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TOP 3 REASONS
WHY DARK MATTER IS SO FASCINATING

1. We know it is there waiting for us,
but we still don’t know what it is

2. It might help us solve some of the
mysteries of physics at the

fundamental level (Higgs mass stability,
baryogengesis, neutrino masses, strong CP,
pretty-much-everything, ...)

3. It may be better to spot them first,
before they can spot us




RELIC DENSITY
STANDARD APPROACH

A Uppn > H DM in equilibrium

time

time evolution of f, (p) in kinetic theory:

E(at — Hp- Vﬁ) fx — C[fx] =

Liouville operator in \ d A{é
FRVY background the collision term

assumptions for using Boltzmann eq: classical limit, molecular chaos,...



RELIC DENSITY
THE L.O COLLISION TERM

for 2 <+ 2 CP invariant process: note: added "by hand”

/ N

dS—* dS > . )
Cro = —h2 / (Qf;; (Qf;; Orxijtrel xSx(LE F) A% f)fifi (1% £)(

assuming kinetic equilibrium at chemical decoupling: fy ~ a(u)f,"
— — L €q . .,€q.,€d
CLO i <Uxx—>zg Urel> (anX TLX TL>—< )

where the thermally averaged cross section:

2 — —
<0. _ 1>eq _ hX / dgpx d3p>—< OvosiiUnal feqf?q
XX—1] ~Tre ,n;qn;q (27.‘.)3 (27T)3 XX—1] ~Te X 4X

crucial point:  Px + Py =pi +p; = [ =i

in Maxwell approx.




RELIC DENSITY
BOLTZMANN EQ.

dn
X — I eq ( . eq GQ)
Re-written for the comoving number density: oo f——l  y-™&
00001 S 1
10 . .
2 e | increasing (ov
d_Y — Vg*ﬂ-mx <O-X>_(_>Z]O-rel> ! (Y2 L Y2) ‘i IO":: +< > -
dx 415G x? e i . »
| \_ Y
lim Y = Yq lim Y = const gl \ “““““““
x—0 T—> 00 5 10':r *
,§ 10--; '\\ --------
. st \
Recipe: sl n —7
e : ek veq |\
compute LO annihilation cross-section, g XS4
take a thermal bath average, =m/T  time —> |

P|ug in to BE and voila Fig.: Jungman, Kamionkowski & Griest, PR'96



RELIC DENSITY
THREE EXCEPTIONS

1. Co-annihilations

| ng n;
if more than one state share a (Oeff V) = g (04 Vij) 5
n
conserved quantum number ij -4
making DM stable with: 015 = 3 o(xix; — X)
X

2. Annihilation to forbidden channels

if DM is slightly below mass ; »forbidden” channel can still be
threshold for annihilation accessible in thermal bath

3. Annihilation near poles

expansion in velocity
(s-wave, p-wave, etc.) not safe



EXCEPTION 1V:
NLQO EFFECTS



DARK MATTER AT NLO

Bergstrom ’89; Drees et al., 9306325; helici ion [t
Ullio & Bergstrom, 9707333 elicity suppression [irting
Bergstrom ét al., 0507229; ¥ in indi h
Bringmann et al., 0710.3169 spectral teatures In Indirect searches

Ciafaloni et al.,, 1009.0224

Cirelli et al, 1012.4515 | E :
Ciafaloni et al., 1202.0692 arge EVV corrections

AH & lengo, I111.2916

Chatterjee et al.,, 1209.2328
Harz et al,, 1212.524]

Ciafaloni et al.,, 1305.6391 thermal relic densi‘ty

Hermann et al.,, 1404.293 |
Boudjema et al.,, 1403.7459

Qpah? = 0.1187 + 0.0017. <1.5% uncertainty!
Planck+WMAP pol.+highL+BAO; 1303.5062

SloopS, DM@NLO, PPC4DMID 1 NLO codes

10



RELIC DENSITY AT NLO

Recall at LO:

dS—* dS —
Cro = —h | GESTES ovitna Unfe & L)AE )= L1 (1£ L)1 )

crucial point: Dy TPy =DPi +DPj = f;qf;q ~ fqufq

in Maxwell approx.

at NLO both virtual one-loop and 3-body processes contribute:

&py, &Pps -
Crtoop = —h, | GEETEE o\ 0 oL £ % )= (1 L)L f)

3~ 37
Cron = =13 [ GBS TS oyt UL L) £+ [)=Fify (L £ £)

Py +px =pi+pj£p, =

~Y w_]'

Maxwell approx. not valid anymore... 1



RELIC DENSITY AT NLO

...problem: T-dependend IR divergence!

it sounds scary -

but somehow we all know there has to be a happy-end
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RELIC DENSITY

WHAT REALLY HAPPENS AT NLQO?
Beneke, Dighera, AH, 1409.3049

only this used in NLO literature so far

CNLO N/ XX1] foX {’MLX—MJ‘Q T ‘MN)I(JEZ? 0‘2 /dHV‘MXX%’ij’YP T
|

NLO T#0 /
|/\/l><>z—>7;j?é |2 "‘/ Y [fv (|Mx>‘<—>ij7|2 T |Mx>27—>ij|2) photon
/ A « __ absorption
2 2 2 2
thermal — /i (|Mx>’<—>ij'y| + [Myzizjnl ) — |Mxx—>2ﬂ| + [Mygi—iv ]
| -loop \ \
photon

SM fermions amission SM fermions

emission absorption
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(QUESTIONS:

how the (soft and collinear) IR divergence cancellation
happen?

does Boltzmann equation itself receive quantum corrections?

how large are the remaining finite T corrections?

Program: develop a method for relic density calculation
directly from QFT and free from IR problems 1

framework exists: non-equilibrium thermal field theory

14



CLOSED TIME PATH

FORMALISM
A
Y- ORI iA(z,y) = (Tep(x)d' (),
AR E " iSas(z,y) = (Tova(@)vs(y)),

contour Green’s functions obey Dyson-Schwinger egs:
Az,y) = Aoz, y) —/ d4z/ d*2' Ao(x, 2)1(z, 2 ) A2, y),

Sas(w.) = 825(e.0) = [ 'z [ 'S0 (@05 )50 0,
which can be rewritten in the form of Kadanoff-Baym egs:

(=0" - m?b)A§(xv y) - /d4z (Hh(ai‘, z)‘A§(Z, y) — I (z, Z)ﬁAh(Z,y)) «

(i) — mX)S§(:U,y) — /d4z (Zh(x, z)]tSé(z,y) — Z§(:E, 2 hSh(z,y)) :
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CLOSED TIME PATH
PATH TO BOLTZMANN EQUATION

Kadanoff-Baym — Boltzmann

E(é’t—Hﬁ-Vﬁ)f:C[f].
7

collision term derived from thermal QFT

Assumptions: Justification:
weak inhomogeneity inhomogeneity plasma excitation
momenta
gradient expansion 0 < k

freeze-out happens

uasi-particle approx. el
qrasip PP close to equilibrium

weak interactions

16



CLOSED TIME PATH
FORMALISM: COLLISION TERM

the fermion collision terms is defined as: propagators

1 e —~
Cy = 5 /d4z (E>(x,z)§<(z,y) — E<(:C,z)k5'>(z,y)) ,
\

self-energiés

where the propagators:

thermal part

iS5°(p) = p;fpn;?z)in 72” (p T m) § (p’ - m?) f (1”)

qap oy i(ptm)
15%(p) = =
iS”(p) =27 (p+m) 6 (p* —m?) (1 - f ("))

iS=(p) = =27 (p+m)é (p* —m?) f (p")

_m2_|_in—|—27r(p—|—m)5(p2—m2) (1—7(»"))

} “cut” propagators

the presence of distribution functions inside propagators —> known collision term structure
17



COLLISION TERM
EXAMPLE

Bino-like DM: X Majorana fermion, SM singlet

annihilation process at tree level: vertices (2 types):
X—I > f > - —-- = Z)\PL
O A o $
X | <t f ' <
Mtree M‘?])r(ece
_ > = —i\P;
scale hierarchy: 14 2 My (> T > my dotted
no thermal effectively
contributions massless
: 1 m Mg
rescaled variables: 7= — <« 1 fe=—<K717 ¢(E=—21

My 2y, My
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COLLISION TERM
COMPUTATION

no # changing processes

1221

d*t d*ky d*ko

S (@057 @) = X [ - (@m) 5 (gt — k1 — ko)

(2m)* (2m)" (27)

summed over dotted and
undotted indices

iA (k1 — q) iA*2 (ky — t) PriS®t (ko) PriS™ (t) PLiS** (k1) PriS** (q)

N\ 7 \\

J/

~~

=S =F
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COLLISION TERM
MATCHING

after inserting the propagators:

Yam (@) 5T (9) =

/ (%C)i@Eh (2;?%% @m)* 8 g+t — ki — ko) MU [ () £ (0 (1= 17 () (1= 57 (k)]

—> one indeed recovers the known collision term and

—
Myl = * : : * X (part of) tree level | M|
M (M)’

repeating the same for B type diagrams the bottom line:

: tree level annihilation
DIRGPA e o
contribution to the collision term

20



COLLISION TERM
MATCHING AT NLO

12,3 = 20 self-energy diagrams

example:

4t C A AC t4
SR A BN
M Mo Me . Ma M Mo ML (M
e
E(>3A (Q) Ch (Q) — ! (277) 0 (QO — EXl) / At 0 (tO - EXQ)

2F, . (27)’ 2E,,
37, 37 3=

/ G S . IO Sy, #ELY § PR S S W

(2m)° 2Ey, (2m)° 2Ey, (2m)° 2E,
Mo (M) [ (@) £ @ (1= 772 (60) (1= £ (89)) (1 + )

—> at NLO thermal effects do not change the collision therm structure Y



COLLISION TERM
METHOD SUMMARY




RESULTS

coming back to our example...

every contribution can be written in a form:

/0 dw S(w, ey, € )

/

photon energy

expand in
@)

S;Z&n

1=—1

note:

[ na div) n<0

J_1+ T =0 sott div

IR divergence in separate terms: .
Vers | P Jo <> T = 0 sott eikonal

finite T corrections: Ji < (9(72)
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RESULTS

IR DIVERGENCE CANCELLATION: S-WAVE

The divergent part J_;

—> every CTP self-energy is IR finite

Type A |  Real Virtual ‘External | Type B Real Virtual External
L a(1—262) a(1—262) ,"O‘; o o
Tl e - me? e~/ | T we? pe)
a(1-2€ a(1-2€ — N N
i% ( Te2 ) o ( me2 ) \_/_ - me? me?

~f- 0 — > 0

- 0 0 — 0 0

—J| ! 0 0 — — o 0

—[=] o 0 - 0 0

== o 0 = 0 :

|- ! S :
’\_ <>C

AN 0 — 0
ST | 2e(1-2¢%)° 2&(1—262)2L _@ 20 (1-2¢€?) 20 (1-2¢€?)

_\5 me2\/1—4e2  re2 vV 1—4€2 me2\/1—4€?  e2 vV 1—4€2

cancels in
—> every row
separately
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) 2
factorized = oy ° Stree
6 €2

RESULTS
FINITE T CORRECTION: S-WAVE

The finite part J;

Type A Real Virtual External
I | S e -
|- - -
_QL _4(1—;§Q)D

_\@L _2(1—55)52 B {/%eggL 2(1—262)2(17—52) n {/%egéL

- . -

|- - -

_QM I I

_i\_ _4(1—D2§2)D

|- .

_EF\_ 2(1—262)p12)(2€l,§§)—|—(1—€2)2 n 4%;52)1; 1662(2—362)2—(3—52)2 B 43;%(;?[,

[ay

separate contributions complicated, but when summed up...

8m\tar? 1

Utree

AasT’ =

_4' " 1
45 (1+§2)4_Z;@(1+§2)2 €2

e=0

—

2

strongly suppressed as at kinetic equilibrium 7 ~ U

Log terms
cancels in
every row
separately

\

no collinear

divergence!
¢ me >
My
T
T=—<K1
My
€ = My LT
2m,
25



SUMMARY: PART I

automatic in thermal QFT formalism, cancellation at the level
of every CTP self-energy

no, not at NLO

strongly suppressed, of order O(aT?)

Exception IV:

LO sometimes is not enough
(and then in principle T' # 0 QFT needed)

...but in practice one can safely use BE with NLO cross-section
26




EXCEPTION V:

V-DEPENDENT INTERACTIONS AND
NON-PERTURBATIVE EFFECTS



VELOCITY-DEPENDENT OV

(Note: the 3rd exception from Griest&Seckel
is actually of this type as well)

The annihilation cross-section is always velocity dependent... but typically ocv =~ a + bv?

O(few %)
. . le-11 —— — — —_— —
What if for a given model T
—n
o XU n>017
no kinetic decoupling
le-12 : i
well... not much as long as DM c }
o . . . oo o > e ]
is in kinetic equilibrium g o Ty=1000]
le-13 ¢ =T, .
but if it the kinetic decoupling (KD) — 5 e
happens relatively early then | T
- Sommerfeld enhancement oo = .01
16_14 L L M| L L M| L L M| L L M| L
10! 10° 10° 10* 107 10°

x =m/T

Are there any real physical situations in which this can happen?
28



THE SOMMERFELD EFFECT

re-summation

N

Mg ™~ QM

force Bohr
range  radius

2< 2
mxv ~ mX

kinetic Bohr
energy energy

ose = 5(v) 00

—> in a special case of Coulomb force: S(v) =

m, ~ GeV

m

X
one-loop X a—=

me

Arkani-Hamed et al. ’09

To /v o
N T—
1 — e~ ma/v v

29



THE SOMMERFELD EFFECT

WITH A DARK FORCE
Coulomb / - o\
10° i | | resonance
‘ ‘. /v ' i
N‘.. / / j 1 N 1
10* | | M - QM
i m,/m=l.6x. I.G‘.z :g=0.84 | |
s e L SEEEEELEEEEEE - 71 -
1000 " 1
’ il m‘/m= 1077 ; g=07 ‘
o |
mg[m=10"" ; g=0.3
10
| mg[m=10"; g=03 | |
s ‘ R \g
= 10-5 IO | 0091 0.01 l:! - |
present day: v ) |
indirect | |
detection freeze-out: relic density
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SOMMERFELD EFFECT AND KD

If on the dark side of the Universe a ,,dark force” awakens...

@ | "<\"§

1 —

1 —

10_9 “IRASALLALU B AL A L A AL A B LA B LA B AL B B LLLL B R Resonance4
—10; ‘ -
z dhs 1077¢ % 7
3 gss \
—H.CE sY <Jvrel>|$=mi/(82/3y) » L }
/ 10 2 \ E
3 gxs €q B |
S PR ( _ _) f \
Hzx X Y 10121 7 4
| Uncoupled
—3Y<<O'Urel> o <O_Urel>2>$mi/(52/3y)] . 10_13 7SuddenDecoup1ing S
- ____Coupled w ]
10—14 T WU O T B O W11 O 1T SO B U111 RN A N U U 11 RN SN AU U1 SO NU 1T U AN E WU N1 A N NUTT] ! H\HHH AT
10° 10* 10° 10 10" 10"

... one has to be prepared with a more sophisticated formalism
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THE SOMMERFELD EFFECT
FROM EW INTERACTIONS

Hisano et al. 04,06
om <K My

force carriers in the MSSM:

w W=, Z° Ky, hY, H*

Y
Y

My 2> My

at TeV scale = generically effect of O(1 — 100%)

on top of that resonance structure

L—a» effect of O(few)

for the relic density
Note: for ID the enhancement is significantly stronger!
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WHAT IS KNOWN
WITH THE SOMMERFELD ENHANCEMENT

® pure wino, pure higgsino
b P 55 Hisano et al. '04,06

* mixed wino-higgsino (with everything else decoupled)
AH, Iengo, Ullio, "11, Beneke et al. '14

* stop and stau co-annihilations

Freitas ‘07, AH ’11, Klasen et al. '14
* gluino co-annihilation
Ellis et al. '15

e Minimal DM model
Cirelli et al. ’07,708,"09

Currently only available tool for the MSSM:
DarkSE package extending the relic density by SE in DarkSUSY

AH, 11



...AND WHAT WAS IMPROVED

Based on a framework by Beneke, Hellmann,Ruiz-Femenia '12, '13, "14:

1. the Sommerfeld effect for P- and O(v2) S-wave

2. off-diagonal annihilation matrices (\‘\

not present in DarkSE
New code (to be public): total effect up to O(10%)

* suitable for full MSSM

* using EFT computation of annihilation matrices

* one-loop on-shell mass splittings and running couplings

* possibility of including thermal corrections

* present day annihilation in the halo (for ID)

* accuracy at O(%), dominated by theoretical uncertinities of EFT

L-) caveat: still no NLO eftects...
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RESULTS
AT THE BORN LEVEL

Beneke, Bharucha, Dighera, Hellmann,
AH, Recksiegel, Ruiz-Femenia; 1601.04718

ll=2M3, IM;|=3M3, M,=10 TeV, tang=15 M=12TeV .M, =2M M ,=10TeV; tan8=15 H=2IMy My =4TeV M, =10TeV: tanf=15
10000 ; - - v i v gy e e e g oy T T Y ;
] | 3 6 ooy o8
‘ H ‘ A .
Perturbative § .‘ 400 $ : A ; r 4
o §o0as - $ ;o f ! Pertupbative/
! g 02 | ‘ | 0.04 lo.a ¢+ Pertugbatives |
8000 0.95 0w ::' 02 S04 068 ; 022 4 "’ ’l " S " "I ’II A7 4
. H . . : — L) < ’ ,’0,6‘ ,'
007 ) 035 300 004 0.1187 -_;- "' 'l ‘q,‘ 0;16 ¢
— , $ + 03 04s 5 | ' g 028 = v ] g i 024
S 003 { 0.““7 ‘ ' 6 0.06 ' § % " ‘; ‘l
) 6000 \ 3 ' =2 . X 20 006; /¥ . ¢ 1056
- © 0SS :| 200 : g 0l 0.34 :'_ ' "o : 032 :
= - i | s 3 008
‘ 05, 06 * ¢ ¥ = Loas | 072
4000 - 1 ‘ 4 ; = 04 !
' N . 0 ' -
100 ' s Perurbative f ! 08 :
‘ 5 }; '
: ) | 088
2000 . sfermion co—annihilation fd :
1000 1500 \ 2000 2500 3000 3500 1000 iSoof 2 2500 3000 3500 B Y
- . . = 500 2000 2500 3000
M, [GeV] M\ GeV] M. [GeV]
—

As the sfermion mass decreases \ . . .
. ey . Higgsino and bino annihilate less
the effective annihilation rate is . .
strongly - dilute the wino

suppressed due to t-channel T
PP annihilation and reduce the mass

interference - the correct relic ) d1cTeV eyt
. . o 1.7 and 1.5 TeV respective
abundance is obtained for masses / 5 P y

of around 1.4 TeV*

*for the chosen set of parameters
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RESULTS
PURE WINO WITH NON-DECOUPLED SFERMIONS

||=2M>, IMy|=3M>, M4=10 TeV, tanB=15
[yt yyg ey ey

10000 . TR . *

- Sommerfeld D0®E o S

. enhanced | 03?7;' i . 03 .

, - ' 00187 ‘

8000 : | 005 ¢ ) ro ]

[ ' 0.05 g 2]

' 025

= P N 1 -
8 6000 003 o, '1'\,'} § 03

‘_v' ) / ',r.‘l 4 ’ ; ;’ /".

= 007 P00 03s)

sfermion co—annihilation -

1000 1500 2000 2500 3000 3500
M; [GeV]

S —

The correct relic density is moved
from 1.5-2.1 TeV up to 2.4-2.8 TeV

|u|=2M;, IM,|=3M>, M,=10 TeV, tang=15

10000 5 - T
: E :E : : (1°),
Y 1 \ L
62 ?.?? : I‘ (nh‘,v“‘
', . _
8000 :' ':'0. : I 1.0
1 - 0.8
= 1
1]
% . 0.6
=

2000

1000 1500 2000 2500 3000 3500
M, [(jeV]

EE— |

At 2.4 TeV resonance occurs,
for low sfermion masses region
with correct RD is resonant
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RESULTS 1 1

- Y

WINO-HIGGSINO ADMIXTURE myw Qe

force Bohr
range  radius
M=12TeV,M,=2M M, =10T; tanf=15

- p '
: b4 | I 1 ' | S
400 g o006l & 4 400 4 ) ()sp
Sommerfeld 0.06 0 : C 018 | ' (00 )y
~ enhanced | Joqs 3 o 1.0
300 | | oo 300
p— T e I { — 08
> o.og_..l, 3 ! Z
o 1 | ) e ! o~ 0.6
e ' ' : ~ R ST X
=% 022 04
, 006, | -
lm | N d:;”h.‘;’&.“jg : \ . Tty -
4 014 W . 100 RN . A 0.2
' ?:’-“?7 © 048 Ut ‘.?"'\ S,
| ppngaamnes ceseatl.s ' ' - 0 e —.-.-'.“ .....
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
M, [GeV) M> [GeV]
R — B

The correct relic density
is moved from 1.7-2.2 TeV
up to 1.9-3.3 TeV

The position of the resonance
is strongly #dependent




RESULTS
WINO-BINO ADMIXTURE

u=2M;, M=4TeV, M,=10TeV; tanf=15

6 ‘ 3 .
i ‘ 006} - | '
‘ 0.24
Sommerfeld ‘ « 50-'6; ; oo
enhanced | 008 o08i, . ./ /
4 S B it 102/ 033 /
3 o /S MTUVRELL S
= ! ‘ ., ,' " ’; 04
T 20 ] 006 [ ) A i
o= ‘ . , & AR
S ¥
_g;’ o "
0.1187 - '
0 8 ;
016
1000 1500 2000
M; [GeV]
e e

The correct relic density
is moved from 1.5-1.8 TeV
up to 1.8-2.9 TeV

u=2M, M=10TeV; tang=15

(on?)gp
>

(007)

l 1.0

% 0.8
=
o3

:l 06
=

§’ 0.4

0.2

0

1000 1500 2000 2500 3000
Ms [GeV]

The position of the
resonance is strongly M,
dependent
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SUMMARY: PART II

Velocity dependence and non-perturbative effects on
the cross-section can lead to significant modification of
the relic density

E.g. for the wino-like neutralino in MSSM correct relic
density is obtained for wide range of masses:

&cf}' & “pure wino”
see e.g. Roszkowski et al. "14 \ég & /
co-annihilations? IS co-annihilations? pure wino
: resonance wino-like (higgsino)
mix. >O(x0%) I 7 -p . - H;_'_‘: nce ﬁ_: > :h | wino-like (bino)
1.7 1.8 2 2.4 2.8 3.3 4 TeV

Public code including full SE in the MSSM with accuracy for relic
density O(%) and running time O(min) to become available
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TAKEAWAY MESSAGE

We do have the tools to
calculate DM relic reliably;
it is worth the effort to use

them!

“Everything should be made as simple as possible, but no simpler.”

attributed to* Albert Einstein

*The published quote reads:

”’It can scarcely be denied that the supreme goal of all theory is to make the
irreducible basic elements as simple and as few as possible without having to
surrender the adequate representation of a single datum of experience.”
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