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DARK MATTER ANNIHILATION
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primary shower development:
annihilation splitting, hadronization,  indirect
process fragmentation/decay detection
(e.g. PYTHIA)
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DARK MATTER ANNIHILATION

WITH EW CORRECTIONS
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WHEN THE EFFECT IS LARGE?

1. VIRTUAL INTERNAL BREMSSTRAHLUNG

i) Gauge boson emission evades a symmetry constraint

—3 e.g. helicity suppression lifting

Bergstrom, Phys. Lett. B225 (1989) 372

i1) t - channel annihilation into bosons

X

1
: m_QX -+ QmXEX

if ~0 enhancement
for small F'x

Bringmann et al.,JHEP 0801 (2008) 049
model dependent!




WHEN THE EFFECT IS LARGE?

2. FINAL STATE RADIATION

iii) TeV-scale DM
—> enhancement by large (Sudakov) logarithms
log~Ie (1 m )2
g log —— 0
2 m‘%v g —— W
m =1 TeV, 042%3—10 = =~ (0.17 ~ (.86

m > mw resambles IR dlvergence of QED or QCD

“") Bloch—Nords1eck violation
- Ciafaloni et al., Nucl. Phys B589 (2000) 359

Bloch—Nordswck QED in the inclusive cross-section IR logs cancel

Kinoshita-Lee-Nauenberg: generalized to SM, but only when summed
over initial non-abelian charge

Ciafaloni et al., JCAP 1103 (2011) 09

: v
model independent! PPPC 4DM ID: Cirelli et al., JCAP 1103(2011) 051,




ONE-LOOP COMPUTATION

FOR A WINO DM MODEL
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ONE-LOOP COMPUTATION

FOR A WINO DM MODEL

«<— UV finite

<«— radiative
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THE SOMMERFELD EFFECT
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THE SOMMERFELD EFFECT

My
one-loop o
¢

re-summation

1,
Mg~ Oy,
force Bohr

2< 2
mxv > ¢ mX

kinetic Bohr
energy energy

Arkani-Hamed et al., Phys.Rev. D79 (2009) 015014

osg = 5(v) oo

- To /v Nﬂg

—> in a special case of Coulomb force: S(v) = : Th
Pt 6_7TOé U v
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THE SOMMERFELD EFFECT

WITH A DARK FORCE
Coulomb /  ——— &
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THE SOMMERFELD EFFECT

IN THE M55M
/ V \
neutralino gravitino sneutrino
YES! NO

|

force carriers:
w W=, Z° K}, h, HT

X X" X'
W - AN
B ‘
XO l X_
My > My

Hisano et al., Phys.Rev. D67 (2003) 075014,
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THE SOMMERFELD EFFECT
IN THE MSSM

0m <K My

|

co-annihilations!

o<
<

U(1)em

Sommerfeld effect for co-annihilating channels!

PRS T SOR
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RELIC DENSITY

Boltzmann equation for the comoving number density;

ay \/g*wmi (OeffV) (v 2
. _ Y2_Y
dx 415G 2 ( eq)

effective thermal averaged annihilation cross-section:

ng M wiUNC
1y T
<O'effV> — E <Uijvij> 5 2o \\‘lncrcasmi\_n? )
i neq 4 ::ﬁ:g \;‘. L '
- .
with: o, =3 o(xix; = X) el Ly
* 3: '~,\'“"'
g 7\
;o E | n\l eq |\

Fig.: Jungman, Kamiconkowski & Griest, PR'96
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RELIC DENSITY

WITH THE SE
Boltzmann equation for the comoving number density;

ay \/g*wmi (TeffV) (1,2 2
. _ Y2_Y
dx 415G 2 ( eq)

effective thermal averaged annihilation cross-section:

ed,,eq - Ry
— i nj o \\ increasing (1))
<O-effv> I <O-’ij Vig > 2 2 g v
— neq E mey N\ "
v S v
th 5::,' ‘\ ------
WIth: oy =} o(xx; = X) N L
- dm
.
= N5 (T R
(CeffV) = i (L, v){oijvij = . T T
€q Fig.: Jungman, Kt:mionkt::vr::f&z:est PR'96




SOMMERFELD FACTORS

THE METHOD

Idea: treat every possible interaction separately

P e compute potentials and obtain
ik < g b set of Schrodinger eqns.:
L pak R. Tengo, JHEP 0905 (2009) 024
J 7'
dpij(x) | ™y 20m; ¢
dxz? i m. e E ©ij (@ Z Vi, ’L’J’ z)pirjr () | =0
with:
_me
¢ _ Cijig(P)e P _
V;g il 5 () =p e I notation:

£ = p%/2m2® rT=Dpr

Omyj = My + My — (M + my)

21



SOMMERFELD FACTORS

COEFFICIENTS: FERMIONS

Spin singlet

scalar (I' = 1) vector (I' = ~p) axial (I' = v;75)

g* g*

92 _92
V2|giv|? V2|giy 2
2Re (9i+ 97 ) 2Re (gi+ 95, ) —6Re (gi+97})
2|gij|2 + 95 + 957 2|gi;|* — 9123 9;'}2 —3(2|9w|2 + 95 + 957
2|g’L] |2 + g’i] + g'L o + 49’1,7,9].7 _2|glj |2 + g'LJ + gz] 3(2|ng |2 + g'l"l + g7*'72) I 12gZZgjj
. 2 ey :
|9;+| + 29ii9 ) |gz+|. 7 » repulslve
girg;, + 2g9Re (gij) —gi+ 95+ — 2giIm (gs5) =
4%21' 0
4/2g;;Re (gi5) 0

Spin triplet

O
R s
Cig,+—
Cij,+— 2iIm (g7, gj+) 2tIm (g}, gj+) 2tIm (g}, gj+)

Cs i 0 0 0

Cijij —(2lgi51* + 93 + 957) + 49ii95; 2|g:51° — 95 — 95 — (2194512 g2 £ g%2) + 4gmggg

Ci,+i — g P A e |gi+ |2 —|gi+|* + 2992@ attractive
Cig, g —gi+ 95, + 2gRe (gi5) gi+9;+ — 2gilm (gi;) S e ()

Csg%e 0 0 0

Cij,ii 0 0 0

Couplings: gfj)_(jfxi(b (+h.c. iff 7 # j), gf+zzfxi¢ + h.c., gL YTy, where T = 1,709,775




DARKSE

NUMERICAL PACKAGE FOR DARKSUSY
P. Gondolo et al., JCAP 0407 (2004) 008
MSSM parameters

relic density with SE
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RESULTS

t CO-ANNIHILATION
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Even factor of few suppression of the relic density

y see also Freitas, Phys.Lett. B652 (2007) 280
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T CO-ANNIHILATION

.

cessies Man3 ='50: no SE '
tan J = 50: with SE

- - tan J = 40; no SE // P

——— tan{ = 30; with SE~ e

A%
-
.
",
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—=—= tan 3 = 30: no SE =

-

/
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WMAP = o
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5 - B S I ~
- "' I l ' o
r ) | | 7
- | | .
~ R -
o . eV
- | 5130 Ge )
| |
| | -
| |
| |
| | n
] | ] 1 L 1 1 L 1 L | o 1 1 | 1 L
400 SO0

W,
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Nevertheless, visible shift of the maximal mass allowed
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INDIRECT DETECTION SIGNALS

FOR A WINO DM MODEL
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WINO DM

viable, well-motivated SUSY DM candidate

simple but rich phenomenology

thermal Wino: mass at TeV scale
t-channel annihilation to WTW —

degenerate with chargino

possibly testable only in ID

> large EW corrections

/

} Sommerfeld effect
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CROSS-SECTION

e - S : tree level result ~ 1/m”

m [GeV]
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CROSS-SECTION

o he | : tree level result ~ 1/m?
N tree with SM runned g

10°E z : ' - :

o g with g at scale m

: with SM running

ok §
100 -
107" E
10%

; 0y 0 _> WHEW- | | | §

5(I)O 1 OIOO 1 5IOO 2 OIOO 2 5IOO 3 000

m [GeV]
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1072

CROSS-SECTION

— — — tree with SM runned g
~ =~ 1—1loop level + SE (1 — loop)

)
[

o bLL_L il

| | | |
1 000 1 500 2 000 2500
m [GeV]

tree level result ~ 1/m?

with g at scale m
with SM running

full one-loop result

32

.
.
—uf




102

101

1072

CROSS-SECTION

e SR : tree level result ~ 1/m?
— — — tree with SM runned g o

§ — tree x SE ," \‘\ § .
oo d-looplevel + SE(1-loop) : with g at scale m
; ; | | S AN - . :
! d . with SM running
B : : : / A\ -
‘ o \ - full one-loop result

/ N
7 RN tree level + Sommerfeld
; 0y 0 _> W+ - §

5(I)O 1 OIOO 1 5IOO 2 OIOO 2 5IOO 3 000

m [GeV]
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1072

CROSS-SECTION

] T T TTIT ] T T TTIT 21 T TTT ] T T T

tree

— — — tree with SM runned g

—— tree X SE

- = =~ 1—1loop level + SE (1 — loop)
1 — loop level x SE (full)

Yox? — WHw -

tree level result ~ 1/m?

with g at scale m
with SM running

full one-loop result

tree level + Sommerfeld

AR EEET]

one-loop + Sommerfeld

)
[

o bLL_L il
o
o

|
500

|
1 000

| | |
1 500 2 000 2 500 3
m [GeV]
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CROSS-SECTION

] T T TTIT ] T T TTIT 1 | #&71T T1T1TI ] T T T

tree level result ~ 1/m?

tree

— — — tree with SM runned g
——— tree X SE

- = =~ 1—1loop level + SE (1 — loop)
1 — loop level x SE (full)
................. SM runned g and s,

with g at scale m
with SM running

full one-loop result

tree level + Sommerfeld

L

one-loop + Sommerfeld

if for the Sommerfeld
g at scale m is used

)
[

o bLL_L il
o
o

Yox? — WHw -

| | | | |
500 1 000 1 500 2 000 2500 3
m [GeV]
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AT PRODUCTION
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<ovisg 159 10 el
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Number of final particles per annihilation:
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Ccross-section
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COSMIC-RAY PROPAGATION

reacceleration

convection
Cont E loss

spatial diffusion

\

aé\:—ﬁ.( sV — vc)Nera—p(p——V Ve NZ p pp(‘)ap];n

Q'(p,r, 2) + Zcﬁngas T, 2 UUNJ cﬁngasam(Ek)N = Z pr— + Z i

=R \ 37

source spallation decays

0

and solved it with DRAGON

C. Evoli et al., JCAP 0810 (2008).018. |

PRS T SOR
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PROPAGATION MODELS

B oGV

Zr=1kpe,

_I:t.\

TG

Benchmark Fitted Fitted Goodness
: va 0 N/ Ro: | X5 X2 X Xz Xiot
{ [kms™] GV By > 5 GeV
11.0 -0.60 | 2.11/2.36/2.18 16.9 | 0.69 0.67 0.37 0.68 0.65
16.3 -0.521 | 2.04/2.34/2.18 16.0 | 0.96 0.46 0.38 0.69 0.58
15.5 -0.499 | 2.11/2.36/2.18 16.1 | 0.51 0.62 0.36 0.71 0.60
16.2 -0.476 | 2.11/2.35/2.18 14.6 | 0.47 0.65 0.35 0.72 0.60
16.7 -0.458 | 2.11/2.35/2.18 14.6 | 0.48 0.59 0.35 0.72 0.58
18.5 -0.40 | 2.05/2.35/2.18 16.0 | 0.34 0.39 0.35 0.75 0.46
19.5 -0.363 | 2.05/2.35/2.18 16.0 | 0.79 0.33 0.36 0.75 0.49
19.2 -0.40 | 2.05/2.35/2.18 16.0 | 0.38 0.44 0.35 0.77 0.49
19.2 -0.370 | 2.05/2.35/2.18 15.2 | 0.39 0.53 0.35 0.77 0.54
19.1 -0.373 | 2.05/2.35/2.18 15.2 | 0.38 0.47 0.35 0.77 0.51
17.5 -0.448 | 2.11/2.36/2.18 14.8 | 0.46 0.89 0.34 0.77 0.74
17.1 -0.448 | 2.10/2.36/2.18 14.2 | 0.45 0.95 0.34 0.77 0.77
e ||LAO-]
a CREAM e PAMELA 10
S
~,
N
= 1 kpe, w=N48 GV

N=0),

GV




PROPAGATION MODELS

S a8 GV

v, U
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= 10 kpe. ¢=0.15 GY

o~
E3 x el
l .

o s sas . . .
l e 100

£, GeV|

Benchmark Fitted Fitted Goodness )
: va 0 N/ Ro: | X5 X2 X N
{ [kms™] GV Bj, > 5 GeV |
11.0 -0.60 | 2.11/2.36/2.18 16.9 | 0.69 0.67 0.37 0.68 0.65 §
16.3 -0.521 | 2.04/2.34/2.18 16.0 | 0.96 0.46 0.38 0.69 0.58
15.5 -0.499 | 2.11/2.36/2.18 16.1 | 0.51 0.62 0.36 0.71 0.60
16.2 -0.476 | 2.11/2.35/2.18 14.6 | 0.47 0.65 0.35 0.72 ﬂ. 0.60
16.7 -0.458 | 2.11/2.35/2.18 14.6 | 0.48 0.59 0.35 0.72 | 0.58 |
18.5 -0.40 | 2.05/2.35/2.18 16.0 | 0.34 0.39 0.35 0.75 0.46
19.5 -0.363 | 2.05/2.35/2.18 16.0 | 0.79 0.33 0.36 0.75 0.49
19.2 -0.40 | 2.05/2.35/2.18 16.0 | 0.38 0.44 0.35 0.77 | 0.49
19.2 -0.370 | 2.05/2.35/2.18 15.2 | 0.39 0.53 0.35 0.77 0.54
19.1 -0.373 | 2.05/2.35/2.18 15.2 | 0.38 0.47 0.35 0.77 0.51
17.5 -0.448 | 2.11/2.36/2.18 14.8 | 0.46 0.89 0.34 0.77 0.74 §
17.1 -0.448 | 2.10/2.36/2.18 14.2 | 0.45 0.95 0.34 0.77 0.77
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DM originated fluxes

PROPAGATION MODELS

Benchmark ) Fitted Fitted Goodness )
: Dy x va 0 N/ Ro: | X5 X2 X N
[cm?s—1] § [km s™7] GV By > 5 GeV |
0.191 11.0 -0.60 | 2.11/2.36/2.18 16.9 | 0.69 0.67 0.37 0.68 0.65 |
0.53 16.3 -0.521 | 2.04/2.34/2.18 16.0 | 0.96 0.46 0.38 0.69 0.58
0.738 15.5 -0.499 | 2.11/2.36/2.18 16.1 | 0.51 0.62 0.36 0.71 0.60
H 7 1 0. - 0.932 16.2 -0.476 | 2.11/2.35/2.18 14.6 | 0.47 0.65 0.35 0.72 ﬁ. 0.60
I 2 0.5 20 i 1.13 16.7 -0.458 | 2.11/2.35/2.18 14.6 | 0.48 0.59 0.35 0.72 | 0.58 |
3 | 0.5 20 1.75 18.5 -0.40 | 2.05/2.35/2.18 16.0 | 0.34 0.39 0.35 0.75 0.46
4 § 0.5 20 2.45 19.5 -0.363 | 2.05/2.35/2.18 16.0 | 0.79 0.33 0.36 0.75 0.49
6 0.5 20 3.17 19.2 -0.40 | 2.05/2.35/2.18 16.0 | 0.38 0.44 0.35 0.77 0.49
8 0.5 20 3.83 19.2 -0.370 | 2.05/2.35/2.18 15.2 | 0.39 0.53 0.35 0.77 0.54
10 0.5 20 4.36 19.1 -0.373 | 2.05/2.35/2.18 15.2 | 0.38 0.47 0.35 0.77 0.51
15 § 0.5 20 4.86 17.5 -0.448 | 2.11/2.36/2.18 14.8 | 0.46 0.89 0.34 0.77 0.74 |
20 0.5 20 17.1 -0.448 | 2.10/2.36/2.18 14.2 | 0.45 0.95 0.34 0.77 0.77
n. —" e
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SEARCH CHANNELS
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SEARCH CHANNELS
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SUMMARY

INDIRECT DETECTION

Wino DM is ruled out for

L

m, S 450 GeV

antiprotons + diffuse gamma-rays
see also Belanger et al., arXiv: 1208.5009

R

2.2TeV Sm, S 2.5 TeV

leptons |
antiprotons + diffuse gamma-rays ||

dSphs
GC

It cannot explain the lepton CR puzzle

Thermal Wino DM evades all ID constraints...




10
%
S RS
-
&
Q“:
10"
1C 1o

Large uncertainties: propagation, fragmentation model, cross-sections
—> prospective channel in (not immediate) future
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CONCLUSION

In order to obtain robust predictions for dark
matter relic density and indirect detection one is
forced to look beyond the tree level

and also
study different detection channels
simultaneously.
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THANK YOU




RELIC DENSITY

WITH THE SE

(oetv) = Y Sij (T, v)(0ijvij)

Y]

€q,,€d

2
neq

Why temperature dependence?

¢ Higgs VEV

¢ Debye masses

11
Am% : FQ%TZ Am%/V,Z 5 FQSTQ

T2 1/2
U(T):v-%<1——> T. ~myp

3
Am?] = §g

22
A

Strumia et al., Nucl. Phys. B787 (2007) 152]|,

PRS T SOR
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2800

RESULTS

WINO-HIGGSINO

3000 3200

higher Higgsino fraction - larger
mass needed

Z.00om on the resonance
effect on relic density
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THE SOMMERFELD EFFECT

WITH A DARK FORCE

LOE 1 Mg/M]

m [TeV] : mg=my

rich resonance structure, with very large enhancements
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SOMMERFELD FACTORS

RESULTS: SCALARS

scalar - scalar scalar - fermion
\ /
S, F S, F
Cigie g _gzz’g]j Nz]z] A (m’ivmjvmi’amj’)

1 equal

S — F <
As = dmym Ay =0 masses
AF 1 AF ity + ey

i "=
& 2m; 2m
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Ve ‘f:\

LEPTONS (PRELIMINARY)

. excluded by leptons at 99% CL \

Leptons =
combined:
electrons

e fraction

e +e

10— 300 1000 1500 2000 2500 3000

The thiner diffusion zone gives stronger constraint
other way around than for antiprotons!
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RESULTS

T CO-ANNIHILATION
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Eftfect smeared out: both attractive and repulsive channels
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(7eprv) |GeV ™9

RESULTS

t CO-ANNIHILATION

- ' — m; — 1845 GeV; with SE |
------- - myj = 184.5 GeV; no SE
------- m; = 192.0 GeV; with SE
- my = 192.0 GeV; no SK
10-8 == mj = 210.8 GeV; with SE _
g = 210.8 GeV, no SE
Lo~ ]
o *

10 100 LOCO 10000

r=my/T Ve

Large effect at early times
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EFFECT OF EW CORRECTIONS

1. MODIFICATION OF (ov)

I I
| |

| INAAAAN ! Ky
I l 4

l 1 l

— - ————

f’ X f' < fl

Lifting of the helicity suppression!

Bergstrom, Phys. Lett. B225 (1989) 372j|,




EFFECT OF EW CORRECTIONS

1. MODIFICATION OF (ov)

I | 5
i r=101 Solid: y, =3 e
- Dashed: y, =2 - r = 2
i | mX

BoaylTWw D
—
-
[l
[
(\®)

P—

large EW _corrections” Ciafaloni et al., JCAP 1206 (2012) 016
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EFFECT OF EW CORRECTIONS
2. NEW SPECTRAL FEATURES

IB ,bump”
0. L T—— in photons

N I D m X

ia:f 001 X

0.001
r=E., /-n.zx
Bringmann et al.,JHEP 0801 (2008) 049
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EFFECT OF EW CORRECTIONS

3. SOFTER SPECTRA + MORE FINAL SM STATES

e; at M = 3000 GeV

10 &

dN/dInE
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CROSS-SECTION

TO NEUTRAL GAUGE BOSONS

e 1 At the LO annihilation
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RESULTS

WINO-HIGGSINO
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: — My = 1.5 TeV, p =5 TeV:; with SE
1077 F

My = 1.5 TeV, u = 5 TeV; no SE )
---= My = 2.53 TeV, p = 5 TeV; with SE
—= My =253 TeV, p =5 TeV; no SE o
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Wino-like: large effect on(0egv)
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RESULTS

WINO-HIGGSINO
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Higgsino-like: mild effect on{oegv)
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