X X

Figure: The t-channel and u-channel

dark matter annihilation processes at
leading order (LO).

1)\4

¢

010 =
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Effect of Thermal Fluctuations [0y o(7)]

7 F f
X F//—: X = X =
XU o ¥ @ 7
L I
X } X
e =

Figure: The t-channel virtual photon corrections to the dark matter annihilation
process at next to leading order (NLO). Diagrams are labelled from 1-5.
Analogous contributions from the u-channel diagrams exist.
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Effect of Thermal Fluctuations [0y o(7)]

: - - e - ntyL
_’M%,FS :[Up’,mf(_’QfVM)(’Sp/’HL/,mf)(’)\*PR)Uq/,mx][’A;V?;+k,m¢]

[-iQu(24 — 2p + K TAG 5 m, Wy m (AP m JlD

q—p;mg v,k

e Feynman Diagram for Sample

i Thermal contribution from ¢ is
Calculation

negligible (mg > m,)

- — ¢ Non-dynamical
ff - iA—i/(—m3)

1, ¢ Dynamical

=
<
=l
S
.l

o)

here I = (g — p)® — mi

1 .
o’ 7 Z (Mo — Mio) (Mo — Miyo) +hc.| ,

spins
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Effect of Thermal Fluctuations [on,o(7)]

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 M}, , term contains the § — function
term, which gives:

/d“ (2mo(k?)) F(k) *27r/ dko/ K2dK/ko [06(k%)? — K2)] F(K°, K, %),

:er/dko/dﬂk/szK[A( K|)2l‘(o‘|5(ko 229 E(KY, K, Q) ,

oo 0
:w/ko [/ \ko\dkOF(kO,kO,Qk)+/ \k°|dk°F(k0,—k°,Qk)} :
0 — 00
(s o}
E7r/ wdw [/koF+(w,w,Qk)+/koF,(—w,w,Qk)} -
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 =

oo
/ wdw Ng(w) =
10
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Effect of Thermal Fluctuations [0y o(7)]

e Result for Sample Case

1 Sz -

tly = P = t,1~

JNLO = W p./ wdw nB(w)/ntNLO 5

1 / 27‘2
= = X /nt,tv'io ;
128s(27)* p 6
tin-rity 256met )} 4 2 2 2 2 -

Intrs ‘:W(BH —2H [dm e ) £5m )

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

ittt e [4p' (8H* — 2 H? (4m,® + m¢®) + 5m,> m¢?)
NLO,complete — 3m¢6 Pl P = = x =

e
+3log Z+ Z’ (8H5 - (2mX2 e mf2) = 5me2mf2)
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Effect of Thermal Fluctuations [ono(7)]

e Contribution to oo from one NLO process ( photon thermal )

244
U —tusly = 64me A

Inty,'5

= 4p’ (8H* — 2 H? (4my? + m¢?) +5m, 2 me?) (1)
@

e Contribution to oy o from all NLO processes ( photon thermal )

Int/h\"/LTO = I”t/l;;LVOUUin/AIA - Int’tvt:réluftu,}y ¥ Int,t;lt:rouuftu,}‘/ = Int}i;?ouuftuAW = Intlt\;‘iouuftuﬁﬁ
5127e\*
=2 "7 1216H® — 4H* (68 my? + 7Tmf?
15my8 [ e .
+H? (56my* + 86my 2 m? + 5my*) — 28my*ms? — 5my? myY (2)

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

1 Y -m oo —
ONLO = X [Intmo -+ 7IntNLO] (3)
128s@mr)t o .5 6 2
\/ -
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Conclusion

We investigated Thermal correction to DM annihilation process due
to thermal fluctutation ,

We perfomed analytic calculations
Utilizing Grammer and Yennie's approach for IR Div. Cancellation ,
and obtain Finite Remainder for oy o ,

Calculations are done with approximations ,
Non-Dynamical Scalar
Dynamical Scalar ( Long Expression not shown here) ,

Thermal fluctuation gives T2 contribution to oni0 |

Quadratic correction due to thermal fluctuation will affect (ov) which
will alter ppps, in the solution of Boltzmann Equation.
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