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MOTIVATION AND INTRODUCTION

PARTICLE INTERPRETATION OF DM AND FREEZE-OUT

indirect
& @ Evidence for DM from many compelling (gravitational)

observations
DM SM

¢ from CMB anysotropies with ACDM Pianck Collab. Results 2018

direct

v

@ DM as a particle: many candidates (Bertone and Hooper [1605.04909])
DM SM

@ Any model has to comply with
collider

Qomh?(Mowm, Mow, aiom, csm) = 0.1200 + 0.0012

THERMAL FREEZE-OU

@ Boltzmann equation for DM (x)
iy

-+ 3Hny = —(crv)(ni — ni’eq)

@ relevant processes xx <> SM SM

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

(ov) m (a+ b2 +...) = | (en)@ ~
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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

(see talks by A. Vairo, M. Laine, T. Mehen and M. Escobedo and references therein!)

©
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o
Y
2 % b CMS, PbPb,\ s = 2.76 TeV
(O]
S 50 P, >4 GeV/c, 'l <2.4
e pY <20 GeV/c
S
§ 30 ‘ pp lineshape (XX bound + f = (XX)open + f
& ' .

PbPb fit

e

(XX )bound + A* = (XX )open
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SPECTRAL FUNCTION AND NREFTs

NREFTs AND PNREFTS FOR DARK MATTER

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

@ Thermal scales: 7T and mp ~ a!/2T, if weakly-coupled plasma 7T > mp

Lrr = 3X(i — M)x
E~ My ) 2
Lyrerr = T (’DO - ETA) P+ ﬁT/JTXXW) +...

Lonrerr = [ d®r Tr {¢T [i00 — Vi — OMy] ¢} + -

for more on pNREFTs, pNRQCD see talks by Vairo and Escobedo

@ work with the natural d.o.f. at a given scale
E ~ Mv non-relativistic heavy particles

E ~ Mv? non-relativistic pairs ¥t — ¢s + ¢p (bound states and scattering states)
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—1o0ip —

y L Lrr Lrr = 2X(IQ) M)x

!

! Lurerr = f(-Do_Di) < bt + ...
RET | - nRerT = YT (i i) ¥+ ¥ TXxY +

|

7T
| . _ 3 tr;
g1 L = [d°rTr i0p — Vg — oM, + -
Vw2 L pNREFT IS f {¢ [ ¢ ¢] ¢}
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S AND NREFTs

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

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

Sl
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SPECTRAL FUNCTION AND NREFTS

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
2Neq

(0c +3H)n = —(ov)(n® —n) = (ov) =

Bodeker and Laine [1205.4987]; Kim and Laine [1602.08105]; Kim and Laine [1609.00474]
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SPECTRAL FUNCTION AND NREFTS

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

S. BIONDINI (BASEL UNIVERSITAT)
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SPECTRAL FUNCTION AND NREFTS

0 AND SCHRODINGER EQUATION AT T # 0

@ non-relativistic dynamics:
w:E’+2M+% and Hz—%Z—FV(r,T)

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

[H—il(r,T)— E'] G(E';r,r") = N&*(r —r') . IrilriOImG(E'; r,r') = p(E")
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v

g
MTN\2 _om [ dE' £ ; c
v~ <§) e T T e T pree(E') = (ov) = Ve
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SPECTRAL FUNCTION AND NREFTS

0 AND SCHRODINGER EQUATION AT T # 0

@ non-relativistic dynamics:
En=w=E +2M+ & and H= - 4+ V(r,T)
@ the spectral function p(E’) is obtained from

[H—il(r,T)— E'] G(E';r,r") = N&*(r —r') . IrilriOImG(E'; r,r') = p(E")

v

3
MT\2 _om [ dE _¢ p c —=
~ | — T Tp(E") = N —
v (271-) e /—/\ ﬂ_e p(E") = (ov) M2><S

2M —a’M
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SPECTRAL FUNCTION AND NREFTS

0 AND SCHRODINGER EQUATION AT T # 0

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

@ the spectral function p(E’,0) is obtained from

[H—il(r,T)— E'] G(E';r,r") = N&*(r —r') . IrilriOImG(E'; r,r') = p(E")

v

3
MT\? _em [ dE' _e c =
W(?) [ e T AE) = ) & g x Slmo,)

2M —a’M
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APPLICATIONS TO DM MODELS

COLOURED MEDIATORS: SIMPLIFIED MODELS

L= Lsw+ Ly + Ly + Line
1_. M _ 2
Ly = SXidx = S XX, Ln= (D*n)T (Dun) — M2nin — X (n*n)
Line = —yn'XPrq — y* @P.xn — Aan'nHTH

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

£:£SM+£S+£F+Lint

1 ME o Moca (i
Ls= 20,5045 — —> >~ 725*, Lr=F(iD—Mg)F

_ A
Liw = —y SFPrq — y*SGP F — 73 S?H'H,

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

@ we look at the coannihilation scenario: (M, — My)/M,, (Mf — Ms)/Ms < 0.2

QQ MEET DM
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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?
_ 1 2, &G A ) o
] A3+ o G = y G =
327w M? N, 64w M2 N, 1287 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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APPLICATIONS TO DM MODELS

THERMAL POTENTIALS AND S;

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

g, v) =

< eff > (1_’_,\/C e—AMT/T)2
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

17TH JUNE
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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

AL FUNCTION, BOUND STATES AND MELTING

M=3TeV,AM=0

Gluon exchange, M =3 TeV 5
8e-02 — R 10 I ‘
i  freess --= T=100GeV | ]
L S frco 1 - T=10Gev I
[ == T=100 GeV WH T=3GeV N
6e-02 - i) 4 UL free
.l T =150 GeV
1‘ 1 --- T =200 GeV — ! . E
& I i --- T=300GeV| | z X E
Z 1y 107 5 T L |
o | —+ T=500 GeV “g ) fe
3 4e-02— i — S 7 I Y
g 1t ~ e I i
< [ I;~ I‘ 7 dﬁ . - " ‘\ I"
T 10 / N
£ -
2e-02 i /
/ E
v 3
e ;
F R ]O | /// |
Ziei-l . | . IS AR N .
000 = 0 2002 00400 2e-02 -1x10” 0
E/M

@ bound states start to form at z ~ 20, z= M, /T

(left plot) Laine and Kim [1609.00474]; (right plot) S.B. and M. Laine [1801.05821])
@ progressive appearance of many bound states for decreasing temperature
— similar to melting pattern for heavy quarkonia in QGP

@ be aware of the stretching of the HTL potential down to small temperatures
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APPLICATIONS TO DM MODELS

SPECTRAL FUNCTION, BOUND STATES AND MELTING

M=3TeV,AM=0

Gluon exchange, M = 3 TeV )
8e-02— T T T T T T T 10 I T
i — teers || =~ T=100Gev | ]
H T free 1 F|--- T=10Gev | ||
[ == T=100 GeV 1°H T=3GeV i ]
6e-02— I T=150Gev|l || free
i -- T=200GeV ~ ,
= [ i -=- T=300GeV| ]| " N E
Z E To50Gey 0 B iy
3 de-02 P - e | (Y
< ] ~ ot e I ‘
a [ o BT y \ Y
4 4T RS S
I 107 /N
2e-02 H I J |
10767 /// —
I (Pl L 1
0e+00 1x102 0
E'/M
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APPLICATIONS TO DM MODELS

SPECTRAL FUNCTION, BOUND STATES AND MELTING

M=3TeV,AM=0 X M=3TeV,AM=0
10°E T — 10 T T
El.. S == T=100GeV
r 2 E|--- T=10GeV i
10°]--- S, E ]0; T=3GeV ]
El_.. §5 E I A R free !
oL 1 ~ | .
10°F 4 > F. i E
E E| 2| L [ I
17N ] g 10 T 1
r ] S | e i |
10 S AN
[ ] 107+ AN o —
1 / T
2 ;
E E / E
E F d 1
B -6 R -
] 10 = ‘
10° -1x10” 0
E/M
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APPLICATIONS TO DM MODELS

PARAMETER SPACE FOR DM, + 7 sz s voo stz

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

My [GeV] My [GeV]

@ 2AM > |Ei| 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 boost the annihilations because ¢35; ~ (g + A\3)S;
@ XenonlT sensitivity and DARWIN-like detector sensitivity

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

S. BIc ( U SITAT)

17TH JUNE



APPLICATIONS TO DM MODELS

PARAMETER SPACE FOR DM, + 7 sz s voo stz

© top-quark scenario

My [GeV] My [GeV]

@ 2AM > |Ei| 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 boost the annihilations because ¢35; ~ (g + A\3)S;
@ XenonlT sensitivity and DARWIN-like detector sensitivity

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

S. BIc ( U SITAT)
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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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APPLICATIONS TO DM MODELS

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
@ throat-like behaviour recover the importance of SS — HTH at large AM,;
@ bound states from antitriplet (FF): 3® 3 = 3 @ 6; running for A3(2Ms) — A3(pp)
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APPLIC! NS TO DM MODELS

PARAMETER SPACE FOR DMgs + F i s voor poorosrs

_ A
) - 2
© top-quark scenario Ly = —ySFPRq — y*SgP F — —21 s2uth

Ms [GeV] Ms [GeV]

@ no LHC sensitivity searches for top quarks

@ throat-like behaviour recover the importance of SS — H'H at large AM; for
A3 = 1.5, (mt/Ms)2 suppression is mild

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

CONCLUSIONS AND...

o the freeze-out calculation is factorized into (ov) =~ ¢;(O;) 1

@ c¢;: matching coefficients at T = 0 of NREFTs

@ (O;)7 from heavy pair spectral function p(E’), potentials from pNRQCD

— 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
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USIONS

CONCLUSIONS AND...

o the freeze-out calculation is factorized into (ov) =~ ¢;(O;) 1

@ c¢;: matching coefficients at T = 0 of NREFTs

@ (O;)7 from heavy pair spectral function p(E’), potentials from pNRQCD

— 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
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CONCLUSIONS AND...

o the freeze-out calculation is factorized into (ov) =~ ¢;(O;) 1

@ c¢;: matching coefficients at T = 0 of NREFTs

@ (O;)7 from heavy pair spectral function p(E’), potentials from pNRQCD

— 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

o Limitation of the approach (for AM — 0): exponential growth of the S for T <E

@ the same issue persists in the ameliorated rate equation presented by sinder, Covi and

Mukaida [1808.06472], S€€ diSCUSSION N S.B. and M. Laine [1908.07541]
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CONCLUSIONS

...OUTLOOK

@ NREFTSs and electroweak SUSY DM, talk by M. Beneke;
@ Higgs-induced bound states, talk by J. Harz; strong interacting DM, talk by T. Slatyer

@ EW and coloured co-annihilations and unitarity, see talk by J. Smirnov

@ improve the finite-temperature formulation of dark matter bound states by following the

latest developments in heavy quarkonium [see all QCD talks!]

@ Work in progress with Brambilla, Querimi, Vairo: dark matter pairs in a thermal
environment with pNREFTs and open quantum systems

@ pNREFT for scalar mediators s.B. and Shtabovenko 2106.06472
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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
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ISSUE WITH BOLTZMANN AND SPECTRAL FUNCTION

M=3TeV,y=03, 7»3= 1.0

y=03,4,=10
10° —— —— T 03 T ,iw I T
I - free, AM/M =0.0 | i - free, AM /M = 0.0
Eo\ AM /M =0.010 E [ Y A P AM/M=0.010
10710; ---- AM/M =0.005 1 ---- AM/M =0.005
-=- AM/M =0.000 -== AM /M =0.000
E E| /
é «
= 1012F — £ overclosure
I a i) P
i K 7
104 F viable 2
“ // ]
£ s
E E .
-16 [ Ll e -7
10 | . | .
10' 10° 10° 4 8
z=M/T M/ TeV

@ a blind AM = 0 brings to very large masses M, however the splitting cannot be
arbitrary small!

o if 2AM — |E;| < 0 the lightest two-particle states are (nn)

= (xx) rapidly convert into (n'n) that are short lived and promptly decay

QQ Mr
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ISSUE WITH BOLTZMANN AND SPECTRAL FUNCTION

M=3TeV,y=O.3,X3=1.O

- free, AM/M =0.0
s AM/M=0.010
-==- AM/M =0.005
-== AM/M =0.000

y=03.4,=1.0

R T T

- free, AM/M = 0.0
~~~~~~~ AM /M =0.010
- AM /M =0.005
-+== AM/M =0.000

overclosure

@ What if we deal with a simpler DM model without coannihilator?

@ Then exponential growth of S, drives the DM to very small values




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"
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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

<,

QNL@ T352:i w7 3/2(6A55_1) [ A 3/2ﬂ
= (N 1 esbmr)z P2 =Nz ’ MT




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

~ V1I+8pn’ T3 "~ [3.645 x 10—12TeV]




FROM p TO A SCHRODINGER EQUATION

@ non-relativistic dynamics:
Eme:E’+2M+% and H:—VVQ—i—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’/—
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FROM p TO A SCHRODINGER EQUATION

@ non-relativistic dynamics:
me:E’+2M+%and H:—VVQ—i—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
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FROM p TO A SCHRODINGER EQUATION

@ non-relativistic dynamics:
me:E’+2M+%and H:—VVQ—i—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 _
it T +V —il —E'| u(x)=0

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

p(E) =2 2’:”2 /Ooo dxTm {%}
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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)




SUMMARY OF THE THEORETICAL FRAMEWORK

RIZED IN SOME

@ Calculate the matching coefficients from the hard annihilation process, E ~ 2M
@ Compute the static potentials and thermal widths
o Extract the spectral function =- annihilation rate

@ Solve the Boltzmann equation with the thermal cross section

Thermal Bound state SM dynamics
potentials formation at T #0

— Q,,h?=012

Boltzmann
equation

Overclosure bounds




/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]
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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
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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
: B 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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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

-
7

A

~ ~
N ~

L

7

A

~ N
N ~
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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
P @ Decay channel
N soft jets (AM small) and missing
N AN transverse energy
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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
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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%)

fn
my

M. 2 M
== > f< X1 _ B ) + e = 3 (3q(2) +36(2) =52

2 TG g 2
valence g=u,d,s 2 2Vhr”h 9 2vh mh q=u,d,s
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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

Ly = (D")"(Dux) — M*x"x

A
- {Az(xTx)2+/\3¢T¢XTX+A4¢TXXT¢+ ?5(¢Tx)2+h.c.”

ELECTROWEAK THERMAL POTENTIALS

2

Vw(r) = %/( A i(Wy" Wy )p(0,k)  similar for B# and W3
At — imT M.
e R
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BOUND STATES WITH ELECTOWEAK GAUGE BOSONS

@ the thermally modified Sommerfeld factors are defined as

oo

L p(E')e E/T

% pree(E")e~E'/T

_ (ﬁ)% /”LE' Rev;(00)—£1/T Pi(E")
Mt/ S,

M=12TeV

= —A
5=
fOO
—A
; :
- T=600GeV
-- T=100GeV
=+ T=10GeV
Z 4e-03F
s
= |
2e-031
0e+00 ===
“de-04

2e-04

dm

0.3

02

0.1

0.0

@ at small enough T bound states start to form and contribute to the annihilation

cross section, up to 20% effect for large \'s

S.B. and M. Laine (2017) J
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