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MOTIVATION AND INTRODUCTION

PARTICLE INTERPRETATION OF DM AND FREEZE-OUT

indirect
——

@ Evidence for DM from many compelling (gravitational)
DM - observations

direct

@ DM as a particle: many candidates (Bertone and Hooper [1605.04909])
N @ Any model has to comply with
DM ¢
QDM hz(M[)M, I\4|3y\/|'7 QDM y Oésm) = 01200 :l: 00012

collider <& from CMB anysotropies with ACDM Pianck Collab. Resuits 2018

THERMAL FREEZE-OUT

@ Boltzmann equation for DM (x)
dn _ 2 2
- +3Hny = —(ov)(ng, — n3 )

@ relevant processes xx <> SM SM

@ (ov): input from particle physics with v ~ /T/M < 1

(ov) ~ (a+ b2+ ... )= | (o) ~ &
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@ DM and/or coannihilating partners interact with gauge bosons and scalars J

r---1
T
| |
! !
Lo——J
E ~ Mv, Mv? E~M

@ repeated soft interactions: Sommerfeld enhancement and bound states Hisano, Matsumoto, Nojiri [hep-ph/0212022],

[hep-ph/0307216]; B. von Harling and K. Petraki [1407.7874]; Beneke, Hellmann, Ruiz-Femenia [1411.6924]




MOTIVATION AND I YDUCTION

(GOING TOWARDS A REALISTIC PICTURE

@ DM and/or coannihilating partners interact with gauge bosons and scalars J
r—-——>—-=-=-=-~ I I |
T T
I I |
I 1 |
e - - - - — = L . |
E ~ Mv, Mv? E~M

@ repeated soft interactions: Sommerfeld enhancement and bound states Hisano, Matsumoto, Nojiri [hep-ph/0212022],
[hep-ph/0307216]; B. von Harling and K. Petraki [1407.7874]; Beneke, Hellmann, Ruiz-Femenia [1411.6924]




MOTIVATION ANI

DARK MATTER BOUND STATES

@ repeated soft interactions: Sommerfeld enhancement and bound states Hisano, Matsumoto, Nojiri [hep-ph/0212022],

[hep-ph/0307216]; B. von Harling and K. Petraki [1407.7874]; Beneke, Hellmann, Ruiz-Femenia [1411.6924]

— Q=012

et




MOTIVATION AND INTRODUCTION

LESSONS FROM HEAVY QUARKONIUM...

@ many bound states may appear in the spectrum

@ their existence depends on the temperature

—dissociation and recombination processes

@ bound-states calculations can be performed in NREFT /pNREFTs

Matsui and Satz (1986); Laine, Philipsen, Romatschke and Tassler [hep-ph/0611300]; Brambilla, Ghiglieri, Petreczky, Vairo [0804.0993]

Events/ ( 0.14 GeV/c?)

60 p) CMS, PbPb,\ s = 2.76 TeV
50 P} >4 GeV/c, 'l <2.4

F p; <20 GeV/c
40 >
30i ‘ pp lineshape (XX vound + f = (XX)open + f

E Ter PbPb fit

l NRH
(XX)bound + A" = (XX)open

b 2 9 10 1 12 13 14
uu invariant mass [GeV/c?]
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NREFTs AND PNREFTS FOR DARK MATTER

APPLY AN EFT APPROACH

@ Non-relativistic scales: M > Mv > Mv? (for bound states with Coulomb potential v ~ «)

@ Thermal scales: T and mp ~ a!/2T, if weakly-coupled plasma =T > mp

Lrr = 2%(i — M)x

N[

E ~ Mv* . 2
Lyrerr = Pt (’DO - 2DT/1> Y+ zvTxxfv+ ...

LonNRerT = fd3r{¢>1L [i6o — H+ gr - E] d)} 4

G. T. Bodwin, E. Braaten, and G. Lepage (1997); A.Pineda and J. Soto (1997)

@ work with the natural d.o.f. at a given scale; systematic expansions («, r,1/M)
E ~ Mv? non-relativistic pairs (x!) — ¢s + ¢ (bound states and scattering states)

Vg = V(r, T,mp) +il(r, T, mp)

@ the imaginary part of the potential encodes the effect of bound-state formation and dissociation

7TH JuLy
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DM AND QCD CHARGED COANNIHILATORS

COLOURED MEDIATORS: SIMPLIFIED MODELS

L=Lsm+ Ly + Ly~ Line, m isa color triplet

1_, M_ 2
Ly = 5Xidx = 5XX: Ly = (D"n)" (Dun) = ManTn = Xz (n'n)

Line = —yn'XPrq — " GPLXN — Xan nH'H

L=Lsm+ Ls+ LrF+ Lint, F isa color triplet
1 1 Mé 2 )‘2 4 E (-
Ls=20,50"S — =2 5"~ 22S*, Lp=F (i~ Mr) F

_ A
Line = —y SFPrq — y"SGPLF — 2 S*H'H,

coannihilation scenario (M,, — M)/ M, 5 0.2: (ov) & (oV)yy + <O.V>X7]efAM/T + <Uv>nne—2AM/T

in MSSM importance of coannihilations realized ling ago J. Edsj6 and P. Gondolo [hep-ph/9704361]

simplified models with co-annihilators see Garny, Ibarra, Vogl [1503.01500]; De Simone, Jacques [1603.08002]

ICHEP
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DM AND QCD CHARGED COANNIHILATORS

0 AND SCHRODINGER EQUATION AT T # 0

o 2 R
w=E"+2M + ;3 and H_—V—i—V(r,T)
@ V(r, T)and I'(r, T) from pNRQCD and the spectral function p(E’) is obtained from

[H—il(r,T)— E') G(E";r,r') = N&*(r—r")  lim OImG(E’; r.r') = p(E")
rr’—

3

MT\2 _am [*®dE' e c =
~(— T T N — T

vy (27r) e . e p(E") = (ov) M2><5( )

£

2M —o’M 2M w
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DM AND QCD CHARGED COANNIHILATORS

SPECTRAL FUNCTION, BOUND STATES AND MELTING

X M=3TeV,AM=0 \ M=3TeV,AM=0
107 I T 10°E L e R —
-= T=100 GeV Bl s
E r 3
El--- T=10Gev | |} [ -
H T T=36Gey i E 0k 5, ]
----- free | El_. 3 E|
L | [ 5 ]
~ F 1 i i
Z 0tk i 10
N@ - (1% F ]
& F 10'E 3
10'F F
10"
10°F F ]
-1 L Lol L L
10
10' 0 10°
E /M z=M/T

@ p = S; — (ov), energy density from Boltzmann equation (Y = n/s) [ionization equilibrium kept]

(1) Y- Yiq(z)’
247 e(T) 22 T=M/z

Y'(2) = —(0egrv) Mmp,

2¢; +4c,N, e T o [5353 + c4§4CF + 25555(NC + 1)V, = 2T
(1+ N, efAMT/T)2

<o'effV> =

S. BIONDINI o ) ICHEP



DM AND QCD CHARGED COANNIHILATORS

PARAMETER SPACE FOR DM, + 7 sz s voo stz

ovalence-quark scenario Lint = =V nT)ZPRq —y* gPpxm — >\3nTnHTH, q=u,d

M, [GeV] M, [GeV]

@ 2AM > |E;| S.B. and M. Laine [1801.05821], left A3 = 0, right A3 = 1.5, y € [0.1, 2]
@ dotted-black y = 0.3 (free); A3 boosts the annihilations because 8~ (g: + )\g)§3

@ XenonlT sensitivity and DARWIN-like detector sensitivity

M, ~1.2TeV — My ~ 2.0(3.1)TeV for AM/M, =102 and A3 = 0.0 (1.5)

ICHEP



DM AND QCD CHARGED COANNIHILATORS

PARAMETER SPACE FOR DMgs + F i s voor poorosrs

- A
© valence-quark scenario Lint = —y SFPRrq — y*SﬁPLF — —21 s2HtH

AM/Mg

Ms [GeV]

Ms [GeV]

@ small region sensitive to LHC searches for valence quarks; left A3 = 0, right A3 = 1.5, y € [0.1, 2]

@ throat-like behaviour for A3 = 1.5: recovering the importance of SS — HTH at large AM;

@ bound states from antitriplet (FF): 3 ® 3 = 3 @ 6; running for A3(2Ms) — A3(p)

ICHEP




PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

SCALAR AND PSEUDOSCALAR MEDIATORS

SIMPLIFIED MODEL

_ 1 1 A o )
L=X(if — MX + 0,60" ¢ — —m’¢* — 26" — X(g + igs15)Xé + Lportal »

M. B. Wise and Y. Zhang [1407.4121]; K. Kainulainen, K. Tuominen and V. Vaskonen [1507.04931]

@ M>Man~ Mv>>aT ~ Ma? ~ M2 >m

v: vi vt
LpNR\/,Y5 :/d3’d3RﬁPT(’7Ryf){f30+ T V(p,r,o1,0))

M 4aM - 4AM3

rr i
—2g¢(R, t)—g—~ {VRVJR ?(R, t)] } @(r, R, t) + Lscalar

@ Monopole, quadrupole and interactions between the heavy pair and the mediator

@ monopole contribution is zero (¢s|@p), (@s|es ). (Pbl@y)

exceptions for models with charged scalar and vector mediator, see R. Onacala and K. Petraki 1911.02605

S. BIONDINI o ) ICHEP 7TH JULY



PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

FORMATION, DISSOCIATION AND ANNIHILATIONS

@ s = b+

ObsfVrel | 7 = ObsfVrel | T—0 [1 + nB(AErl:)]
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

FORMATION, DISSOCIATION AND ANNIHILATIONS

@ s = b+

ObsfVrel | 7 = ObstVrel | T—0 [1 + nB(AEr’:)]

I
RN
AT
® )
1
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PNREFT For LAR AND PSEUDOSCALAR MEDIATOR

FORMATION, DISSOCIATION AND ANNIHILATIONS

@ s > pp+ @ Pair annihilations

ObstVrel| 1 = ObstVeel | 7_g [1 + nB(AE})] o2, = (nS|2Im(—Zann) [nS)
TannVrel = (P| 2Im(—Zann) [P)

- —_ =
- —3 =

® vpt+ P — v

d*k
r"s :/ —— ng(|k cr"s k
ba= o Gy ek btk
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

FORMATION, DISSOCIATION AND ANNIHILATIONS

® s — Yp+ @ Pair annihilations
ns  _
o'bsfvre1|.r = O'bsfvrel|.r:0 [1 aF HB(AEI‘:’)] rann - <"S| ZIm(_zann) |nS>
TannVrel = <P| 2Im(_zann) |P>
@ ©; — dp, |Ras(0)]> = 4/(n’a3)
)
//‘:\\\ //
1 .7 2
. n R,s(0 E
:‘@—'—@:‘ [ % {Im[f(lso)] + Hnlm[g(ISO)]}
Ma4a5 az
T3 <1+ 3n2>
® vp+ P — b
n d*k n 2 _ _ 2m¢
Ma = [ 2 naIkl) o (D) ® o= 00y [Ro(OF = 5
Ik|>Eq| (27)

2raas 2
TannVye] = 2 1- T 5(¢)

(902 — 205 + ad)

+

v2
rel Sp(C)

24M?2
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

ENERGY DENSITY

drlx F;nn
== 4 3Hnx = —(Gett Vel ) (Nx — N .0q) +  (Teft Veel) = (Tann Veel) + O _(Tpeg Veel) =222 ——
dt ’ - Man + Mg

one-single Boltzmann equation, see J. Ellis, F. Luo, and K. A. Olive [1503.07142]

Qpyh?=0.1200, gs=g/5

030
025}
w
a
0.20f 8
g
2
S 0.15} c
€
5 - gt
0.10 - &
07F - gs=g5
oosfy/ T SE+BSF - g5=g/10
- - : 06
5 10 15 05 1 5 10

M (TeV) M (TeV)




CONCLUSIONS

SUMMARY AND CONCLUSIONS

@ the freeze-out calculation is factorized into (ov) =~ ¢;(Oi) T
@ (Oj)7 from heavy pair soft/ultrasoft dynamics: potentials and rates from pNREFTs
— formation/melting of (many) bound states Sommerfeld effect for above-threshold scattering states

@ inclusion of Landau damping and gluo-dissociation for some hierarchy of scales

S. Bionpint (U p CHE. 7TH JULY 15/15



CONCLUSIONS

SUMMARY AND CONCLUSIONS

@ the freeze-out calculation is factorized into (ov) =~ ¢;(Oi) T
@ (O;)1 from heavy pair soft/ultrasoft dynamics: potentials and rates from pNREFTs
— formation/melting of (many) bound states Sommerfeld effect for above-threshold scattering states

@ inclusion of and for some hierarchy of scales

@ Simplified models with co-annihilators charged under QCD: quite large effects
= parameter space compatible with relic density change substantially: up to 18-20 TeV

= experimental prospects have to be adjusted accordingly:

probe large portions of the parameter space with XenonlT and Darwin-like detectors

see also A. Mitridate, M. Redi, J. Smirnov and A. Strumia 1702.01141; J. Harz and K. Petraki 1805.01200. [See talk by J. Harz]
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CONCLUSIONS

SUMMARY AND CONCLUSIONS

@ the freeze-out calculation is factorized into (ov) =~ ¢;{O;)t
@ (O;)7 from heavy pair soft/ultrasoft dynamics: potentials and rates from pNREFTs
— formation/melting of (many) bound states Sommerfeld effect for above-threshold scattering states

@ inclusion of and for some hierarchy of scales

@ Simplified models with co-annihilators charged under QCD: quite large effects
= parameter space compatible with relic density change substantially: up to 18-20 TeV

= experimental prospects have to be adjusted accordingly:

probe large portions of the parameter space with XenonlT and Darwin-like detectors

see also A. Mitridate, M. Redi, J. Smirnov and A. Strumia 1702.01141; J. Harz and K. Petraki 1805.01200. [See talk by J. Harz]

@ Scalar and pseudoscalar mediators: derivation of the NREFT and pNREFT

@ Combination and interplay of scalar/pseudoscalar coupling

bound-state formation = ((40%) corrections to Qpyh?

@ worth a revisitation of the simplified model experimental constraints

S. BIONDINI (UNIVERSITY O ) p 7TH JULY



BACK-UP SLIDES
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SELF-INTERACTING DARK MATTER

{ INCONSISTENCIES ABOUT

@ predictions of collisionless cold DM and the observed large-scale structures
@ numbers of the galactic satellite haloes

@ DM density profiles in the galaxies

o figure of merit for DM self-interaction is oy, /My
@ in order to relax the tensions

2
@ cm _o4 CI
T 1M L2 10

M, T g T GeV

@ this cross section is way larger than the one expected from electroweak physics

Oxx —38 C
~ ,forM,, ~ 100GeV
M, ~ <10 G Vi ¢

@ = motivation for lighter scalar/gauge boson

IONDINI (U / OF BASEL) ICHEP 2022 7TH JULY



A DIFFERENT RATE EQUATION?

@ Recently an alternative form of the BE has been suggested T Binder, L. Covi and K. Mukaida (2018)
A+ 3Hn = — (av) (e — 1)n,2eq

@ 1 couples to the total number of dark sector particles

@ number density operator, total number of particles and eq. number density
N= [ A(x), negq= lim (A
[0, g = tim ()

@ the density matrix has the form

. exp[—B(A — ul) BV op
= — 7 = e” s n = —
h = (1) o
v
@ expand pressure in the fugacity expansion p = py + pleﬂM + pzezﬁM + - -+, and obtain n
2n
_ B 2B B
nT = p1e™" 4+ 2pre + -, e Ny R ———
P1 P2 eq 1 +8ﬁ2"

S. BIONDINI o ) ICHEP 7TH JULY



AGAIN THE SAME PROBLEM

M=500TeV,y=10, 7\.3=O.0,h= 1.0

- -—- tree-level, AM =0
with S

----- with §3 and ﬁz

10° 10 10° 10°
z=M/T z=M/T

<,

~

N2 2 7\3/2 _ 4 3/2 AEB
Pk, Th=o () (-1, S~(=) S5
(Ne + ePaMT)2 e\ M MT mad




AGAIN THE SAME PROBLEM

M=500TeV,y=10, }\,3=0.0, h=10

T L T L 10'5 T T T
— 1
0TS I/é
....... T3132 /
// 4 q
20k / e e
107F / ;
;
,
— /I/ / ” ;4

o M/TeV=>s, o4 &

1071 Raare
/,:/’ - ——- tree-level, AM =0
with S
100 gE=EE=E=TT e with §3 and 32
IR | | E
10° 10° 10 10° 10° 10
z2=M/T z=M/T
2n R 3. S > Y (zf) M
e’ ng 8/n =8T’pr—Y, Qunh’ = (z) ~0.12

"~ [3.645 x 10—12TeV]




FROM p TO A SCHRODINGER EQUATION

@ non-relativistic dynamics:
w=E +2M+ £ and H= - + V(r, T)

@ the spectral function p(E’) is obtained from

[H—il(r,T)— E']| G(E";r,r') = N&*(r—r")  lim OImG(E’; r,r') = p(E")
ror’/—

S. BIONDINI (UNIVERSITY OF BASEL) CHE. 2 7TH JULY



FROM p TO A SCHRODINGER EQUATION

@ non-relativistic dynamics:
w=E +2M+ £ and H= - + V(r, T)

the spectral function p(E’) is obtained from

[H—il(r,T)— E']| G(E";r,r') = N&*(r—r")  lim OImG(E’; r.r') = p(E")
ror’/—

form inhomogeneous to homogeneous equation m.J. strassler and M.E. Peskin (1991)

x=aMr V=MV, [ =d’Mi, E =o’*ME’

@ solve for the solution which is regular at the origin, u(x) ~ x“™* for x < 1
>  Ul+1) e =y _
_ﬁ—'_ e +V —il —E'| u(x)=0

S. Bionpint (U / OF BASEL) ICHEP 2022 7TH JULY



FROM p TO A SCHRODINGER EQUATION

@ non-relativistic dynamics:

w=E +2M+ £ and H= - + V(r, T)

i
the spectral function p(E’) is obtained from

[H—il(r,T)— E']| G(E";r,r') = N&*(r—r")  lim OImG(E’; r.r') = p(E")
ror’/—

form inhomogeneous to homogeneous equation m.J. strassler and M.E. Peskin (1991)

x=aMr V=MV, [ =d’Mi, E =o’*ME’

@ solve for the solution which is regular at the origin, u(x) ~ x“™* for x < 1
>  Ul+1) e =y _
it T +V —il —E'| u(x)=0

@ the s-wave (¢ = 0) spectral function is obtained from

p(E) =2 2’:”2 /Ooo dxTm {%}

S. BIONDINI (UNIVERSITY OF BASEL) ICHEP 2022 7TH JULY



y=03,24=10
-

GLUO-DISSOCIATION

M,=3 TeV, AM=0
10* T T T T
25 50 75 100
10
1000¢
I, K
'. /l g
15 100F I 1
K Y
b
e 7
S % ]
10¢ yd 1
- ——ID — AM/M,=0.01
-~
— -

_— LD+GD — AM/M, =0.005
1 . . . . .
20 50 100 200 500 1000 4 5 6

2=M /T M,/TeV

N. Brambilla, J. Ghiglieri, A. Vairo and P. Petreczky 0804.0993

P T2AVF(AV/T), Te = %CFasrz(AanB(AV),

s

10
@ borrow the result from heavy quarkonium M > Mv > T ~ AV

0Vep = gCF




y=03,4=10
-

GLUO-DISSOCIATION

M,=3 TeV, AM=0
104 T r -
o5 ) 7 100
4
/
1000F 1 ki ;
I’ /
II’ ."/ -
/ /
/ K
&5 100 K /,, 3
/
7 !
Y ]
/
10} k!
el — D — AM/M,=0.01
o
e -- LD+GD — AM/M,=0.005
fom
. . . . .
20 50 100 200 500 1000 3 4 5 6
2=M,/T M, /TeV

@ this is not a rigorous way of implementing it:
other terms are missing beyond the static limit that are of the same order in the

thermal width N. Brambilla, M. A. Escobedo, J. Ghiglieri, J. Soto and A. Vairo (2010)




/W/:VN T>>MD>>AV

2

Cr 2 3 2 2 @s Mp > dx FI(xrT)
q _ \q
sVa(r, T)_fTasrmD’q7CFEasr TmD’q<(3)+CF47r2rT2 s x(e271)

F(u) = {74 — 3u% + (u® + 4) cos(u) + usin(u) + (6u + u°) Si(u)] s

asr’Tmp . @+ m (oo dx FE(xrT)
Fem2rT? o x(ex/2-1)"

G
SVE(r, T) = 7{a5rm2D’g — Cr

F&(u) = [722 — 3% + (&* + 10) cos(u) + (u + %) sinu+ (u® + 12u)Si(u)] )

o mp, = (g2T?>N¢TF)/3 and mp, = (g2 T°N.)/3
@ the result agrees with known limits
rT < 1and r T >> 1 Brambilla, Ghiglieri, Petreczky, Vairo [0804.0993]

S. BIONDINI ( F BASEL) CHE. 7TH JULY



HiGGS CONTRIBUTION

SIMPLIFIED MODEL C

YR _M( To+oTe)h, = 1 (Asvr ’
int oM PP ) eff = 4 oM
2 L1[mi  (ef +3g2 +8)+4m)T*
T2 16
o different situation if one takes £f§)t = —giMyn'nh+ ...
M=1TeV, y=1 M=3 TeV, M/m,=24
1000
0.010 = 500
0.005/ _________________ 100
3 T o
,,/" 10
0.001)"  ommmmmeeeeeol 5
5.x107 - 1
10 50 100 500 1000 10 20 50 100 200 500

S. BionDpINI (U
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CONVERSION RATES: DMs+F MODEL

e S+g—FandS+g+F

@ orange band: AM/Ms = 0.1; red
band: AM/Ms = 0.01

Ms=3TeV,0.1<y<2.0

ly[PNeMs ( AM?
r = — = — AM
2—1 an MS nF( )
2
: ly[2Ne / Fm%n,.— (AI\/I+ 2’375)
. 8Ms J,  p(p?+m32)
2T2C
my = 2g52C/:/ ne(q) + nr(q) _ & T°Cr
q q 4

10 50 100 500 1000 5000
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TOP-QUARK SCENARIO: MODEL(X,7)

M, [GeV] M, [GeV]

7TH JuLy 10/0



TOP-QUARK SCENARIO: MODEL(S, F)

Ms [GeV] Ms [GeV]

S. BIONDINI (UNIVERSITY OF BASEL) 7TH JuLy



EXPERIMENTAL SEARCHES AND RELIC DENSITY

@ collider and direct detection experiments are sensitive to colored mediators

@ relic density is almost flavour blind, whereas the quark flavour matters in the
experimental searches

COLLIDER SEARCHES AT LHC: LIGHT QUARKS

@ production channels: light quarks have significant parton luminosity

x
7
A
AN ~
N ~
-
7
A
~ ~
N ~
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EXPERIMENTAL SEARCHES AND RELIC DENSITY
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@ relic density is almost flavour blind, whereas the quark flavour matters in the
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COLLIDER SEARCHES AT LHC: LIGHT QUARKS

@ production channels: light quarks have significant parton luminosity

. @ Decay channel
x
P / soft jets (AM small) and missing transverse
energy
AN ~
N ~ @ FayRules — MadGraph5 — Pythia8
B based on ATLAS search [1711.03301]
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EXPERIMENTAL SEARCHES AT COLLIDERS

@ collider and direct detection experiments are sensitive to colored mediators

@ relic density is almost flavour blind, whereas the quark flavour matters in the
experimental searches

COLLIDER SEARCHES AT LHC: TOP QUARKS

@ production channels: top quarks have negligible parton luminosity

P @ Decay channels (M,, < M, + m;)

N b quarks and W (W¥*), then 3 or
N R 4-body decays

~ -
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DIRECT DETECTION: VALENCE VS TOP QUARK

@ dominant contribution to the effective DM-nucleon coupling arises from the tree-level exchange of 7

@ loop-induced coupling between the DM and the Higgs can become relevant for large A3z, up to O(10%)
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INERT DOUBLET MODEL

@ Supplement SM with x SU(2) doublet, no coupling with fermions, unbroken vacuum
@ We focus on the high-mass regime of the model: M >530 GeV

T. Hambye, F.-S. Ling, L. Lopez Honorez and J. Rocher, 0903.4010
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ELECTROWEAK THERMAL POTENTIALS
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BOUND STATES WITH ELECTOWEAK GAUGE BOSONS

@ the thermally modified Sommerfeld factors
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@ at small enough T bound states start to form and contribute to the annihilation

cross section, up to 20% effect for large A's S.B. and M. Laine (2017)
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NREFTS AND ANNIHILATIONS

é é >< o M> T, mp, Mv, Mv?
|

@ Annihilation of a heavy pair: DM-DM, with energies ~ 2M
0= iin T, c~a® (inclusive s-wave annihilation )
- M2 XX ) ~

Caswell, Lepage (1985); Bodwin, Braaten, Lepage [hep-ph/9407339]

- <

local and insensitive to thermal scales J

Sl

1 1
OM>>T:>AXN;Nm<<

7TH JuLy 17/0

S. BionpINT  (UNIV.



BEYOND THE FREE CASE: THE SPECTRAL FUNCTION

8
(6t a4 3H)n = _rchem(n - neq) ) I-chem ~ ﬁ’y where'y = <1/]TXXT1/]>T
eq
rchem

(0: +3H)n = —(ch)(n2 = nfq) = (ov) = 2

Bodeker and Laine [1205.4987]; Kim and Laine [1602.08105]; Kim and Laine [1609.00474]
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BEYOND THE FREE CASE: THE SPECTRAL FUNCTION

(8t + 3H)n = _rchem(n - neq)7 rchem N s

MZZeq v wherey = (¥ xxy)r

(0 + 3H)n = —(ov)(n® — n?)

rchem
= (ov) = >
eq

Bodeker and Laine [1205.4987]; Kim and Laine [1602.08105]; Kim and Laine [1609.00474]
V.

@ using N (w) = 2n(w) [, p(w, k), with w = E' +2M + %

+oo oo
7:/ dﬂn<(w):/ dﬁeff
oo 2T 2

/p(w, k)+0(e™™ T, M <A< M
M—A T k ~

@ p from the imaginary part of “Green’s function” Laine [0704.1720], Burnier, Laine and Vepsainen [0711.1743]
[H—il(r, T)— E') G(E';r,r') = N&*(r — 1) IimoImG(E'; r,r') = p(E")
r,r’—

e H= —VVZ + V/(r, T), [(r, T) real scatterings with plasma particles
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APPLICATIONS TO DM MODELS

HARD ANNIHILATIONS AND NREFT

@ our master equation is | (ov) = — (Im Lyrerr)

o Non-relativistic fields 7 = — (qse*'“t + o e"“”f) and x = (Ye ™t —igarp*e™t)

_ : 1ot NN T o,
Lygeer = '{51 Vi, + 6 (VoL v, d0 + Vel v,0,)

+ GoLelesbs t+ bl el o bs TasTos + 65 (DL ohbsda + wLwLw%)}

Last term in LnyrEFT is relevant because for nm — gq (due to x exchange)

2 2 2
h|*+g:C
G = 0, G = |,V‘ (‘ I . F) )

1287 M?2
_ 1 2, &G _ gl(N: -4 oy
G = A3+ ) 4 = G =
327w M? N, 647rM2Nc 1287w M?2

S.B. and M. Laine [1801.05821]
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2c1 + 46N, e M7/ T 4 [6355 + €454 Cr + 26555(N, + 1)IN, e~ 2AMr/T

g, v =

< eff > (1+Nce_AMT/T)2
2 2 2

@ with AM; = AM + (G C';;\;ﬂT _ & gf;'r’"o
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r0 DM MODELS

THERMAL POTENTIALS AND S;

2c1 + 46N, e M7/ T 4 [6355 + €454 Cr + 26555(N, + 1)IN, e~ 2AMr/T

g, v) =

(0em v) (1+ Ne e—AMT/T)z
2 2 2

o with AM; = AM 4 &2 & Cemp

@ the thermally modified Sommerfeld factors are defined as

5

oo dE! —E'/T .
— J2 e pi(E") _ ( Am )% e dE’ ([ReV;(00)—E'1/T pi(E")
JZ 9 e—E'/T ppreei (E') MT AT N.
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APy ONS TO DM MODELS

THERMAL POTENTIALS AND S;

2¢ + 4, N, e AMT/T 4 [C3§3 + c4§4CF + 26555(Nc + 1IN, e 2AMy/T

g, v) =

(0em v) (1+ Ne e—AMT/T)z
2 2 2

o with AM; = AM 4 &2 & Cemp

@ the thermally modified Sommerfeld factors are defined as

oo dE! —E'/T .
I Se pi(E") ( Am )% < dE’ ([ReV;(00)—E'1/T pi(E")

5; =\ —=
MT

f‘_bj\ dTE/eiE,/Tpfree.i (E/) -\ Ni

@ potential from the static limit of the HTL resummed temporal gluon propagator
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APPLICATIONS TO DM MODELS

PNCQD FOR COLORED SCALARS

INTEGRATING OUT 1/r ~ mp FROM NRQCDHTL Brawsira, Guausrs, Perreczky, VAIRO [0804.0993

LoNRQCD,, = Lgauge + / d*rTr {5T [0 — Vs — M) S + O' [Dy — Vo — 6M,] O

+ 51 [Do — Vs — M) z}

@ with equal mass shifts 6Ms = §M, = 6Ms = —asCr (mp + iT) and potentials

Vi) = asCr | -2 iT o (mor)| Vo) = 22 | S T o, (mo 1)

(r) = asCr p i (mpr)|, or_ch p iTO.(mpr
. asCr e ™" .

Vs(r) = Nt 1 [ - iT®(mp r)}

o .
@ where 4>(mD r) =2 f dz sin(zmp 1) Burnier, Laine and Vepsilinen [0711.1743]

mpr JO (1422)2
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APPLICATIONS TO DM MODELS

FERMION COANNIHILATOR AND PNRQCD

Lotmaco = /d3rT‘r{ +0' [iDo — Vo — 6M,] O}
1
+ /d3r (Tr{OTrAgES+STr<gEO} + ETr{OTrAgEO%»OTr-gEO}) +
Crem = /d3rTr{ DT [iDy — Vi — 6M7] T + £ [iDo — V& 75/\/12]):}
8 B 6 P .
3 o o
b [P (i) = ee - (W) T gt 4
a=1 ¢=1 o=1
= bound states from and antitriplet [for fermion-fermion pPNRQCD see Brambilla, Rosch, Vairo [hep-ph/0506065]]

@ HTL 2 — 2 complemented with the case Mpv ~ T > mp > E
imaginary part from Brambilla, Escobedo, Ghiglieri, Vairo [1303.6097], real part from S.B. and S. Vogl [1907.05766]
for the abelian case see Escobedo and Soto [0804.0691]
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