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Introduction Motivation

DM annihilations and PAMELA

non-standard branching ratios: only leptons

boost factor 1000 needed

but minimal γ-ray flux from Bremsstrahlung not seen
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Introduction Motivation

DM annihilations and PAMELA

standard branching ratios:

hide p̄ above Emax of Pamela

happy with M = 10 TeV?
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Introduction Motivation

WIMPs as thermal relics:
expansion of universe freezes out annihilation reactions, when

Γann = n〈σannv〉 ≈ H
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Introduction Motivation

WIMPs as thermal relics:
expansion of universe freezes out annihilation reactions, when

Γann = n〈σannv〉 ≈ H

ΩXh2 ∝ xf

〈σannv〉

∼ 3 × 10−26cm3/s

〈σannv〉

⇒ “WIMP miracle:”
suggests weakly interacting DM particle with mass m ∼ mZ
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Introduction Motivation

Connection of ΩX and 〈σannv〉

thermally averaged annihilation cross section

〈σannv〉 = σ0 + σ1v
2 + σ2v

4 + . . .

= partial wave expansion: ℓ ∝ v2/4
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thermally averaged annihilation cross section

〈σannv〉 = σ0 + σ1v
2 + σ2v

4 + . . .

= partial wave expansion: ℓ ∝ v2/4

today: v ∼ 10−3, while at freeze-out v2/4 ≈ 1/16

p-wave hopeless for indirect detection

for s-wave, same 〈σannv〉
known value of ΩX fixes σ0 today
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Introduction Motivation

Unitarity induces upper limit on thermal MX

Unitarity of S-matrix restricts annihilations into ℓ.th partial wave,

σ(ℓ)
annvrel ≤ 4π

2ℓ + 1

vrelM
2
X
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σ(ℓ)
annvrel ≤ 4π

2ℓ + 1

vrelM
2
X

partial wave expansion: ℓ ∝ v2
rel/4

non-relativistic point-particles: ℓ > 1 suppressed

observed ΩCDMh2 = 0.105 ∝ 1/〈σannv〉 ⇒

MX <∼ 35 TeV

Multi-TeV DM is interacting pretty strongly
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Introduction Motivation

Annihilations of Majorana DM:

annihilation XX → f̄f via t exchange of SU(2) scalar�
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Introduction Motivation

Annihilations of Majorana DM:

annihilation XX → f̄f via t exchange of SU(2) scalar��
for vrel → 0, neutralino pair behaves as a pseudoscalar,

u1(P )v̄2(P ) − u2(P )v̄1(P ) = (mχ + P/ )γ5 , | →〉| ←〉 , −| ←〉| →〉,
u1(P )v̄2(P ) − u2(P )v̄1(P ) = 0 , | →〉| →〉 , | ←〉| ←〉.
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Introduction Motivation

Annihilations of Majorana DM:

for simplicity, y ≡ M2
S/M2

X ≪ 1, then

Leff = O4 +
y2

M2
X

O6 +
y4

M4
X

O8 + . . .

with
O6 = (χ̄γµγ5χ)(f̄γµγ5f) .
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for simplicity, y ≡ M2
S/M2

X ≪ 1, then

Leff = O4 +
y2

M2
X

O6 +
y4

M4
X

O8 + . . .

with
O6 = (χ̄γµγ5χ)(f̄γµγ5f) .

for vrel → 0,

χ̄γµγ5χ → Pµ√
2mX

χ̄γ5χ

O6 becomes divergence of axial-vector current,

O6 →
[

i√
2MX

χ̄γ5χ

]
[
∂µ(f̄γµγ5f)

]
∝ mf

MX
. (1)
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Introduction Motivation

Neutralino annihilations
CDM velocitities v2 ∼ v2

⊙ ∼ 10−6

⇒ p-wave annihilations strongly suppressed
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Introduction Motivation

Neutralino annihilations
CDM velocitities v2 ∼ v2

⊙ ∼ 10−6

⇒ p-wave annihilations strongly suppressed

for Majorana particles: s-wave σ ∝ m2
f

⇒ annihilations into b, t quarks and W, Z, h, H, A

typical hadronization spectra with
ϕν(E)/2 ∼ ϕγ(E) ∼ 3ϕe(E) ∼ 10ϕN (E)
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Introduction Recap: LLO QCD corrections

Bremsstrahlung: soft and collinear log’s

p

k
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Introduction Recap: LLO QCD corrections

Bremsstrahlung: soft and collinear log’s

p

k

denominator of the additional fermion propagator is

A(k, p)

(p − k)2 − m2
=

A(k, p)

−2p · k ≈ A(k, p)

−2Eω(1 − cos ϑ)
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A(k, p)

(p − k)2 − m2
=

A(k, p)

−2p · k ≈ A(k, p)

−2Eω(1 − cos ϑ)

blows up for emission of
◮ soft gluons, ω → 0.
◮ collinear emission of gluons, ϑ → 0.
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p

k

denominator of the additional fermion propagator is

A(k, p)

(p − k)2 − m2
=

A(k, p)

−2p · k ≈ A(k, p)

−2Eω(1 − cos ϑ)

blows up for emission of
◮ soft gluons, ω → 0.
◮ collinear emission of gluons, ϑ → 0.

⇒ compensate the small coupling αs(Q
2)/π ≪ 1
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Introduction Recap: LLO QCD corrections

Sudakov form factor

interference terms disappear in “classical limit”
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Sudakov form factor

interference terms disappear in “classical limit”

factorisation, exponentiate log’s

|M(s, t)|2 = |MBorn(s, t)|2 exp

(

−
∫

dt̃

2πt̃
α(·)

∫

dzPij(z)

)
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factorisation, exponentiate log’s

|M(s, t)|2 = |MBorn(s, t)|2 exp







−

∫
dt̃

2πt̃
α(·)

∫

dzPij(z)

︸ ︷︷ ︸

∝ log2(s/Λ2)
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Electroweak Bremsstrahlung

Fragmentation of heavy particles [Berezinsky, MK ’98, Berezinsky, MK, Ostapchenko ’02 ]

Electroweak bremsstrahlung important, X → f̄fV ?
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Fragmentation of heavy particles [Berezinsky, MK ’98, Berezinsky, MK, Ostapchenko ’02 ]

Electroweak bremsstrahlung important, X → f̄fV ?

simplest check: calculate 2/3 particle decays

Using only FSR,

R =
Γ(X → ν̄νZ)

Γ(X → ν̄ν)
=

α2

8πc2
W

(
ln2 ǫ + 3 ln ǫ + . . .

)
,

where ε =
(

mZ

MX

)2
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electroweak and SUSY sector have a QCD-like behavior (“jets”)
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Electroweak Bremsstrahlung

Fragmentation of heavy particles [Berezinsky, MK ’98, Berezinsky, MK, Ostapchenko ’02 ]

Electroweak bremsstrahlung important, X → f̄fV ?

simplest check: calculate 2/3 particle decays

Using only FSR,

R =
Γ(X → ν̄νZ)

Γ(X → ν̄ν)
=

α2

8πc2
W

(
ln2 ǫ + 3 ln ǫ + . . .

)
,

where ε =
(

mZ

MX

)2

MX >∼ 106 GeV, ⇒ naive perturbation theory breaks down:
electroweak and SUSY sector have a QCD-like behavior (“jets”)

(modified) DGLAP description possible
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Electroweak Bremsstrahlung

Fragmentation of heavy particles
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Electroweak Bremsstrahlung

Fragmentation of heavy particles X → νν

0.001

0.01

0.1

1

0 5 10 15 20 25 30

l = ln(1/x)

dN
dl

f

W

for mX = 1016, 1013 and 1010 GeV
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Electroweak Bremsstrahlung

Electroweak bremsstrahlung: Sudakov form factors

≈ 30 works 1998–2005, up to DLLA.

k

pj

pl

p1

p2

k

pj

pl

p1

p2

Michael Kachelrieß (NTNU Trondheim) Indirect Detection of Dark Matter DESY, 17. June 2011 16 / 26



Electroweak Bremsstrahlung

Electroweak bremsstrahlung: Sudakov form factors

≈ 30 works 1998–2005, up to DLLA.

k

pj

pl

p1

p2

k

pj

pl

p1

p2

mass corrections change only subleading log’s

Michael Kachelrieß (NTNU Trondheim) Indirect Detection of Dark Matter DESY, 17. June 2011 16 / 26



Electroweak Bremsstrahlung

Electroweak bremsstrahlung: Sudakov form factors

≈ 30 works 1998–2005, up to DLLA.

k

pj

pl

p1

p2

k

pj

pl

p1

p2

mass corrections change only subleading log’s

but σNLO/σLO ∼ 50% at LHC: something missed?
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WIMPs with multi-TeV masses Theoretical problems

TeV DM and electroweak bremsstrahlung
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WIMPs with multi-TeV masses Theoretical problems

Perturbative unitarity and multi-TeV masses

2 well-known extremes: SM and MSSM

◮ SM: masses >∼ TeV break unitarity, e.g. ZLf̄f ∝ mf/mZ
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WIMPs with multi-TeV masses Theoretical problems

Perturbative unitarity and multi-TeV masses

2 well-known extremes: SM and MSSM

◮ SM: masses >∼ TeV break unitarity, e.g. ZLf̄f ∝ mf/mZ

◮ MSSM: decouples for MSUSY → ∞, e.g. ZLχ1χ1 ∝ mZ/mχ

OZ
11

mχ

mZ

= −1

2
OG

11 ,

in terms of the neutralino mixings and masses,

(N2
14 − N2

13)
mχ

mZ

=

= −(cW N12 − sW N11)(sβN14 + cβN13)

choose a SUSY inspired simple model
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WIMPs with multi-TeV masses Theoretical problems

Toy model for electroweak bremsstrahlung

DM χ is singlet majorana, SU(2) scalar η
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WIMPs with multi-TeV masses Theoretical problems

Toy model for electroweak bremsstrahlung

DM χ is singlet majorana, SU(2) scalar η

χLeη and Φη interactions,

Lfermion
int = fχ̄(Leiσ2η) + h.c. = fχ̄(νeLη0 − eLη+) + h.c. ,

Lscalar
int = −λ3(Φ

†Φ)(η†η) − λ4(Φ
†η)(η†Φ) .
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WIMPs with multi-TeV masses Theoretical problems

Relative importance of On and FSR/VIB

effective operator approach

Leff = O4 +
y2

M2
X

O6 +
y4

M4
X

O8 + . . .
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M2
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O6 +
y4

M4
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leading behavior of the amplitude

M ∼ O(v)

Mχ

[
O (y)|FSR + O

(
y2

)∣
∣
FSR

]
+

[
O

(
y2

)∣
∣
VIB

+ O
(
y2

)∣
∣
FSR

]
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Relative importance of On and FSR/VIB

effective operator approach

Leff = O4 +
y2

M2
X

O6 +
y4

M4
X

O8 + . . .

leading behavior of the amplitude

M ∼ O(v)

Mχ

[
O (y)|FSR + O

(
y2

)∣
∣
FSR

]
+

[
O

(
y2

)∣
∣
VIB

+ O
(
y2

)∣
∣
FSR

]

⇒ s-wave appears only at O(y2)

⇒ cross section

vσ(χχ → ff̄Z) ∼ αW

M2
χ

[
O

(
v2y2

)
+ O

(
v2y3

)
+ O

(
y4

)]
,
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Phenomenological consequences Hidden decays

Hidden annihilations XX → νν

Beacom, Bell, Mack ’06: upper Bound on 〈σannv〉

χ

χ







All Standard

Model

final states

=

“Visible” states:

γγ, qq, e
+
e
−
, ...

+
“Invisible” states:

νν
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Hidden annihilations XX → νν

Beacom, Bell, Mack ’06: upper Bound on 〈σannv〉
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Phenomenological consequences Hidden decays

Hidden annihilations XX → νν
How does electroweak Bremsstrahlung affect the limit?

- peak δ(E − mX) becomes smoother

- contribution to diffuse γ-ray background

How to handle model-dependence?

- for bound: use only FSR in a model where WL does not contribute
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Phenomenological consequences Leptophilic models

Toy model XX → e+e− [Bell et al. ’11 ]
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ratio σ(e+νeW−)
σ(e+e−γ)

= 1
2 sin2 ϑW

∼ 2.2 for mX ≫ mW

σ(e+νeW
−) > σ(e+e−γ) already for mX >∼ 200 GeV

but: γ’s from W decay shifted to lower energies
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Phenomenological consequences Leptophilic models

Importance of VIB as function of y: [Ciafaloni et al. ’11 ]
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Phenomenological consequences Leptophilic models

Limit on boost factor from p̄: [Garny, Ibarra, Vogl ’11 ]
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Conclusions

Conclusions

1 At O(α) only trivial differences between elmag. and elweak.
corrections

2 Bremsstrahlung lifts helicity suppression

◮ p̄ and γ fluxes can give stringent limits on leptophilic models

◮ electromagnetic bremsstrahlung features offer DM signature

3 VIB is hard correction

◮ no factorization

◮ strong model & parameter dependence
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