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Fermi

PAMELA

no excess!background?

background?

CR LEPTON PUZZLE

Unexpected rise in 
positron fraction 

spectrum observed for
E ! 10 GeV

... but no accompanying 
excess in antiproton flux!



DARK MATTER ANNIHILATION

primary 
annihilation 

process

shower development: 
splitting, hadronization,

fragmentation/decay
(e.g. PYTHIA)

indirect 
detection
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DARK MATTER ANNIHILATION
WITH EW CORRECTIONS

loop corrections
internal bremsstrahlung
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χ

χ

WHEN THE EFFECT IS LARGE? 
1. VIRTUAL INTERNAL BREMSSTRAHLUNG

i) Gauge boson emission evades a symmetry constraint

ii) t - channel annihilation into bosons

e.g. helicity suppression lifting

Dt =
1

m2
χ −m2

φ +m2

X + 2mχEXφ

if ≈ 0 enhancement 
for small EX

model dependent!
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Bergstrom, Phys. Lett. B225 (1989) 372  

Bringmann et al.,JHEP 0801 (2008) 049  



WHEN THE EFFECT IS LARGE? 
2. FINAL STATE RADIATION

iii) TeV-scale DM
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m
2

W

m = 1 TeV, α2 ≈
1

30
⇒ ≈ 0.17 ≈ 0.86

enhancement by large (Sudakov) logarithms

m ! mW resambles IR divergence of QED or QCD
Bloch-Nordsieck violation

Ciafaloni et al., Nucl. Phys. B589 (2000) 359  
Bloch-Nordsieck: QED in the inclusive cross-section IR logs cancel
Kinoshita-Lee-Nauenberg: generalized to SM, but only when summed 
over initial non-abelian charge

model independent! PPPC 4DM ID: Cirelli et al., JCAP 1103(2011) 051  
Ciafaloni et al., JCAP 1103 (2011) 09  



ONE-LOOP COMPUTATION 
FOR A WINO DM MODEL
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RESULTS
χ0χ0

→ W+W−
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loop corrections



RESULTS
χ0χ0

→ W+W−

radiative corrections
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loop corrections



RESULTS
χ0χ0

→ W+W−

radiative corrections

t quark production
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loop corrections



RESULTS
χ0χ0

→ W+W−

radiative corrections

t quark production

total

11

loop corrections



RESULTS
χ0χ0

→ W+W−

radiative corrections

t quark production

total

loop corrections

full one-loop result
O
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with
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excluding term



ONE-LOOP COMPUTATION 
FOR A WINO DM MODEL
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THE SOMMERFELD EFFECT
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THE SOMMERFELD EFFECT

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

1

mφ
!

1

αmχ

mχv
2 ! α

2
mχ

one-loop ∝ α

mχ

mφre-summation

kinetic 
energy

Bohr 
energy

force
range

Bohr 
radius

in a special case of Coulomb force: S(v) =
πα/v

1− e−πα/v
≈ π

α

v

15

σSE = S(v)σ0



THE SOMMERFELD EFFECT 
WITH A DARK FORCE

present day: 
indirect 

detection freeze-out: relic density

Coulomb resonance
1

mφ
≈

1

αmχ
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THE SOMMERFELD EFFECT 
IN THE MSSM

Hisano et al., Phys.Rev. D67 (2003) 075014  

neutralino gravitino sneutrino
NO NOYES!

force carriers:
γ, W±, Z0, h0

1, h
0

2, H
±

W+

χ0

χ0
χ−

χ+ χ0 χ0 χ+ χ0

Z0, h0 · · ·
W+ W+

γ

H+ H+
Z0

h0

χ+χ+

δm ! mχ

mχ ! mW
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THE SOMMERFELD EFFECT 
IN THE MSSM

co-annihilations!

δm ! mχ

χ
±

τ̃ t̃

U(1)em
SU(3)c

Sommerfeld effect for co-annihilating channels!
18



RELIC DENSITY 

〈σeffv〉 =
∑

ij

〈σijvij〉
n
eq
i n

eq
j

n
2
eq

dY

dx
=

√

g∗πm2
χ

45G

〈σeffv〉

x2

(

Y 2 − Y 2
eq

)

Boltzmann equation for the comoving number density;

effective thermal averaged annihilation cross-section:
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σij =
∑

X

σ(χiχj → X)with:
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σij =
∑

X

σ(χiχj → X)

Boltzmann equation for the comoving number density;

effective thermal averaged annihilation cross-section:

with:
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RELIC DENSITY 
WITH THE SE

〈σeffv〉 =
∑

ij

Sij(T, v)〈σijvij〉
n
eq
i n

eq
j

n2
eq



SOMMERFELD FACTORS 
THE METHOD

φ
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V
φ
ij,i′j′(x) = p

cij,i′j′(φ)

4π

e−
mφ
p

x

x
E = !p2/2mab

r

Idea: treat every possible interaction separately

compute potentials and obtain
set of Schrodinger eqns.:

R. Iengo, JHEP 0905 (2009) 024  

with:
notation:

x = p r

δmij = mi′ +mj′ − (mi +mj)
21



SOMMERFELD FACTORS 
COEFFICIENTS: FERMIONS

84 CHAPTER 4. THE SOMMERFELD EFFECT

Spin singlet

⇥ : scalar (� 1) vector (� �0) axial (� �i�5)

c , g2 g2 3g2

c , g2 g2 3g2

cii, 2 gi 2 2 gi 2 3 2 gi 2

cij, 2Re gi gj 2Re gi gj 6Re gi gj
cii,jj 2 gij 2 g2ij g 2

ij 2 gij 2 g2ij g 2
ij 3 2 gij 2 g2ij g 2

ij

cij,ij 2 gij 2 g2ij g 2
ij 4giigjj 2 gij 2 g2ij g 2

ij 3 2 gij 2 g2ij g 2
ij 12giigjj

c i, i gi 2 2giig gi 2 3 gi 2 6giig

c i, j gi gj 2gRe gij gi gj 2giIm gij 3gi gj 6gRe gij
cii,ii 4g2ii 0 12g2ii
cij,ii 4 2giiRe gij 0 12 2giiRe gij

Spin triplet

c , g2 g2 g2

c , g2 g2 g2

cii, 0 0 0

cij, 2iIm gi gj 2iIm gi gj 2iIm gi gj
cii,jj 0 0 0

cij,ij 2 gij 2 g2ij g 2
ij 4giigjj 2 gij 2 g2ij g 2

ij 2 gij 2 g2ij g 2
ij 4giigjj

c i, i gi 2 2ggii gi 2 gi 2 2ggii
c i, j gi gj 2gRe gij gi gj 2giIm gij gi gj 2gRe gij
cii,ii 0 0 0

cij,ii 0 0 0

Couplings: g�ij⇤̄j�⇤i⇥ h.c. i⇥ i j , g�i ⌅̄�⇤i⇥ h.c., g�⌅̄�⌅⇥, where � 1, �0, �i�5

Table 4.1: List of all possible coe⇤cients in the potential V �
ij,i j r for the Sommerfeld e⇥ect

computation. The table includes any annihilation process involving one spin 1 2 Dirac fermion
(denoted by or depending on whether it is a particle or antiparticle) and/or two di⇥erent
Majorana spin 1 2 fermions (denoted by i and j), for an even partial wave. Couplings are defined
in the last line for each �, where ⇤ is a Majorana fermion, ⌅ a Dirac field, ⇥ is the exchanged
boson. When applied to the MSSM, where one needs to consider a chargino and one or two
neutralinos, some of the coe⇤cients vanish due to the CP conservation and couplings of type gii
are negligible. The overall ” ” sign refers to an attractive force while ” ” to a repulsive force.
Note also that cij,kl ckl,ij .

repulsive

attractive

22



DARKSE 
NUMERICAL PACKAGE FOR DARKSUSY

D
ar

kS
U

SY

spectrum
SE channels

Sij(T, v)〈σeffv〉

annihilation 
cross-sections

solve 
Boltzmann eq.

MSSM parameters

relic density

D
arkSE

potentials

solve
Schrodinger eqs.

〈σeffv〉SE

with SE
23

P. Gondolo et al., JCAP 0407 (2004) 008  



RESULTS 
WINO-HIGGSINO
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RESULTS 
WINO-HIGGSINO
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RESULTS 
     CO-ANNIHILATIONt̃

Even factor of few suppression of the relic density
see also Freitas, Phys.Lett. B652 (2007) 280  

26



RESULTS 
     CO-ANNIHILATIONτ̃

Nevertheless, visible shift of the maximal mass allowed
27



INDIRECT DETECTION SIGNALS
FOR A WINO DM MODEL

28



WINO DM 

29

viable, well-motivated SUSY DM candidate

simple but rich phenomenology

thermal Wino: mass at TeV scale

t-channel annihilation to

degenerate with chargino                       Sommerfeld effect

possibly testable only in ID

W
+
W

−

}

}

large EW corrections

Aχ0χ0→SM = s0A
0
χ0χ0→SM + s±A

0

χ+χ−→SM
.

s0 ≡ ∂xϕ
0(x)|x=0, s± ≡ ∂xϕ

±(x)|x=0

Z, γ
W+

χ+
χ−

W+(Z, γ)

χ0(χ+)

W+W−

χ0(χ±)

W±(Z, γ)

W±(Z, γ)

χ±(χ0)

Z, γZ, γ
(W±) (W∓)

W±

γ

Z, γ χ+(χ0)

W−

(W+)

(Z, γ)

W+(Z, γ)

χ+χ−

W−W+ W−W+

Z, γ

Z, γ

Z, γ

Z, γ

W+ W−



CROSS-SECTION 

tree level result ∼ 1/m2
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CROSS-SECTION 

tree level result ∼ 1/m2

with g at scale 
    with SM running

m
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CROSS-SECTION 

tree level result ∼ 1/m2

with g at scale 
    with SM running

m

full one-loop result
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CROSS-SECTION 

tree level result ∼ 1/m2

with g at scale 
    with SM running

m

full one-loop result

tree level + Sommerfeld
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CROSS-SECTION 

tree level result ∼ 1/m2

with g at scale 
    with SM running

m

full one-loop result

tree level + Sommerfeld

one-loop + Sommerfeld
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CROSS-SECTION 

tree level result ∼ 1/m2

with g at scale 
    with SM running

full one-loop result

tree level + Sommerfeld

one-loop + Sommerfeld

if for the Sommerfeld
g at scale      is usedm

35

m



ANNIHILATION SPECTRA 
AT PRODUCTION

36

dN

dx
=

1

σ

dσ

dx
Number of final particles per annihilation:

tree

EW

SE

the same
cross-section



COSMIC-RAY PROPAGATION

∂N i

∂t
− "∇ ·

(

Dxx
"∇− "vc

)

N i
+

∂

∂p

(

ṗ−
p

3
"∇ · "vc

)

N i
−

∂

∂p
p2Dpp

∂

∂p

N i

p2
=

Qi(p, r, z) +
∑

j>i

cβngas(r, z)σijN
j
− cβngasσin(Ek)N

i
−

∑

j<i

N i

τ i→j
+

∑

j>i

N j

τ j→i

spatial diffusion
convection cont. E loss

reacceleration

source spallation decays

D(R, r, z) = D0β
η

(

R

R0

)δ

e(|z|/zd)e((r−rsun)/rd)

37

and solved it with DRAGON
C. Evoli et al., JCAP 0810 (2008) 018  



PROPAGATION MODELS
128 CHAPTER 5. INDIRECT DETECTION OF WINO DARK MATTER

Benchmark Fitted Fitted Goodness
zd ⇥ rd D0 1028 vA ⇤ �p

1 �p
2 Rp

0,1 ⌅2
B C ⌅2

p ⌅2
p̄ ⌅2

e ⌅2
tot

[kpc] [kpc] [cm2s 1] [km s 1] GV Ek 5 GeV

0.5 0.5 20 0.191 11.0 -0.60 2.11 2.36 2.18 16.9 0.69 0.67 0.37 0.68 0.65
1 0.5 20 0.53 16.3 -0.521 2.04 2.34 2.18 16.0 0.96 0.46 0.38 0.69 0.58
1.4 0.5 20 0.738 15.5 -0.499 2.11 2.36 2.18 16.1 0.51 0.62 0.36 0.71 0.60
1.7 0.5 20 0.932 16.2 -0.476 2.11 2.35 2.18 14.6 0.47 0.65 0.35 0.72 0.60
2 0.5 20 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 5.19 17.1 -0.448 2.10 2.36 2.18 14.2 0.45 0.95 0.34 0.77 0.77

Table 5.1: Benchmark propagation models. Everywhere the convection is neglected vc 0. The second
break in the proton injection spectra is always 300 GV. For primary electrons we use a broken power-law
with spectral indices 1.6 2.62 and a break at 7 GV. For He and heavier nuclei we assumed one power-
law with index 2.3 and 2.25, respectively. The parameters were obtained by fitting to B/C, proton and
electron data. The antiproton ⌅2

p̄ is then a predicted one. The total ⌅2
tot has been obtained by combining

all the channels. See the text for more details.

Anticipating the discussion of the dark matter originated fluxes, on Fig. 5.6 we show
how they are a�ected by varying the propagation model. The dotted lines correspond to
our benchmark models, while solid ones single out the thin, medium and thick cases. As
expected, the uncertainty associated with the propagation model is less important when
going to higher energies, but even then it remains substantial.

Indeed, in the Wino model the phenomenologically most important e�ect of this un-
certainty is the variation of high energy p̄ fluxes originating from the dark matter, as we
discuss below.

5.3.2 Antiprotons

In the cosmic rays antiprotons are far less abundant then the protons. They are believed
not to be produced in astrophysical sources and hence the observed flux is secondary
coming from interactions of protons (and to a certain extent also heavier nuclei) with the
interstellar gas composing mostly of hydrogen (atomic and molecular) and helium. These
produced antiprotons then propagate and interact with the gas by themselves, sometimes
annihilating and sometimes scattering inelastically and loosing energy. The latter process
introduces softening of the spectrum and is commonly taken into account by treating
all the inelastic collisions as annihilating p̄s and replacing them by the so-called tertiary
source.

Note, that for all these processes, the gas distribution plays an important role. As
discussed above, in all our computations we implemented the gas model derived in [284],
based on the most precise observational surveys available up to date.

38

B
/C

E
2
×

p
ro
to
n
fl
u
x



PROPAGATION MODELS
128 CHAPTER 5. INDIRECT DETECTION OF WINO DARK MATTER

Benchmark Fitted Fitted Goodness
zd ⇥ rd D0 1028 vA ⇤ �p

1 �p
2 Rp

0,1 ⌅2
B C ⌅2

p ⌅2
p̄ ⌅2

e ⌅2
tot

[kpc] [kpc] [cm2s 1] [km s 1] GV Ek 5 GeV

0.5 0.5 20 0.191 11.0 -0.60 2.11 2.36 2.18 16.9 0.69 0.67 0.37 0.68 0.65
1 0.5 20 0.53 16.3 -0.521 2.04 2.34 2.18 16.0 0.96 0.46 0.38 0.69 0.58
1.4 0.5 20 0.738 15.5 -0.499 2.11 2.36 2.18 16.1 0.51 0.62 0.36 0.71 0.60
1.7 0.5 20 0.932 16.2 -0.476 2.11 2.35 2.18 14.6 0.47 0.65 0.35 0.72 0.60
2 0.5 20 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 5.19 17.1 -0.448 2.10 2.36 2.18 14.2 0.45 0.95 0.34 0.77 0.77

Table 5.1: Benchmark propagation models. Everywhere the convection is neglected vc 0. The second
break in the proton injection spectra is always 300 GV. For primary electrons we use a broken power-law
with spectral indices 1.6 2.62 and a break at 7 GV. For He and heavier nuclei we assumed one power-
law with index 2.3 and 2.25, respectively. The parameters were obtained by fitting to B/C, proton and
electron data. The antiproton ⌅2

p̄ is then a predicted one. The total ⌅2
tot has been obtained by combining

all the channels. See the text for more details.

Anticipating the discussion of the dark matter originated fluxes, on Fig. 5.6 we show
how they are a�ected by varying the propagation model. The dotted lines correspond to
our benchmark models, while solid ones single out the thin, medium and thick cases. As
expected, the uncertainty associated with the propagation model is less important when
going to higher energies, but even then it remains substantial.

Indeed, in the Wino model the phenomenologically most important e�ect of this un-
certainty is the variation of high energy p̄ fluxes originating from the dark matter, as we
discuss below.

5.3.2 Antiprotons

In the cosmic rays antiprotons are far less abundant then the protons. They are believed
not to be produced in astrophysical sources and hence the observed flux is secondary
coming from interactions of protons (and to a certain extent also heavier nuclei) with the
interstellar gas composing mostly of hydrogen (atomic and molecular) and helium. These
produced antiprotons then propagate and interact with the gas by themselves, sometimes
annihilating and sometimes scattering inelastically and loosing energy. The latter process
introduces softening of the spectrum and is commonly taken into account by treating
all the inelastic collisions as annihilating p̄s and replacing them by the so-called tertiary
source.

Note, that for all these processes, the gas distribution plays an important role. As
discussed above, in all our computations we implemented the gas model derived in [284],
based on the most precise observational surveys available up to date.
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PROPAGATION MODELS
128 CHAPTER 5. INDIRECT DETECTION OF WINO DARK MATTER

Benchmark Fitted Fitted Goodness
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Table 5.1: Benchmark propagation models. Everywhere the convection is neglected vc 0. The second
break in the proton injection spectra is always 300 GV. For primary electrons we use a broken power-law
with spectral indices 1.6 2.62 and a break at 7 GV. For He and heavier nuclei we assumed one power-
law with index 2.3 and 2.25, respectively. The parameters were obtained by fitting to B/C, proton and
electron data. The antiproton ⌅2

p̄ is then a predicted one. The total ⌅2
tot has been obtained by combining

all the channels. See the text for more details.

Anticipating the discussion of the dark matter originated fluxes, on Fig. 5.6 we show
how they are a�ected by varying the propagation model. The dotted lines correspond to
our benchmark models, while solid ones single out the thin, medium and thick cases. As
expected, the uncertainty associated with the propagation model is less important when
going to higher energies, but even then it remains substantial.

Indeed, in the Wino model the phenomenologically most important e�ect of this un-
certainty is the variation of high energy p̄ fluxes originating from the dark matter, as we
discuss below.

5.3.2 Antiprotons

In the cosmic rays antiprotons are far less abundant then the protons. They are believed
not to be produced in astrophysical sources and hence the observed flux is secondary
coming from interactions of protons (and to a certain extent also heavier nuclei) with the
interstellar gas composing mostly of hydrogen (atomic and molecular) and helium. These
produced antiprotons then propagate and interact with the gas by themselves, sometimes
annihilating and sometimes scattering inelastically and loosing energy. The latter process
introduces softening of the spectrum and is commonly taken into account by treating
all the inelastic collisions as annihilating p̄s and replacing them by the so-called tertiary
source.

Note, that for all these processes, the gas distribution plays an important role. As
discussed above, in all our computations we implemented the gas model derived in [284],
based on the most precise observational surveys available up to date.
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SEARCH CHANNELS
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antimatter gamma-rays neutrinos

p̄ e
+

d̄ diffuse lines dSphs

galactic GC extragalactic

only resonance

mainly resonance

favors thick
diff. zones! 
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GAMMA RAY SKY-MAPS

zd = 10 kpc 

zd = 1 kpc zd = 4 kpc 

Fermi data favors thick
 diffusion zones
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ANTIPROTONS

The thicker diffusion zone
the stronger the constraint!

zd
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SUMMARY 
INDIRECT DETECTION
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mχ ! 450 GeV 2.2 TeV ! mχ ! 2.5 TeV

Wino DM is ruled out for

antiprotons + diffuse gamma-rays
antiprotons + diffuse gamma-rays
dSphs

leptons

GC

It cannot explain the lepton CR puzzle

Thermal Wino DM evades all ID constraints...

see also Belanger et al., arXiv: 1208.5009



ANTIDEUTERONS
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m=2.5 TeV m=0.5 TeV 

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

Dal and Kachelriess, arXiv: 1207.4560
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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.



50

MIAPP Workshops 2014 
The Extragalactic Distance Scale 

26 May  – 20 June 2014 
L. Macri, W. Gieren, W. Hillebrandt, R. Kudritzki

Neutrinos in Astro- and Particle Physics 
30 June – 25 July 2014   
S. Schönert, G. Ra!elt, A. Smirnov, T. Lasserre

Challenges, Innovations and Developments in Precision Calculations for the LHC  
28 July – 22 Aug. 2014 
M. Krämer, S. Dittmaier, N. Glover, G. Heinrich 

Cosmology after Planck  
25 Aug . – 19 Sept. 2014 
N. Aghanim, E. Komatsu, B. Wandelt, J. Weller

Submission of proposals/application for workshop participation:  
www.munich-iapp.de

PARTICLE & NUCLEAR PHYSICS

A S T R O P H Y S I C S

©
 C

ER
N

©
 G

io
va

nn
i B

en
in

te
nd

e

Excellence Cluster
Universe

Munich Institute for Astro- and Particle Physics  
www.munich-iapp.de  

Submission of proposals for 2015 is open!



THANK YOU

51



RELIC DENSITY 
WITH THE SE

〈σeffv〉 =
∑

ij

Sij(T, v)〈σijvij〉
n
eq
i n

eq
j

n2
eq

v(T ) = v · !

(

1−
T 2

T 2
c

)1/2

Tc ≈ mh

∆m2

g =
3

2
g2sT

2
∆m2

γ =
11

6
g2Y T

2
∆m2

W,Z =
11

6
g22T

2

Why temperature dependence?

Higgs VEV

Debye masses

Strumia et al., Nucl. Phys. B787 (2007) 152  
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RESULTS 
WINO-HIGGSINO

Zoom on the resonance
effect on relic densityM2!Μ
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THE SOMMERFELD EFFECT 
WITH A DARK FORCE
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rich resonance structure, with very large enhancements
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SOMMERFELD FACTORS 
RESULTS: SCALARS
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LEPTONS (PRELIMINARY)

{
{

thin
thick

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

Leptons = 
combined:
electrons 
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RESULTS 
     CO-ANNIHILATIONτ̃

Effect smeared out: both attractive and repulsive channels
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RESULTS 
     CO-ANNIHILATIONt̃

Large effect at early times
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EFFECT OF EW CORRECTIONS 
1. MODIFICATION OF 〈σv〉

Lifting of the helicity suppression!

σv ≈ a+ bv
2

v ∼ 10
−3

8

∝

m
2

f
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2
χ

+O(v0)

[
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2
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2
φ

)

ISR

+O

(

m
4
χ

m
4
φ

)

VIB+FSR

]

φ

helicity suppression

Bergstrom, Phys. Lett. B225 (1989) 372  



EFFECT OF EW CORRECTIONS 
1. MODIFICATION OF 〈σv〉
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Figure 2. Cross section ratios between the 3-body annihilation processes (two light quarks and a gauge
boson) and the W+W� annihilation channel, as a function of y⇥ (top panel),

⇥
r = M�/M⇥ (central panel),

and M⇥ (bottom panel).

in the limit mZ � 0.

In Fig. 2 we show the ratio between the s-wave opened by the 3-body annihilation processes

including ISR and the one from annihilation into W+W� for di�erent choices of M�, r and y�.

A complete comparison of the cross sections at O(g6) would require to include also the one-loop

– 6 –

Ciafaloni et al., JCAP 1206 (2012) 016 large EW „corrections”

r ≡

m
2

φ

m
2
χ
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EFFECT OF EW CORRECTIONS 
2. NEW SPECTRAL FEATURES

Bringmann et al.,JHEP 0801 (2008) 049  

IB „bump” 
in photons

62

3

FIG. 1: Types of diagrams that contribute to the first or-
der QED corrections to WIMP annihilations into a pair of
charged particle final states. The leading contributions to di-
agrams (a) and (b) are universal, referred to as final state
radiation (FSR), with a spectral distribution which only de-
pends slightly on the final state particle spin and has been
calculated, e.g., in [16]. Internal bremsstrahlung from virtual
particles (or virtual internal bremsstrahlung, VIB) as in dia-
gram (c), on the other hand, is strongly dependent on details
of the short-distance physics such as helicity properties of the
initial state and masses of intermediate particles.

mA ≈ 2mχ, where annihilations in the early universe
are enhanced by the presence of the near-resonant pseu-
doscalar Higgs boson; the hyperbolic branch or focus
point region where m0 " m1/2; the stau coannihilation
region where mχ ≈ mτ̃ ; and finally the stop coannihila-
tion region (arising when A0 #= 0) where mχ ≈ mt̃. The
stau coannihilation region has recently been noticed to
have favourable properties for indirect detection rates in
antiprotons and gamma-rays [24]. In this paper we will
show that, in addition, there is a great enhancement of
the high energy gamma-ray signature in this region.

III. INTERNAL BREMSSTRAHLUNG FROM
WIMP ANNIHILATIONS

A. The general case

Whenever WIMPs annihilate into pairs of charged par-
ticles XX̄, this process will with a finite probability au-
tomatically be accompanied by internal bremsstrahlung
(IB), i.e. the emission of an additional photon in the
final state (note that in contrast to ordinary, or exter-
nal, bremsstrahlung no external electromagnetic field is
required for the emission of the photon). As visualized
in Fig. 1, one may distinguish between photons directly
radiated from the external legs (final state radiation,
FSR) and photons radiated from virtual charged particles
(which we will refer to as virtual internal bremsstrahlung,
VIB). So, to be more specific, the IB photons will be the
total contribution from both FSR and VIB photons.

If the charged final states are relativistic, FSR
diagrams are always dominated by photons emitted
collinearly with X or X̄. This is a purely kinematical
effect and related to the fact that the propagator of the
corresponding outgoing particle,

D(p) ∝
(
(k + p)2 − m2

X

)−1
, (2)

diverges in this situation. Here, k and p denote the mo-
menta of the photon and the outgoing particle, respec-
tively. The resulting photon spectrum turns out to be

of a universal form, almost independent of the underly-
ing particle physics model [16, 17]. Defining the photon
multiplicity as

dNXX̄

dx
≡

1

σχχ→XX̄

dσχχ→XX̄γ

dx
, (3)

where x ≡ 2Eγ/
√

s = Eγ/mχ and s is the center-of-mass
energy, it is given by [16]:

dNXX̄

dx
≈

αQ2
X

π
FX(x) log

(
s(1 − x)

m2
X

)
. (4)

Here, QX and mX are the electric charge and mass of X ;
the splitting function F(x) depends only on the spin of
the final state particles and takes the form

Ffermion(x) =
1 + (1 − x)2

x
(5)

for fermions and

Fboson(x) =
1 − x

x
(6)

for bosons. Due to the logarithmic enhancement that
becomes apparent in Eq. (4), FSR photons are often the
main source for IB (note that very near the kinematical
endpoint, x ∼ 1 − m2

X/s, it is not sufficient anymore to
only keep leading logarithms and one can thus no longer
expect Eq. (4) to be a good approximation for the actual
spectrum). A prominent example where FSR in this uni-
versal form not only dominates IB but in fact the total
gamma-ray spectrum from WIMP annihilations, is the
case of Kaluza-Klein dark matter [17].

In general, one can single out two situations where pho-
tons emitted from virtual charged particles may give an
even more important contribution to the total IB spec-
trum than FSR: i) the three-body final state XX̄γ satis-
fies a symmetry of the initial state that cannot be satis-
fied by the two-body final state XX̄ or ii) X is a boson
and the annihilation into XX̄ is dominated by t-channel
diagrams. To understand that the first case only leads to
an enhancement of VIB, and not of FSR, we recall that
the latter is dominated by collinear photons, i.e. the (vir-
tual) final state particles are almost on mass-shell; the
two- and three-body final states are thus bound to the
same symmetry constraints. The enhancement of the an-
nihilation rate in the second case follows from a closer in-
spection of the t-channel propagator. For non-relativistic
WIMPs, it takes the form

Dt(p) ∝
(
(l − p)2 − m2

X̃

)−1

≈
(
m2

χ − m2
eX

+ m2
X + 2mχEX

)−1

, (7)

where l is the momentum of one of the ingoing WIMPs
and X̃ denotes the particle that is exchanged in the t-
channel. If χ and X̃ are almost degenerate in mass,
one thus finds an enhancement for small EX which – for
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VIB). So, to be more specific, the IB photons will be the
total contribution from both FSR and VIB photons.
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EFFECT OF EW CORRECTIONS 
3. SOFTER SPECTRA + MORE FINAL SM STATES
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), � (red), ⇥ = (⇥e+⇥µ+⇥� )/3

(black).
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CROSS-SECTION 
TO NEUTRAL GAUGE BOSONS

64

W+W−

χ+
χ−

Z, γ

χ+

Z, γZ, γ

W+, Z, γ

W+(Z, γ)

χ0(χ±)

Z, γ

W±

χ0

W± W∓

At the LO annihilation 
to                    occurs atZZ, Zγ, γγ
O(g8) level



RESULTS 
WINO-HIGGSINO

〈σeffv〉Wino-like: large effect on
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RESULTS 
WINO-HIGGSINO

〈σeffv〉Higgsino-like: mild effect on
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