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Introduction
Strong evidence for particle dark
matter, with

Ωobsh
2 = 0.1123 ± 0.0035

obtained within ΛCDM model from
WMAP7 + BAO + h

Thermal relic density of dark matter
particles:

Ωh
2 ≈ 0.1

�
3 · 10−26

cm
3
s
−1

�σAv�Tf.o.

�

�σAv�Tf.o. annihilation cross section at
the about freeze-out temperature
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Dark matter annihilation

Indirect detection depends on
the annihilation cross section,
but for low velocity WIMPs in
DM halos

flux ∼ n
2�σAv�DM halo,

i.e. essentially in v → 0 limit
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Dark matter annihilation

Indirect detection depends on
the annihilation cross section,
but for low velocity WIMPs in
DM halos

flux ∼ n
2�σAv�DM halo,

i.e. essentially in v → 0 limit
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After the annihilation, the final states
decay and/or fragmentate and produce
showers of softer stable states γ, e

+,
p̄, ν, d̄

→ those propagate down to Earth

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 3/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

Electroweak corrections
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Tree level annihilation +
Monte Carlo
shower/hadronization/fragmentation
code (e.g. PYTHIA)
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Electroweak corrections

χi

χj

p̄

π0

π+

γ

γ

νµ

µ+

ν̄µ

νe

e

γ

�

...

One-loop level
annihilation

+
Monte Carlo
shower/hadronization/fragmentation
code (e.g. PYTHIA)
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Importance of EW corrections for DM

corrections (large in some cases)
to the �σv�
softer SM particles spectra at
DM annihilation
all stable SM particles in the final
spectrum, even if not present in
the annihilation channel
additional new spectral features:
bumps and sharp cutoffs
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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 yχ (top panel),

√
r = Mφ/Mχ (central panel),

and Mχ (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 different choices of Mχ, r and yχ.

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

– 6 –

Ciafaloni et al. 1202.0692

Rich literature in recent years about this topic:
Boudjema, Kechelriess, Serpico, Ciafaloni, Ciafaloni, Comelli, Urbano, de Simone,
Strumia, Cirelli, Bergstrom, Bringmann, Eriksson, Gustafsson, Dent, Weiler, ...
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5

In the last part of this section, let us briefly describe
how we implemented IB from the various possible final
states of neutralino annihilations in DarkSUSY. The total
gamma-ray spectrum is given by

dNγ,tot

dx
=

�

f

Bf

�
dNγ,sec

f

dx
+

dNγ,IB
f

dx
+

dNγ,line
f

dx

�
,

(10)
where Bf denotes the branching ratio into the annihi-
lation channel f . The last term in the above equation
gives the contribution from the direct annihilation into
photons, γγ or Zγ, which result in a sharp line feature
[27]. The first term encodes the contribution from sec-
ondary photons, produced in the further decay and frag-
mentation of the annihilation products, mainly through
the decay of neutral pions. This “standard” part of the
total gamma-ray yield from dark matter annihilations
shows a feature-less spectrum with a rather soft cutoff
at Eγ = mχ. In DarkSUSY, these contributions are in-
cluded by using the Monte Carlo code PYTHIA [28] to
simulate the decay of a hypothetical particle with mass
2mχ and user-specified branching ratios Bf . In this way,
also FSR associated to this decay is automatically in-
cluded (the main contribution here comes from photons
directly radiated off the external legs, but also photons
radiated from other particles in the decay cascade are
taken into account). On the other hand, IB from the
decay of such a hypothetical particle cannot in general
be expected to show the same characteristics as IB from
the actual annihilation of two neutralinos. In particular,
and as discussed in length at the beginning of this Sec-
tion, we expect important VIB contributions in the latter
case – while in the first case there are simply no virtual
particles that could radiate photons. We therefore calcu-
late analytically the IB associated to the decay (i.e. FSR
from the final legs) and subtract it from dNγ,sec

f /dx as

obtained with PYTHIA; for dNγ,IB
f /dx, we then take the

full IB contribution from the actual annihilation process
as described before. Hence, this procedure leaves us with
corrected PYTHIA results without FSR on the external
legs and our analytical calculation of IB (including FSR
and VIB) that we add to this. 1

Let us conclude this section by showing in Fig. 2 four

1 We would like to stress that this prescription is fully consistent
since both the original and the corrected IB versions are gauge-
invariant separately. Strictly speaking, however, we have only
corrected for photons originating directly from the external states
and not for those radiated from particles that appear later in the
decay cascade. On the other hand, one would of course expect
that modifying the energy distribution of the charged particles
corresponding to these external legs also affects the further de-
cay cascade. Note, however, that the resulting change in the
photon spectrum is a second order effect; more important, for
kinematical reasons it does not affect photons at energies close
to mχ – which, as we shall see, are the most relevant. Finally, we
observe that our subtraction procedure has only a minor effect
on the photon spectrum obtained by PYTHIA and no practical
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FIG. 2: From top to bottom, the gamma-ray spectra for the
benchmark models defined in Tab. I is shown. The contribu-
tions from IB and secondary photons is indicated separately
(in these figures, the line signal is not included).
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Wino dark matter
In the MSSM the neutralino is a combination of gauginos (B̃,W̃3) and
higgsinos (h̃0

1,h̃0
2):

χ̃0
i
= Ni1B̃ + Ni2W̃

3 + Ni3h̃
0
1 + Ni4h̃

0
2

If Ni2 � Ni1,Ni3,Ni4 then neutralino is Wino-like and
is nearly degenerated in mass with the lightest chargino

mχ± − mχ0 ≈ 170 MeV

is in an adjoint of SU(2)
if mχ0 > mW has very efficient annihilation channel into W

+
W

−

⇒ typically too small thermal relic density, at tree level:

ΩDMh
2 ≈ 0.11 ⇒ mχ0 ≈ 2.2 TeV

... but then, large corrections!
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Why corrections are large?

Typically, one expects that EW one-loop corrections are at most a few %. At
TeV scale, however, soft/collinear Bremsstrahlung gauge bosons are
enhanced by large (Sudakov) logarithms:

α2 log
m

2

m
2
W

, α2

�
log

m
2

m
2
W

�2

m = 1 TeV, α2 ≈ 1
30 ⇒ ≈ 0.17 ≈ 0.86

When m � mW this resembles IR divergence of QED or QCD
→ Bloch-Nordsieck violation [Ciafaloni, Ciafaloni, Comelli, ’00]

Bloch-Nordsieck: in QED the inclusive cross-section IR Logs cancel
Kinoshita-Lee-Nauenberg: generalized to SM, but only when summed over
initial non-abelian charge
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Sommerfeld enhancement

Sommerfeld enhancement (effect) is a non-relativistic effect changing the
cross section due to the wave function distorsion by a long range potential.

Conditions for significant enhancement:
slow incoming particles

mχv2

� �� �
kinetic energy

� α2
mχ� �� �

Bohr energy

long range force
1

mφ����
force range

� 1
αmχ� �� �

Bohr radious
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Sommerfeld effect in the MSSM
In the MSSM:

Dark matter → lightest neutralino χ0
1

possible intermediate bosons: γ����
not χ0

1

, W
±, Z

0, h
0
1, h

0
2, H

+

� �� �
heavy

⇒ O
�
α m

mW

�
correction

It would seem that to have a large effect

1
mW

� 1
αmχ

⇒ mχ � 2.3 TeV

Moreover, if δm = mχ+ − mχ is too large then the effect is suppressed
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Sommerfeld effect in the MSSM

... but
as soon as one can produce nearly on-shell χ+, i.e. when E ≈ 2δm:

for relic density also co-annihilations are important → one needs to
compute Sommerfeld effect also for incoming χ+χ−, χ+χ0

1, ...

Wino-like χ0 has δm � mχ0 ⇒ Sommerfeld effect has to be included

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 10/23
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Sommerfeld enhancement without dark force
→ for the pure wino or pure higgsino in MSSM [Hisano et al. ’03, ’05]
→ for the Minimal Dark Matter model [Strumia et al. ’07]

Effect not so big as in models with dark force, but still important and much
less speculative!

[AH, R. Iengo, P. Ullio, ’10]

DarkSE: a numerical package for DarkSUSY computing relic density with
Sommerfeld effect for a general MSSM setup [AH, 1102.4295]

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 11/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

g at what energy scale?

Most of the computations in DM literature are done at tree level
→ clearly not enough for TeV scale

To take the radiative corrections into account one often take the value of g at
the scale of DM mass m and simply use RGE with one- or two-loop
β-function

This is not fully correct way to proceed:
[see also e.g. Guash et al. ’02; Chatterjee et al. ’11]

1 RGE holds in deep Euclidean regime: when external lines are on-shell
not only UV but also IR large Logs occur ⇒ threshold corrections

2 RGE is appropriate when there is one single large scale µ2: in
computation of the Sommerfeld effect, there are two: DM mass m and
the momentum transfer O(mW)

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 12/23
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One-loop computations

χ0χ0

W+

χ−

W−W+

χ0χ0

W−W+

W−
Z, γ Z, γ

χ0χ0

W−W+

χ0
χ0

W−W+

W±

1) 2) 3)

χ0χ0

W−W+

4)

W+χ+ χ−

Z, γ

χ0χ0

W−W+

5)

χ0χ0

W−
W+

W− γ

χ0χ0

W−W+

a)

χ0χ0

W−W+

b)

χ0χ0

W−

W+

c)

t b̄Z, γ Z, γ

Since χ0 is:
a Majorana fermion
non-relativistic, with essentially
v → 0
in adjoint of SU(2) and neutral
under U(1)

therefore:
1 the only interaction is through

vertex χ0χ±
W

∓

2 the initial χ0χ0 state is spin
singlet

The radiative amplitude corrections can be written as:
A = Atree

�
1 + g

2/(4π)2
Ci(m)

�
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One-loop χ0χ0 → W
+

W
− results
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One-loop χ+χ− → W
+

W
− annihilation

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−

Recall that the Sommerfeld effect:

χ0χ0 → χ+χ− → χ0χ0 → ... → SM

To be consistent one needs also to
compute one-loop corrections to
χ+χ− → W

+
W

− annihilation

Then the Sommerfeld enhanced amplitude:

A
SE

χ0χ0→W+W− = s0Aχ0χ0→W+W− + s±Aχ+χ−→W+W−

where s0 and s± are (complex) Sommerfeld factors
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Cross-section results

The total results for the σv vs. DM
mass m :

tree level result ∼ 1/m
2

when g at the scale m is used
with SM running
full O(g6) result (with one-loop
Sommerfeld correction)
tree level with re-summed
Sommerfeld effect
full O(g6) result with
re-summed Sommerfeld effect
what if g at the scale m is used
for the Sommerfeld effect

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 17/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

Cross-section results

The total results for the σv vs. DM
mass m :

tree level result ∼ 1/m
2

when g at the scale m is used
with SM running

full O(g6) result (with one-loop
Sommerfeld correction)
tree level with re-summed
Sommerfeld effect
full O(g6) result with
re-summed Sommerfeld effect
what if g at the scale m is used
for the Sommerfeld effect

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 17/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

Cross-section results

The total results for the σv vs. DM
mass m :

tree level result ∼ 1/m
2

when g at the scale m is used
with SM running
full O(g6) result (with one-loop
Sommerfeld correction)

tree level with re-summed
Sommerfeld effect
full O(g6) result with
re-summed Sommerfeld effect
what if g at the scale m is used
for the Sommerfeld effect

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 17/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

Cross-section results

The total results for the σv vs. DM
mass m :

tree level result ∼ 1/m
2

when g at the scale m is used
with SM running
full O(g6) result (with one-loop
Sommerfeld correction)
tree level with re-summed
Sommerfeld effect

full O(g6) result with
re-summed Sommerfeld effect
what if g at the scale m is used
for the Sommerfeld effect

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 17/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

Cross-section results

The total results for the σv vs. DM
mass m :

tree level result ∼ 1/m
2

when g at the scale m is used
with SM running
full O(g6) result (with one-loop
Sommerfeld correction)
tree level with re-summed
Sommerfeld effect
full O(g6) result with
re-summed Sommerfeld effect

what if g at the scale m is used
for the Sommerfeld effect

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 17/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

Cross-section results

The total results for the σv vs. DM
mass m :

tree level result ∼ 1/m
2

when g at the scale m is used
with SM running
full O(g6) result (with one-loop
Sommerfeld correction)
tree level with re-summed
Sommerfeld effect
full O(g6) result with
re-summed Sommerfeld effect
what if g at the scale m is used
for the Sommerfeld effect

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 17/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

One-loop χ+χ− to neutral gauge bosons

W+W−

χ+χ−
Z, γ

χ+

Z, γZ, γ

W+, Z, γ

W+(Z, γ)

χ0(χ±)

Z, γ

W±

χ0

W± W∓

Analogically, due to Sommerfeld enhancement, additional annihilation
channels:

χ0χ0 → χ+χ− → ZZ, Zγ, γγ
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Cross-section for χ0χ0 → ZZ, Zγ, γγ

At the leading order (LO) the
annihilation into ZZ,Zγ or γγ occurs
at O(g8) → dotted lines

Sommerfeld effect is suppressing in
the low m region (since one-loop
corrections are negative) but gives
strong enhancement near the
resonance

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 19/23



Introduction EW corrections Sommerfeld effect One-loop corrections Results Indirect detection Conclusions

Wino DM detection

How one can experimentally test the heavy Wino DM scenario?

Direct Detection → too heavy: sensitivity drops at a TeV scale ⇒ NO
(or at least not now, possibly in next generation, e.g. DARWIN)

LHC → again too heavy ⇒ NO

Indirect Detection ⇒ YES?

Two interesting questions:
1 Is the thermal Wino still allowed and if yes, can it be probed in near

future?
2 Can Wino explain CR anomalies? [e.g. Grajek et al. ’08; Kane et al. ’09]
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Thermal Wino scenario

p̄ flux

Propagation parameters:

δ = 0.5
zd = 4 kpc
rd = 20 kpc
dvc/dz = 0
D0 = 2.49 × 1028 cm2/s
η = −0.363
vA = 19.5 km/s

Best fit from [Cholis et al.; 1106.5073]
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Can it explain CR anomalies?

p̄ flux

The strategy:
look for max. cross-section
allowed by p̄ data ⇒ resonance
is it sufficient to solve e

+/e
−

puzzle?
check if it satisfies constraints
from d̄, νs and γ
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Conclusions

1 Electroweak corrections cannot be neglected in the computation of
heavy DM annihilation processes

2 Full O(g6) computation needed to correlate some of the spectral
features (like lines or bumps) with the diffuse spectrum

3 In all cases when Sommerfeld effect can occur it must be included and
we provide a method how to do that in a consistent way

4 Taking simply the β-function and using RGE without threshold
corrections is incorrect way to proceed

5 Thermal Wino DM can be most easily found/excluded in γ rays,
antideuterons and (maybe) neutrinos

6 Resonant case disfavoured by data ⇒ Wino DM does not solve the CR
puzzle
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