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MOTIVATION AND INTRODU N

EVIDENCE FOR DARK MATTER [

@ We can infer the existence of dark matter from its gravitational effects

AT DIFFERENT SCALES

@ Star-velocity distribution in a galaxy v. Rubin and W. Ford (1970)
© Galaxy-velocity distribution in a cluster of galaxies r. zwicky (1937)

@ Strong and weak gravitational lensing j k. Adeiman-McCarthy et al. (2005)

ted
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MoTrv

EVIDENCE FOR DARK MATTER 11

EVEN AT COSMOLOGICAL SCALES

N

@ clear evidence from the Cosmic Microwave Background paRr. Ade et al. 150201580

@ early universe before recombination: baryon-photon fluid oscillations

ao0 O = 0.100 ..
| o, =007

0, = 0.046

[ 0 =002 ——— . }

| WMAP 7-year data » I

Power spectrum (uK?)
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e Q,., Q, and photons

@ dynamics of the fluid: gravitational
collapse vs expansion due to pressure

\ Q4mh® = 0.1186 = 0.0020 \

’ Qu,h? = 0.02226 + 0.00023 ‘

@ Q, consistent with BBN predictions!

@ only with dark matter structure
formation could occur




MOTIVATION AND INTRODUCTION

WEAKLY INTERACTING MASSIVE PARTICLES

@ Many candidates: axions, sterile neutrinos, composite dark matter ... 6. Gelmini 1502.01320

RE ATTRACTIVE FOR SOME REASONS

@ arise to solve problems within particle physics realm (SUSY, extra dimensions...)
@ relic abundance from freeze-out (Qunh> today)

@ testable experimentally with direct, indirect and collider searches
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Mot INTRODUCTION

WIMP RELIC DENSITY

THE THERMAL HISTORY IN BRIEF... . ELMINT (1991)
@ Y participates in weak interactions: equilibirum abundance in the early universe
xx & ff
@ Massive particle, introduce a scale besides the temperature T

@ Recombination f f — x is Boltzmann suppressed at T < M (ngs ~ e~ M/T)

@ Eventually the DM pairs do not annihilate any more: freeze-out abundance

2

~
>W\/< g-m @ annihilation and creation processes

vy

BoLTZMANN EQUATION

@ n, total number density of DM particles

@ expanding background
d
T 3Hn = —(ov)(n — )
"/L

@ Kinetic equilibrium is assumed
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ANNIHILATION CROSS SECTION

o Early universe thermodynamics: particles in a hot plasma

1 1

fgq(E) = eE/T _1° f;q(E) = m

3
@ particle number density 1! = g, [ fF(E) — g (57)* e 7 (nfﬁq ~ gig)

21

@ kinetic equilibrium: momenta distribution, e.g. xf — xf

p~T, pN\/MTzM\/%EMv f(E) = £(E) 2

@ chemical equilibrium: detailed balance of a reaction, e. g. xx > ff
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MOTIVATI N

ANNIHILATION CROSS SECTION

Early universe thermodynamics: particles in a hot plasma

1 1

fgq(E) = eE/T _1° f;q(E) = m

21

5]
particle number density n§{ = g, fp fE(E) — gy (’V’T) 2o ¥ (n'?q ~ g;g)

kinetic equilibrium: momenta distribution, e.g. xf — xf

eq
n;

p~T, pN\/MTzM\/%EMv f(E) = £(E) 2

chemical equilibrium: detailed balance of a reaction, e. g. xx < ff

thermally averaged cross section

[ ov e—E/Te—E/T
P1 VP2

f e—E1/Te—E/T ’
P1 P2

do 1 |2 1

aa = oy M 5r

v=lvi—val, 327

(ov) =
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MOTIVATION AND INTRODUCTION

THE OVERCLOSURE BOUND FROM RELIC DENSITY

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

(ov)m(a+b’P+...)=a+3bl+ = (av)wa—

@ new variables Yy = ny/s and z= M/T = connect to the observed abundance

Yorys = Y (Zinal) 1 Qum = MYonss(To) _ M Yo
phys = final ) * dm = T N S -
pa(To) GeV 3.645 x 109
M=0.5TeV,AM = 10°M
10° Ty ——
}‘3.4,5 0
A,=1 RS
10" - AM =n[] 3
345 =]
overclosure
1012 [
10" _ 7 l
,,,,,,,,,,,,,,,, | viable
105 - s —
10 L:]]3[/T 10 exp. bounds M
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ATIVISTIC WIMPS IN A THERMAL BATH

WIMP IN A THERMAL BATH

@ at T > 160 GeV the electroweak symmetry is restored (¢) =0
@ x are non-relativistic: have time to undergo several interactions

A) Mass correction B) Sommerfeld effect C) Interaction rate

and bound states

5 =

@ How does all this reflect into the xx annihilation? )
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ATIVISTIC WIMPS IN A THERMAL BATH

NON-RELATIVISTIC AND THERMAL SCALES I

@ Non-relativistic scales: M >> Mv >> Mv? (Coulomb potential v ~ ) J

@ Thermal scales: =T and mp ~ o/ T, if weakly-coupled plasma 7T > mp

N RT
|
|
Al M NREFT
‘ T
| o
VLM PNREFT

ING EFTs
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NON-RELATIVISTIC WIMPS IN A THERMAL BATH

NON-RELATIVISTIC AND THERMAL SCALES [

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

@ Thermal scales: =T and mp ~ o/ T, if weakly-coupled plasma 7T > mp

N RT
|
|
Al M NREFT
‘ T
| T
VLM PNREFT

1. Thermal widths: the heavy particle is constantly kicked by plasma constituents

M. Laine, O. Philipsen, P. Romatschke and M. Tassler hep-ph/0611300; N. Brambilla, J. Ghiglieri, A. Vairo and P. Petreczky 0804.0993;

N. Brambilla, M. A. Escobedo, J. Ghiglieri and A. Vairo 1109.5826 and 1303.6097

23 2
M~ o~ v /T/M

3 i 23 2
rGD ~a T I_LD ~aT 0y~ a T Y
I ) LD

[~ 2T T
M2\2 M2




ATIVISTIC WIMPS IN A THERMAL BATH

NON-RELATIVISTIC AND THERMAL SCALES II

2. Thermal masses: gauge-boson exchange mp ~ o/ T J

AMANNY T — AN

m m+mp

if T/M < a? the resummed one is larger P.M. Chesler, A. Gynther and A. Vuorinen 0906.3052

&4&

SMy, ~ aT?*/M OMy, ~ —amp/2 ~ —

@ the heavy dark matter particles experience thermal mass shifts J

@ Salpeter correction in nuclear theory: annihilation rate is enhanced

—2M/T —2M/T gamp /T

vy ~e —y~e
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NON-RELATIVISTIC WIMPS IN A THERMAL BATH

NON-RELATIVISTIC AND THERMAL SCALES III

3. Sommerfeld effect: distortion of the wave function of the annihilating pair
J. Hisano, S. Matsumoto, M. Nagai, O. Saito and M. Senami hep-ph/0610249; J.L. Feng, M. Kaplinghat and H.-B. Yu 1005.4678, M. Cirelli and

A. Strumia 0903.3381, M. Beneke, A. Bharucha, F. Dighera, C. Hellmann, A. Hryczuk, S. Recksiegel and P. Ruiz-Femenia 1601.04718 ...

— how do thermal effects change this?

288 - kEE

4. Bound state: if they exist, they have binding energies |AE| ~ o?M

B. von Harling and K. Petraki 1407.7874; S.P. Liew and F. Luo 1611.08133; A. Mitridate, M. Redi, J. Smirnov and A. Strumia 1702.01141

—2M/T —2M/Tea2M/T

Yy~ e —> Yy~ e

— of O(1) for T ~ o*M: really important if bound states exist at freeze-out!
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N TIVISTIC WIMPS IN A THERMAL BATH

ANNIHILATION RATE

@ Annihilation of a heavy pair: DM-DM, with energies ~ 2M (forget about T)
0= ii&qﬁqﬁqﬁ c~a’ (inclusive s-wave annihilation )
M? ’

G. T. Bodwin, E. Braaten and G. P. Lepage hep-ph/9407339

- <

o M>T = Ax ~ % ~ ﬁ < % local and insensitive to the thermal scales J

: ? ? H : @ we want to "thermal-average”
| é é >{ (66 60) 7
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RELATIVISTIC WIMPS IN A THERMAL BATH

BEYOND THE FREE CASE: THE SPECTRAL FUNCTION

COMPARE BOLTZMANN EQUATION WITH LINEAR RESPONSE THEORY

(@ +3H)n = —(ov)(n® — nZ) and (8: + 3H)n = —Ten(n — Neg)

— a7 wherey = (6767 69)

D. Bodeker and M. Laine 1205.4987; S. Kim and M. Laine 1602.08105; S. Kim and M. Laine 1609.00474

[ chem
2N,

= (ov) =
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BEYOND THE FREE CASE: THE SPECTRAL FUNCTION

COMPARE BOLTZMANN EQUATION WITH LINEAR RESPONSE THEORY

(De +3H)n = —(ov)(n® — nZ) and (D¢ + 3H)N = —Teem(n — neq)

[ chem

(ov) = T

= (ov) = gy wherey = ('6'00) 7

D. Bodeker and M. Laine 1205.4987; S. Kim and M. Laine 1602.08105; S. Kim and M. Laine 1609.00474
vy

@ thermal expectation value of the operators that annihilate/create a DM-DM pair
1 —Em/T
=2 D e T mlg 6! |n){nldg|m)
m,n
@ any correlator in equilibrium can be expressed in term of the spectral function

plk) = [~ e [ [(G0)(e0). (6 6D)(0.0)]yr

¥ :/ d—we_% /p(w,k)+(’)(e_4M/T), M<K AN~ M
oM—N T k
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ELATIVISTIC WIMPS IN A THERMAL BATH

FROM p TO A SCHRODINGER EQUATION

@ p can be extracted from a the imaginary part of a Green's function’

@ non-relativistic dynamics Y. Burnier, M. Laine and M. Vepsalainen, (2007)
Em_w—E’+2M+— and H———+V(r)

[H—ir —E']G(E';r,¥') = N&*(r—¢')  lim ImG(E';r,r') = p(E')

r,r/ —0
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NON-RELATIVISTIC WIMPS IN A THERMAL BATH

FROM p TO A SCHRODINGER EQUATION

@ p can be extracted from a the imaginary part of a Green's function’

@ non-relativistic dynamics Y. Burnier, M. Laine and M. Vepsalainen, (2007)

Em=w=E +2M+ £ and H————l—V(r)

M

[H—il — E'] G(E';r,v') = N&*(r — 1) IimOImG(E'; r,r') = p(E")
rr/ —

r—ot: lim p(E") NZw)m )P76(Em — E')

@ E,, are the s-wave energy eigenvalues of H = —%2 + V(r)

@ In the free case V(r) — 0 and [ — 0™

M39(E')VE'

w(E') =N
Piree(E") 4n
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ATIVISTIC WIMPS IN 2 SRMAL BATH

FROM p TO A SCHRODINGER EQUATION

@ from the inhomogeneous to homogeneous equation M.J. Strassler and M.E. Peskin (1991)
o=aMr V=MV, [=d*Mi E =d*ME’ J

2 W+1) - e - M2N [0
—s T ( j )b Vot Eue)=0 = p(E)=2 / dglm[
1Y o ar Jo

Uot@)}
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ATIVISTIC WIMPS IN BATH

FrROM p TO A SCHRODINGER EQUATION

@ from the inhomogeneous to homogeneous equation M.J. Strassler and M.E. Peskin (1991)
o=aMr V=MV, [=d*Mi E =d*ME’ J
d> (41 - M2N oo 1
|:—72 e+ )+V it — /] u(e)=0 = p(E')= |: }
do 0? uo(o)

3
MT\2 _2m dE’ _¢ , nﬁq c
v () ¥ eI =T s =
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ATIVISTIC WIMPS IN BATH

FrROM p TO A SCHRODINGER EQUATION

@ from the inhomogeneous to homogeneous equation M.J. Strassler and M.E. Peskin (1991)
o=aMr V=MV, [=d*Mi E =d*ME’ J
d> (41 - M2N oo 1
|:—72 e+ )+V it — /] u(e)=0 = p(E')= |: }
do 0? uo(o)

3
MT\2 _2m dE’ _¢ , nﬁq c
v () ¥ eI =T s =

2M — o’ M
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ATIVISTIC WIMPS IN BATH

FrROM p TO A SCHRODINGER EQUATION

@ from the inhomogeneous to homogeneous equation M.J. Strassler and M.E. Peskin (1991)
o=aMr V=MV, [=d*Mi E =d*ME’ J
d> (41 - M2N oo 1
|:—72 e+ )+V it — /] u(e)=0 = p(E')= |: }
do 0? uo(o)

3
MT\2 _2m dE’ _¢ , nﬁq c
v () ¥ eI =T s =

2M — o’ M
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ATIVISTIC WIMPS IN A THERMAL BATH

SUMMARY OF THE THEORETICAL FRAMEWORK

RELIC DENSITY C/ : S L S.Kiv 1609.00474

@ Calculate the matching coefficients from the hard annihilation process, E ~ 2M

@ Compute the static potentials and thermal widths induced by the particle
exchanged by the heavy ones

@ Extract the spectral function = annihilation rate

@ Solve the Boltzmann equation with the thermal cross section

Bound state
formation

Thermal
potentials

SM dynamics
at T #0

Boltzmann
equation

Overclosure bounds

S. BionDINI (AEC)



Tue OUB! MODEL

THE 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
@ Degenerate case: 4 states, Ho, H, H+ with the same mass

T. Hambye, F.-S. Ling, L. Lopez Honorez and J. Rocher, 0903.4010

Ly = (D"X)"(Dux)— M*xTx

A
- {Az 02+ 25 910 xTx + A sTxdo + | 2 (1) + h.c} }

S. BionDINI (AEC) MULTI-SCALE PRO! ING EFTSs



T OUBLE

MODEL

THE 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
@ Degenerate case: 4 states, Ho, H, H+ with the same mass

T. Hambye, F.-S. Ling, L. Lopez Honorez and J. Rocher, 0903.4010

Lx

(D*x)¥(Dux) — M?xTx

A
- {>\2 ()% + 23010 xTx + Mg bty xTo + [75 (61x)? + h.c} }

@ Annihilations happening at T ~ M/20...M/10* = v ~ \/T/M < 1
1

. . 1 . .
_ —iMt T _iMt T _ —iMt T _iMt
X—i\/m(Ce +D'e ), X 7\/W(De +C'e )
—i(L cipt
OLNREFT = | (W G DD, C,

C2 C3 C4
aCq + 15 CliT2,Di D, TAC, +15 DiDiD,D, +15 cicic,c,)
———r N— —— N—— ——
=0 =0, =0, =
S. BionpiNt (AEC)
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MATCHING THE HARD PROCESS

@ Matching matrix elements of four-particle states: imaginary part of ¢;

g +3g) + 8024+ 8, +2)2

<1

256
2,2 2
8185 +)\4 AN /:"\ 7 AN : s NI
G = X 1 X * +- = o a
327 7 o N_g_- N 7 N 7 N
) ’ == N s f S 7 N
— — >‘5
C3 = ¢ =
1287

DEGENERATE CASE: CROSS SECTION WITH FREE-HEAVY SCALAR

o (ov) =% Stciand with Ny =2, Np = 3, N3 = N, =6 we obtain

2
"eq

>(0) _a, 3g 3(c3+ )
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Tue OUB! MODEL

INCLUDING THE POTENTIALS

@ the quasi-static heavy scalars interact with gauge bosons, Woi, By, Ao J
V2
{74 +Vi(r) — E’} G(E';r,¢') =N, 6C)(r—+), limImG;(E';r,v') = p;(E")
M r—0

ELECTROWEAK THERMAL POTENTIALS A\N.V\/L

2 o
Vw(r) = gf/ke'kagWg)T(o,k),
2
&: Al o
W) = L [ im0k
& ik
O CaC SR é
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THE INERT DOUBLET MODEL

HTL PROPAGATORS FOR GAUGE BOSONS

@ m K 7T, capture thermal effects with Hard-Thermal Loop (i.e. T > 30 GeV for Z, W)
J. Frenkel and J.C. Taylor (1990), E. Braaten and R.D. Pisarski (1990), J.C. Taylor and S.M.H. Wong (1990)
1 inT  mpy

Wy Wy = T MEe tatic limit
W' Wo )7 = 13 ek (@t mp) (static limit)

° mZW = myy + mky and my = gvr/2
2 ns  5nc\ 2o 2 2 ns NG\ 2.2
mo = [ = + —= T = (2422426 T
E1 (6 9 >g1 y  ME2 (3 6 + 3>g2

_ g22 |:e><p( mwr) iTm]232cb(m‘7Vr):|
2

r m=
w

2 2 2
_ & Tmgs & mw
L Yn(0) = — 167 (mw + m2_ ) + 167
%

T=0
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RESULTS FOR THE SPECTRAL FUNCTIONS

@ the potential for the attractive channel reads

Vl = 2Vvv(0) + VA(O) + VB(O) — 2Vw(r) — VA(I’) — VB(I’)
T=M/20 T=M/20
free
= = M=4TeV
4e-03 — free*S: 7

free

--- M=4TeV
4e-03 — free * SI
= =
4 4
s e
o 2e-03- — o' 2e-03-
¢

L I L I
2e-02 3e-02

1
. | T | .
302 0400, 55 Ber00

I
1e-02
E'/M

L I
2e-02

L PG L L
0400 0™ 000 Te-02
E/M

@ there is no large deviation with respect to a T = 0 Sommerfeld factor

@ no bound states around the freeze-out, non-zero tail in the repulsive channel
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THE 0 DOUBLET MODEL

T-AVERAGED SOMMERFELD FACTORS

@ S;: distortion of the wave function, thermal widths, Salpeter correction, bound states

2AML/T

Bl

_ 4 3 [ dE’

5 = T(MLT)Q e F/Tp(E'), 2DMr = Re[2Vw(0) +Va(0) + Vs(0)]
b —A

Leff

o

10—y I i S ;
b 1 T =600 Gev M= 12Tev
r ] --= T=100 GeV i
[ ] - T=10GeV AN
A T ’r \ : |
L §
10°¢ 3 ~ b
£ 1 Z 4e-03 i
[ i "3 i
L i N N
s < N
10 S . 2e-03 !
[ M =12.0 TeV I | ]
[|--- M=4.0TeV ]
- M=05TeV
lorl T — HHH‘,’ — H””“ — “””4 0e+00
10 10” 10° 10 -de-04 -2e-04 0e+00 2e-04
z=M/T E'/M

aS: 305 3 (e3+ C4)§3
2 * 8 * 2
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THE INERT DOUBLET MODEL

OVERCLOSURE BOUND FOR IDM

oT) Y2 - Y&(2)

\/247e(T) z2

Y'(z) = —(ov)Mmp,

T=M/z

AM =350 MeV [19]
—

03— T T " 1
. M=120Tev,AM=10"M ; i A | R0
10° T r N P Ao=1 7
\ i ;‘!i 345
A i mmms Ayys=T
ok 0211050 055",,’-'.," A
Nﬁg F /l:l overclosure
10 = ,, 1
0.1 P I 7 4
10
10 T
@ \i=0: M<519+4GeV — M < 523 +4GeV or M < 562 + 4GeV
@ \i=m M<10.6+0.1TeV - M < 11.1+0.1TeV or M < 12.1 +0.1TeV J

S. BionDINI (AEC) Mu 2 PRO usING EFTs



A LOOK AT STRONGLY INTERACTING MEDIATORS

SIMPLIFIED MODELS

TO LINK EFFECTIVELY A BSM THEORY AND DARK MATTER

@ example: SUSY has a rather large parameter space

@ Constraints are set on a simple model that captures the most relevant physics
A. De Simone and T. Jacques 1603.08002

MAJORANA FERMION DM + COLOURED MEDIATOR

1L = [ay 9F L 3F Ly AF L

1._. M _ 2
o = SXidx = ZXx, Ly = (D)t (Dum) — M2nTn — X, (n*n)

Line = —yn'XPrq — y* GP.x1 — AsninHTH

M. Garny, A. Ibarra and S. Vogl 1503.01500
y

@ the annihilation of xx pairs is p-wave suppressed J. Edsjé and P. Gondolo hep/ph-0704361

= the role of the (co)annihilating 7 is important and driven by QCD

S. BionDINI (AEC)




A LOOK AT STRONGLY INTERACTING MEDIATORS

STRONG INTERACTIONS ENTER...

@ Againn = ﬁ (d)ef'-Mt + @Teth) and x = (Y™, —igyp* ™)

A} v
N7
N 7
o~
7 N
7 N

7 N
v A}

Laps = i{avivlvg,+o( )
+ G oheleass +adlel v ds TosTos + 6 (¢hehdssa + ohehesea) }
@ the matching coefficients are

_ yPUn? + g2¢)

=0, ;
a 1287 M2
o L (e &G _aNe-4 '
3 32eM2 \ 3 N ) 64rM2N, 1287 M?

S. BionpiNt (AEC)




A LOOK AT STRONGL ERACTING MEDIATORS

THERMAL MASSES AND INTERACTION RATES [

@ the gluonic contribution are IR sensitive — need to be resummed for a correct resuItJ

m % Rellp _ g2CpT?
-- -- -=h- o=

[

@ the real part is analogous to that for a heavy fermion

J.F. Donoghue, B.R. Holstein and R.W. Robinett (1986)

@ the imaginary part vanishes because there is no phase space for the 1 <> 2 process

S. Bionpint (AEC)



A LOOK AT STRONGLY INTERACTING MEDIATORS

THERMAL MASSES AND INTERACTION RATES 11

@ at high temperatures these naive results are misleading )
£ % Rellp _ g2CpT”
== == = o WB S,
A 7
! 2

o M, + AM and AM L 7T < M,
@ real part ~ g2CrAM and imaginary part ~ g2Cr|AM|ng(|AM|) ~ g2Ce T

@ Bose enhancement of the soft contribution compensates against the phase-space
suppression

S. BionDINI (AEC) MULTI-SCALE PROBLEMS USING EFTs



A LOOK AT STRONGLY INTERACTING MEDIATORS

THERMAL MASSES AND INTERACTION RATES III

@ 7) quasi static and interact with Aj, in a plasma Debye screened mp ~ gs T J

gg ReMe £Gﬂ+£Q/ 1
==§%“ ¥ 2M,, 12M, 2 Jypr+md

tso _ g2CrT?>  g2Cermp
12M,, 8
ImMNg gs2C,: / 7rTm2D _ gSZCFT

- = // { oM, 5 ) p(P2 4 m2D)2 81

Ve o

Y-
@ Real part: Debye-screened Coulomb self-energy

2T
g S = 5 Se

@ imaginary part: reflects fast colour and phase-changing 2 — 2 scatterings off light
medium particles (first derived for heavy quarks)

S. BionDINI (AEC) Mul 2 PRO usING EFTs



A LOOK AT STRONGLY INTERACTING MEDIATORS

RATES AND ANNIHILATION CROSS SECTION

_ (gSQCF+)\3)T2 gSZCFrnD
o AM; = AM 4 EEDIT _ £C
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A LOOK AT STRONGLY INTERACTING MEDIATORS

RATES AND ANNIHILATION CROSS SECTION

_ (gSQCF+)\3)T2 gSZCFrnD
o AM; = AM 4 EEDIT _ £C

@ the potential that plays a role involves QCD gluons

2 ] 2
%S/e"‘"[ ! T mb } mp = goy) e 4
k

4
(r) k2+m%, k (k2+m%)2
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A LOOK AT STRONGLY INTERACTING MEDIATORS

RATES AND ANNIHILATION CROSS SECTION

_ (gsch+)\3)T2 gSZCFrnD
o AM; = AM 4 EEDIT _ £C

@ the potential that plays a role involves QCD gluons

2 2

_ 85 ik-r 1 T mp N, N¢
Vin==2 [ e — i , mp =g

(") 2/k [k2+m§, "k (k2+m2D)2} vo8 -

e after the Fourier transform

2 exp(=mpr)  _iT oo dzsin(zmpr)
V(r) _ 8 Amr 2rmpr Jo (1+22)2 r>0
T 2 )_mp _ iT r=0
4 47 -
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Vi=0, V»=CeV(0), Vs=2CF[V(0)— V(r)]

Ve =2CeV(0) + % Vs = 2CrV(0) + W

@ the thermally modified Sommerfeld factors are

Si = (4771-)% /OOLEI e[Revi(Do)_E/]/T pl(El)
MT AT N.

i
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A LOOK AT STRONGLY INTERACTING MEDIATORS

Vl = 07 Vz = C[:V(O)7 V3 = 2CF[V(O) — V(r)]
40) (Ne —1)V(r)

Vs =2CeV(0 —, =2Cr V(0
4 FV(0) + N Vs FV(0) + m

@ the thermally modified Sommerfeld factors are

Si = (477[-)% /MLE e[Revi(Do)_E/]/T pl(El)
MT AT N.

i

2¢ + + [C3§3 S C4§4C,: + 2(:535(NC 4 1)]Nc ef2AMT/T
(14 N e AMr/T)?

(o v) =
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A LOOK AT STRONGLY INTERACTING MEDIATORS

STATES AND THERMAL WIDTHS

Gluon exchange, M = 3 TeV 5 M=3TeV,AM=0
8e-02 T T T 10 I ;
i — free * S ; — oo
| AR re | E[--- T=10GeV
i --= T=100GeV of] v !
| X b 1077, free
— v T =150 GeV |
E L Tlacey ~ | \
= r I -== T=300GeV > | :‘
z | —-- T=500GeV Zo0h ]
N - -
8 de2 i R e i A
=z i < . i |
c- | ° - I ¥
L 7 i ’l
: IS
2e-02— . | /
E ’
£ v
o . |
...... 10 P |
~ L g |
0e+00 -2e-02  0e+00  2e-02 e 0
E'/M -

@ bound states already start to form at z ~ 15 and visible at z ~ 20

@ at high temperatures: reduced Sommerfeld effect with respect to a massless gluon




A LOOK AT STRC

IEDIATORS

R M=3TeV,y=03,A,=1.0 y=03.4,=1.0
10 T L T — T T T T 0.3 T 7 i T
| - free, AM/M = 0.0 | - free, AM/M = 0.0
E s AM/ M =0.010 g . AM /M =0.010
-3 ---- AM/M=0005 |} ———= AM/M = 0.005
-+== AM/M =0.000 -== AM/M =0.000
E 3 / I
.
1012k \::‘ - ':E overclosure 1
£
a 1 P
ok N viable ot
P
L P i g ]
& e
16 [ L L] e
10 (SO | . | .
10' 10° 10° 00 2 4 6 8
z=M/T M/ TeV

@ a blind AM = 0 brings to very large masses M

@ however the splitting cannot be arbitrary small!
if 2AM — |E;| < 0 the lightest two-particle states are (n'n)

= (xx) rapidly convert into (1'n) that are short lived and promptly annihilate
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A LOOK AT STRONGLY INTERACTING MEDIATORS

y=03, k=10, Q /i’ =0.1186(20)

y=03, h=10, Q" =0.1186(20)
— ‘ - ‘ ‘
LS\ i 7 A2M)= 1.6
I h
/i 6.0F —em- MM =12 ]
[ / ] ] —
;;'I | - AeM)=08 |
L=y e o A,2M) =04
o ]
= | 2 X L RS A,2M) =0.0
S L S R 2Tev| | J40F *
< ! 3 TeV =
—-- M=4TeV L
05 ——=- M=5TeV|]
M=6TeV
L i 200
0800 0.01 0.03 0.00
AM /M

@ gray bands implement the constraint 2AM — |E;| > 0

@ the model can be phenomenologically viable up to M ~ 5...7 TeV

@ y and h have a small impact on Q4,, whereas A3 enters the very efficient singlet
channel thorough c; = (\3 + g2 Cr/N.) /(327> M?)

o Note: a A3 # 0 is always generated at high scale (from RGEs)

S. BionDINI (AEC)



ConcLu OUTLOOK

SUMMARY AND OUTLOOK

@ Attempt to refine the calculation of the thermal freeze-out for WIMPs J
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SUMMARY AND OUTLOOK

@ Attempt to refine the calculation of the thermal freeze-out for WIMPs J

@ the freeze-out calculation is factorized into (ov) = ¢;(O;)
@ E ~ M: matching coefficients at T =0 — NREFTs

@ E ~ T, mp solve a thermally modified Schrédinger equation for p(E):
distortion of the wave function, thermal widths, Salpeter correction, bound states
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SUMMARY AND OUTLOOK

@ Attempt to refine the calculation of the thermal freeze-out for WIMPs J

@ the freeze-out calculation is factorized into (ov) = ¢;(O;)
@ E ~ M: matching coefficients at T =0 — NREFTs

@ E ~ T, mp solve a thermally modified Schrédinger equation for p(E):
distortion of the wave function, thermal widths, Salpeter correction, bound states

@ Modest effect for the Inert Doublet Model: 1% to 20%

@ however study the parameter space compatible with the new overclosure bounds
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CONCLUSIONS AND OUTLOOK

SUMMARY AND OUTLOOK

@ Attempt to refine the calculation of the thermal freeze-out for WIMPs J

@ the freeze-out calculation is factorized into (ov) = ¢;(O;)
@ E ~ M: matching coefficients at T =0 — NREFTs

@ E ~ T, mp solve a thermally modified Schrédinger equation for p(E):
distortion of the wave function, thermal widths, Salpeter correction, bound states

@ Modest effect for the Inert Doublet Model: 1% to 20%

@ however study the parameter space compatible with the new overclosure bounds

@ Simplified models with QCD (or strong) interactions: much larger effect
@ The overclosure bound is shifted from M ~ 1.2 TeV up to M ~ 6 TeV
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SUMMARY AND OUTLOOK

@ Attempt to refine the calculation of the thermal freeze-out for WIMPs J

@ the freeze-out calculation is factorized into (ov) = ¢;(O;)
@ E ~ M: matching coefficients at T =0 — NREFTs

@ E ~ T, mp solve a thermally modified Schrédinger equation for p(E):
distortion of the wave function, thermal widths, Salpeter correction, bound states

@ Modest effect for the Inert Doublet Model: 1% to 20%

@ however study the parameter space compatible with the new overclosure bounds

@ Simplified models with QCD (or strong) interactions: much larger effect
@ The overclosure bound is shifted from M ~ 1.2 TeV up to M ~ 6 TeV

@ Outlook: Address other models, study the impact of the Higgs (scalar) exchange,

assess the impact on experimental analysis (s and stefan Vogl in preparation)
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BACK-UP SLIDES

IDM MASS RANGES

@ Low-mass regime: M < My,

o Intermediate regime: My <M <535 GeV, ruled out by XENON
XENON100 Collaboration, E. Aprile et al. (2012), 1207.5988

e High-mass regime: M > 535 GeV, unitary bound \; ~ 47 = M ~ 58 TeV

T. Hambye, F.-S. Ling, L. Lopez Honorez and J. Rocher, 0903.4010
v
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BACK-UP SLIDES

THERMALLY AVERAGE CROSS SECTION AND

FREEZE-OUT

e thermally averaged cross section

B fd3p1d3p2 ove E/Te—E/T
<(TV> - fd3p1d3p26_E1/T€_E1/T

o Freeze-out estimation

T2 (MT\*? 2
H~n{ov) = — ~ <> -
mp, 2w

—Iz
S|

@ Thermal expectation value
1

N e fo
7= e zm:<m|9 n'n|m)

e kinetically equilibrated particle: Ey, = Mv? ~ T
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BACK-UP SLIDES

SOMMERFELD FACTORS AT T =0

@ electroweak potentials: short distance part r < myy;

3g2 4 g” g’ —g” g2+ g”?
Vi) = =m0 Vel = 2=y Valn) = 2

@ then we can use the standard form of the Sommerfeld factors
X1 X3
S S5 =

S l—e X ToeXa 1

@ where X; = maj/v and E' = 2AM7 + Mv?
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HTL APPROXIMATION

@ HTL is justified when the particle with which the gauge fields interact are
ultrarelativistic, i.e. m<Kn©T

@ top and bottom common mass mr, W¥, Z, h with a common mass mg

> 87 [49T% | 1lxr(my)

Mer = 7 [ s T3 txelm)
372

mg, ~ % {? + 3xr(mse) + 5XB(mg)}

@ this is however a pure phenomenological recipe m, < 7T < m;

@ temperature dependent Higgs expectation value (it vanishes for T ~ 160GeV)

2 2 2 2 2
m +3 + 88X+ 4h7)T
V-zr = 7)\05 for m¢ < 0 mi, = —72h + (g g 16 t)
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LOW-TEMPERATURE AND MASS SPLITTING

@ the vacuum mass difference AM becomes important at very low temperature
o the effect is to reduce the importance of the coannihilating species

@ it can be phenomenologically included via the substitution

_ _ _[1 3e-2AM/T
S1 = S4=5|-"+————
1 1,eff 1 {4 + 4 ]
B _ _ 1 e—AM/T  7,-2AM/T
S S, =S —
23,4 —F 9234 2,3,4 [12 + 3 + D

o the appearance of 2AM7 in §; is due to

3
MT\?
Neg ~ 4 (27r) e~ (M+AMT)/T (1)
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S

1 2eff
10 p—T T T Ty
10"
10
Eloe M =12.0 TeV
[|--- M=40Tev
[|--+ M=05TeV ]
-2 Ll Lol L
10
10' 10° 10°

3. BlonDINI (AEC)

3 eff

10 T T

<<<<< M= 12,0 Tev
--- M=40TeV
[[=+ M=05Tev

T

10-2[ L \\\HH\’ Lol

10 107 10°

z=M/T




BACK-UP SLIDES

IDM SCALAR MASSES

e with v = (¢)
Mip = M2+ 5 (s + Aa + A)V?,
My, = M? + %(M + A — As)v?,
My, = M? + %sz,

2

AM,, = %MW sin2 %W

o the different components can be non degenerate in mass

H, H_
C=| He—iH , D=\ Htitg
V2 V2
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BACK-UP SLIDES

2

Qroph

A
100 1000
M op (GeV)

A. Goudelis, B. Herrmann and O. Stal 1303.3010
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SCALAR QCD POTENTIAL

2 (exp(=mpr)  _iT oo dzsin(zmpr)
V(r) _ gi 4mr 2wempr JO (1+22)2 r>0
T2 )_m_iT  ,_g
47 47 -

V1 = 0, Vz = CFV(O), V3 = 2CF[V(0) — V(r)]
v(r) (Ne =1)V(r)

Vi =2CeV(0) + 7 0

Vi = 2CFV(0) +
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LIDES

SOMMERFELD FOR SCALAR QCD

M=3TeV,AM=0
10 T — T

T T TTT
L

A 3
|-, |

10°F E

17! i i
10's E

T

_
' [e)
I

i

j

h

I

I

I

I

N

i
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1

|
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m % Rellp _ g;CpT?
-- -- - oM, = 12M,

o M)+ AM and AM < 7T < M,
o real part ~ g2CrAM and imaginary part ~ g2 Cr|AM|ng(|AM|) ~ g2Cr T
@ Resummed mass correction dominates over the unresummed when
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BACK-UP SLIDES

RATES 11

o




BACK-UP SLIDES

RATES III: EQUILIBRIUM IN THE DARK SECTOR

@ 1 — 2 and 2 — 2 scattering

lyPNM (AN
My, = XL 7 (2
152 4 M "F(A)

Nely/? / d*p  wm p’
Moso = a At P
22=gm | @ e md) " \5 T 2m

M=1TeV, A = 102M, |y|?=(0.33)?

GeV)

10 50 100 500 1000
z=M/T

MULTI-SCALE PROBLEMS USING EFTs
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BACK-UF ES

(GLUODISSOCIATION IN QUARKONIUM

M>1/r> T > AV, start with pNRQCD
difference between the octet and singlet potential

1/ « N«
AV == * 4+ = ~ Md?
r <2/vc+ Fas) 2r s

the thermal width is

4 1
r= §C,:asr2(AV)~"nB(AV) ~ ngCFaZ’T

at small distances the two contributions are

Mo~ g2CFrTmar?, T~ g2CrT(AE)*r
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Bac

RGES FOR THE MODELS

IDM
e for mz < u < M , the couplings are evolved like in the Standard Model
e for 4t > M (in the annihilation process, ¢;) we use IDM p.m. ferreira and D.RT. Jones 0903.2856

V.

@ The only coupling that we need at a scale 4 < M is the strong coupling

o we evaluate it at 2-loop level for yu < M

@ For u > M , the contribution of the coloured scalar is added and we switch
over to 1-loop running

@ in the thermal potential we have small and large distance scales:

@ short distances: = e~ 7€ /r, and no scalar in the running
© large distances: thermal couplings from EQCD at finite T

A\

S. BionDINI (AEC) MULTI-SCALE PROBLEMS USING EFTs




	Motivation and Introduction
	Non-relativistic WIMPs in a thermal bath
	The inert doublet model
	A look at strongly interacting mediators
	Conclusions and Outlook

