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Outline

» Basic introduction

* Energy hierarchies (non-relativistic and thermal) and suitable EFTs

* Fixed order calculation

» Calculation based on exploiting hierarchy of scales (incl. HTL resummation)
 Dark Matter density evolution

e Conclusions and Future Work



Introduction and motivation

* | ook at pairs of non-relativistic particles, which could form bound state:
U(l) : S(ry) = B(xx)

SUQ) : S(xy)s = B(xi), ’ﬁ-ﬁ Y

when thermal effects are non-negligible § 5 (§ § § 5 (

Applications:

 Dark matter bound states in early universe plasma
(nucleosynthesis, relic abundances of DM)

 Heavy quarkonium production during heavy ion collision in QGP

(properties of QGP, quarkonium suppression)
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Model of the dark sector

_ 1 (<N _ X |
ACDM — X(’LD—TTL)X — ZFHVF;W ka‘(zﬁ_mf)fk

 Heavy dark matter fermion

 Dark photons

o Light d.o.f, fermions - enable scale m, to appear

part (comparing to prev. talk by G. Qerii)

) , g2T2
Debye mass: my = ny ;




Energy scales present |
» Two energy scales: 1"
- 1 > my, (thermal) NREFT I -
- m > my > mv* (non-relativistic) B -
« Cosmologically interesting: m > 1; PNREFT —— my
' > my ~ g1 (weakly interacting plasma) 1o
* As the Universe expanse, temperature drops:
T'> 1/ag lag>T>mp>FE | lag>T>E>m;, llag>E>T > m,
| | g
I'=1lag | mp = |E| T=|E]|

' " To get EFT for a specific energy

) Universe expands hierarchy, we need to integrate out scale Y
( Freeze-out usually occurs here } \, Dy scale, starting from the highest
(m scale)



Pair description in EFT: NRQED

1

ACDM — X(le — m)X — ZF’WF“V -+ zzzl fk(lw — mf)fk

1
Integrating out hard scale m > mv ~ p ~ —
dp
| D? GgB AgE . DxgE—gExD
LNRQEDp =) (ZDO | - - Cp 2gm - CD 8rgn2 - 1Cs g 8m29 )¢

o

ot [iD D? . 5’95 . ﬁgE i ﬁgE—gEﬁ »
" om " om Pegm2 T 8m?

1 dy o d, dy . .
— P E + S P DPF,, + —tody + etaad ey
bt
+ ) fui) — my) fi + o(1/m?) 8
; f O D P
1T - = - 31 - X




Pair description in EFT: pNRQED

‘ Integrating out soft scale myv > mv® ~ E

Lowngrpp, = [ 4667, R) (10— H(r,p, Poss,s2) + g7E(R, 1)) ot 7, R)+

1
—|——F“V(R, t)FMV(R’ t) + »C'lz'ghtfe'rmz'ons

4
2 P2 4
H(T,p, Pa 51732) :,Z:n | Am, 4%:72/3 | O(]‘/mB) +V(T,p, P7 81782)
V4SO R V4 ¢)
V(r,p, P, s1,85) =V 4 | FO(1/m?)

m m2



Thermal field theory in RTF

Key points

* \We use Real-Time formalism (i.e. Keldysh contour, double d.o.f., but “usual”
Feynman diagram formalism)

* Matrix structure of propagators

* In propagators, there is a thermal part, which put’s particles on-shell

27 )
o(p”—m~) AT[H]
t ty R[]
e —— >
t _ze.( ..................................................... th—ZE
b — TV




Bound state formation/dissociation from TFT

 The bound-state formation cross section, could be inferred as (i.e. optical
theorem):
X3

(_  Pairs self-energy )

Self-energy in pNRQED:

Ss/B = —ig’ / dtePo—h)pipd (Bi(t,0)E(0,0)) =
0

4—d

——ig o [ " (E@E©))

27r)dpo — qo — h(O) + 1€

4—d d ‘
— g2t 2 / i’ - (95 Dii(q) + " Doo(q)]
d—1" ) (27) po — qo — h(0) + ie
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BSF at fixed order* —weas |
. 1000 LO+NLO (18) | -

*In EE propagator g I {7 Lo@s) -
z 100 : NG s e LO+NLO (2S) | _
L : | ; =
7)) - :

+ LO VoWl :

[ VMV 1 .Jr 2 | bt
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« NLO (2002.07145 by Binder, Harz et al.)
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" mp, scale - not addressed '
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”"hen integrating out each of th N
scales, one can use hierarchy to
m >> nty >> T >> mD >> E expand objects .
i.e. in powers of T/
Exploiting the large scale separation ~ " -
» After integrating out scale M and Mv, we start with pNRQEDDM at T 0

L NREFT = L light T Jd3r¢+[ido - ljl]éb T ¢+7gi¢

* Integrate out scale /' %

Q-
®

The photon sector is modified to HTL one.

Imaginary correction to self-energy comes from
the imaginary part (symmetric) of photon
self-energy

I[27] = larng})( : Ve — ln(l) 2 _qinp — 25 ))

6 € o3 5(2) e
IR dlvergent

WI|| Cancel out with UV divergence from lower scale
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EFT (M > Mv>T>m,>FE)

o Integrate out scale m, in similar way (where the photon propagator is the
HTL resummed one)

U | T 71'/42 S5
S[2"] = ——arTmy | — — yp + In( 5 )
0 € mp 3

e Contribution from scale E is the LO BSF via photon emission

e Lo AES (T 1
S[2°] = —ar’Tmy, | 4 |
6 Tma \ AE 2

» All-together, we have:
2 '(2) 4AE3 T 1

S = S+ S[Z7] + F[ZF] =lar.2Tm2(2y +1n(@)— 1 —4In2 -2 | ( - —))
6 D‘E T2 (2) Tm) AE 2

(GBsFVrel) I>mpy>E

Which is NOT divergent anymo"_

12



Bound State Formation: Results

same manner E > my, is tre

a=0.1, ns=1 | a=0.1, ns=1
R - 4 o 1000% S T

1000,
500 | |

| 100 ;
100 i
50 |

| - 11
ol — LO#NLO / | ;

5L = mD>>E

\
Mo

LO+NLO

mp>>E

<0gsrV>/(0V)o

0.10
| —— E>>mp :

= =~

10 50

10§j‘~xk

I
E>>mD :
I

J
1

0.01. =SSy e
10 50 100 500 1000
m/T

Higher n states are .

\_affected “longer” by effects of resummation /

13



Bound State Formation: regions of validity

T =k mp — \E15| ‘EIS|
: : I
pNRQEDpy; - = LO
fails B SN LO+NLO
) I T ; This work
] 1 ) m
2 1 [64ngm 4 =

o o3/2 3 a?



Dark Matter Density Evolution

Boltzmann equations - as the classic simplification of OQF

f Free DM

dn . particles
T/ 2 2 B 2 lon /
dt + 3Hn, = — < annvrel>(nf —Nipg) ~ Z <"BSFVrel > g — 1 g ng
[ B { Bound state
\o DM J
B _ B 2 ion dec exc exc
~ + 3Hny = <(7BSFV,,61> ng — [""ng — 1"y (ng — nB,eq) — Z LR gnpg — 1'% B”lB)
B#B’
Assumptions (1503.07142):T",,. > H § ) Jomzaton R
(Bound states - close to equilibrium) S(X)Z) BSF B (X)_()
+ detailed balance equation X ) > L y
+ neglecting (de)excitations A |2 _A | S
9 = Q @
3| |E S| |5
dnf F%ec , , é g >< [_% g
—_— A S 5
— + 3an = a,mv,,el> + Z <GBSFV,,61> [dec 4 Tign nf ng eq) ) V3 . Decay ) ve .
Yd s f f Production S B(X)_()
\ v \ J

( Effective cross-section )
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Decay and Annihilation

Decay and Annihilation: Directly from pNRQED),, Lagrangian (imaginary part)

L = — [ A8 (2314, - 5*(23(d,] - 29(d]))g

R "

-~ 2spinstates: ™
\.ppara-, orthodarkonium ./

Im(dy) + 3Im(d,) a’n(l + ne) 2malv,,
<0annvrel> — m2 S(a/vrel) = /LO/ = m2 - ezﬂa/vml
dec 4351d] ) ma’ 6 ‘ merfeld enhancement
FlS,pd = m2 ‘WIOO(O) ‘ — T + @(06 ) sy, —
5

435[d ] nr ma

S = 2 | w100(0) |* = : + O(a®)

¢ New contribution: decay into light d.o.f.
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Dark Matter Density Evolution

Effective cross-section: asymptotic regimes

dec
1_‘B

<Ueffvrel> = <Gannvrel> + Z <61§SF Vrel > [ 'dec 4 Tion
B B B

. lonisation equilibrium 7> E, T, >T,

np!
~ Z: d B

<Geffvrel> ~ <6annvrel > T I Bec (nfeq)z

B

¢ T < E, FdéC > FlOl”l
<Geffvrel> ~ <6annvrel > + Z <GgSFVrel >
B
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(CN)eff/( OV)annih

N
o

<Geff Viel >

OunnVrel > T Z <6BSFVI”61 > Fdec 4 l"zon

N
oo
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+ion.eq.
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— —
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Dark Matter Density Evolution

Effective cross-section

dec
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Results: yield

a=0.1, nf.=1, m=10TeV

f

.

—— Annih. only

— |on. eq.

|
I
I
I
I
I
I
I

—— Annih+bsf(1S)

a— Ann|h+bsf(1S+28)

=\

10

100

1000

m/T

104

- 0-14
10g
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a-O 1 nf_1 m= 1OTeV

YYi01s

1.00

10.98




Results: parameters space(s)

0.10 —

0.08

0.06

0.04

0.02

Q4mh®=0.1200, nr="1

I I I l’ I I I I ' I I I I I I

-

—— Annih(+SE)

- == Annih(tree Ievel)\ -

— 4psf
2 4 6 8 10 12
M (TeV)

0.130 , .
L. £8 Y
0.125}
= 0.420] ‘
c
0.115 - — 18 |
. — 1S+2S |
. ‘ . Y .
0.110 , 2 aabil e 1 ; : | : ; | :
14000 14200 14400 14600 14800
m(GeV)
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a=0.1, ns=1
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Conclusions and Future Work

* The presence of Debye mass scale affects the evolutions of the dark matter in
the Early Universe.

* As for NLO contribution, these corrections are more relevant for stronger
coupling and larger number of light d.o.f.

e The effects are of the same order as the NLO correction.

» Study the case of m; ~ £ in more detalil.

 Explore I' & my, (exactly where we expect the effect to be the strongest).

* |Include higher n states.

Thank you for your attention



