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

2
flux ~ n <U/\V>DM halo

i.e. essentially in v — 0 limit
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Dark matter annihilation
Q.

X s v,
SN —— — ?’\

Indirect detection depends on After the annihilation, the final states
the annihilation cross section, decay and/or fragmentate and produce
but for low velocity WIMPs in showers of softer stable states v, e™,
DM halos p,v,d

— those propagate down to Earth
2
flux ~ n <U/\V>DM halo

i.e. essentially in v — 0 limit
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Electroweak corrections
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Monte Carlo
Tree level annihilation + shower/hadronization/fragmentation
code (e.g. PYTHIA)
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Importance of EW corrections for DM

corrections (large in some cases)
to the (ov)

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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Importance of EW corrections for DM

@ corrections (large in some cases) £ at M = 3000 GeV
to the (ov) "

@ softer SM particles spectra at ! :
DM annihilation

o all stable SM particles in the final - )
spectrum, even if not present in s e . v
the annihilation channel A '

@ additional new spectral features: Engey
bumps and sharp cutoffs
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Importance of EW corrections for DM

@ corrections (large in some cases) £ at M = 3000 GeV
to the (ov) "

o softer SM particles spectra at | !
DM annihilation

@ all stable SM particles in the final . )
spectrum, even if not present in 1o e v
the annihilation channel A '

@ additional new spectral features: Engey
bumps and sharp cutoffs
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Importance of EW corrections for DM
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corrections (large in some cases) 1
to the (ov) ]
softer SM particles spectra at 01

DM annihilation

Total
Secondary gammas
Internal Bremsstrahlung
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all stable SM particles in the final N0
spectrum, even if not present in
the annihilation channel 0.001
additional new spectral features:
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Indirect detection

Conc

Importance of EW corrections for DM

@ corrections (large in some cases)
to the (ov)

o softer SM particles spectra at
DM annihilation

o all stable SM particles in the final
spectrum, even if not present in
the annihilation channel

@ additional new spectral features:
bumps and sharp cutoffs

Rich literature in recent years about this topic:

EW and Sommerfeld correcti
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Wino dark matter

In the MSSM the neutralino is a combination of gauginos (B,W?) and
higgsinos (AY,h9):
X) = NiB + Np W’ + Nh{ + Nuyh)

1

If Ni» > Nj1, Ni3, Nis then neutralino is Wino-like and
@ is nearly degenerated in mass with the lightest chargino

my= — myo ~ 170 MeV

@ isin an adjoint of SU(2)

@ if my0 > my has very efficient annihilation channel into WHw-
= typically too small thermal relic density, at tree level:

Qpumh® ~ 0.11 = myo ~ 2.2 TeV

... but then, large corrections!

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 6/23
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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:

m2 m2 2
aplog—, ap <log 2>
My My
m=1TeV,m» ~ 35 = ~0.17 ~ 0.86

When m > myy this resembles IR divergence of QED or QCD
— Bloch-Nordsieck violation

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

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 7/23
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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

2 < 2
myve S atmy

~—~— ——
kinetic energy Bohr energy
@ long range force
1 1
- >
~

mg am,,

~~~ S~~~
force range Bohr radious
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Sommerfeld effect in the MSSM
In the MSSM:
o Dark matter — lightest neutralino x

. . . )
@ possible intermediate bosons: v o, w*, 70, h(l), /z(z. H
~~~ ——
not x| heavy
x° x*
W =0 ((1{ ”’1"'V> correction
e v

= my 2 2.3 TeV

Moreover, if 6m = m,+ — m,, is too large then the effect is suppressed

x+
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Sommerfeld effect in the MSSM

. but

@ as soon as one can produce nearly on-shell x T, i.e. when & & 26m:

S 0 X+ X+ X+ XU
y
W+ +
ZU]hU ZU w
H* H*
RO

o for relic density also co-annihilations are important — one needs to
compute Sommerfeld effect also for incoming x "y, x "1, ...

Wino-like x° has dm < myo = Sommerfeld effect has to be included

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM /a 30 May 2012



Conclusion:

Introduction W Sommerfeld effect One-loop ¢ Indirect detection

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!

1000 2000 3000 000 5000 1000 2000 3000 000 5000
#1GeV] #[GeV]

[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]
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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
[B-function

This is not fully correct way to proceed:

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

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

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

W we o w W

ot LR o ) Since X" is:
‘ e ‘ v l \ ‘ % @ a Majorana fermion
e Qe /\ " . @ non-relativistic, with essentially
v—0
}“‘M . ‘ v e in adjoint of SU(2) and neutral
wo g ’ under U(1)
§ ) %z therefore:
\‘ v @ the only interaction is through
O vertex 'y T WT
\é" @ the initial \°° state is spin
‘ . ‘ \ ‘ ’ singlet
a) b) o)

The radiative amplitude corrections can be written as:

Andrzej Hryczuk

A= Atree (1 + gz/(47r)zci(’11))
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One-loop " — WTW~ results
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One-loop Y "y~ — W™ W™ annihilation

Recall that the Sommerfeld effect:
XOXO — X+X_ — XOXO — ...~ SM

To be consistent one needs also to
N compute one-loop corrections to
" v v xTx~ — WTW~ annihilation

R,

Then the Sommerfeld enhanced amplitude:

SE _ . ;
AXOXOHWJrW* - AUAXOXUHWJrW* +5LA - swEw-

where sy and s+ are (complex) Sommerfeld factors

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012
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Cross-section results

F ‘ ] The total results for the ov vs. DM

L tree 4

mass m :

102

o tree level result ~ 1/m?

T
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oliiiin
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8

; . . . .
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Cross-section results

i 1 The total results for the ov vs. DM

tree

I tree with SM runned g mass 71

T
I

e tree level result ~ 1/m?

@ when g at the scale m is used
with SM running

[

T
[

T
T

OO = WHW -

T

i ; i ; i 1
500 1000 1500 2000 2500 3000
m [GeV]
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Cross-section results

i 1 The total results for the ov vs. DM

tree

— = = tree with SM runned g .
1 —1loop level + SE (1 — loop) mass m :

T
R

o tree level result ~ 1/m?

@ when g at the scale m is used
with SM running

R

o full O(g®) result (with one-loop
Sommerfeld correction)

T
R

T
R

X0 = W

T

; . . . . 1
500 1000 1500 2000 2500 3000
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Cross-section results

F E The total results for the ov vs. DM
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ek T f:it \;;1::5‘\1 runned g ’,: ] mass m :
E 1 —1loop level + SE (1 — loop) it 3
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Cross-section results

F E The total results for the ov vs. DM

L tree 4
el oo ::Et \:‘;1::5‘\1 runned g ] mass 1
E 1 —1loop level + SE (1 — loop) 3 2
[ ———1—loop level x SE (full) q o tree level result ~ l/m
" @ when g at the scale m is used

T

with SM running

[

o full O(g®) result (with one-loop
Sommerfeld correction)

am
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10 4 Sommerfeld effect
f ] o full O(g%) result with
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Cross-section results

F E The total results for the ov vs. DM

L tree 4
el oo ::Et \:‘;1::5‘\1 runned g ] mass 1
E 1 —1loop level + SE (1 — loop) 3 2
[ ———1—loop level x SE (full) q o tree level result ~ l/m
[ SM rumned g and s, ] .
" @ when g at the scale m is used

ALY

with SM running

[

o full O(g®) result (with one-loop
Sommerfeld correction)

Al
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@ tree level with re-summed
Sommerfeld effect

107 E E
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w2k re-summed Sommerfeld effect
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One-loop Y "y~ to neutral gauge bosons

W+ 7.
W "

Nl

Analogically, due to Sommerfeld enhancement, additional annihilation
channels:

B

20 50 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
m [GeV]

XY = Xt = 22,2y, vy
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Cross-section for \°\° — ZZ. Z~, vy

R XOX° = 1

Y0 1L0) )
ol Yoo s 7y A ]

E XX’ = Z7 (LO) E

P o 25 E .

F Yoo 3 22 (1L0) 1 At the leading order (LO) the
100 annihilation into ZZ,Z~ or « occurs

T
L

at O(g%) — dotted lines

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

T

T

L

104 E

©
Py
3
3

500 1000 1500 2000 2500
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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)

e LHC — again too heavy = NO
@ Indirect Detection = YES?

Two interesting questions:

@ Is the thermal Wino still allowed and if yes, can it be probed in near
future?

© Can Wino explain CR anomalies?

Andrzej Hryczuk EW and Sommerfeld corrections to Wino DM Warszawa, 30 May 2012 20/23
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Thermal Wino scenario

p flux
oF - - 5§ =0.5
zq = 4kpc
F 1 rqg = 20kpc
dve/dz =0
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Thermal Wino scenario
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Thermal Wino scenario

7y spectrum v, spectrum
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Thermal Wino scenario
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Thermal Wino scenario
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Thermal Wino scenario
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Can it explain CR anomalies?

p flux
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The strategy:
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Can it explain CR anomalies?

e fraction et + e~ flux
0.50 r T T T 500 T T T T T T
g = 2400 GeV
e e
T wVE=S TR0 :‘E SATIC
*FERMI 11
op T

| 200

T ooao 100

& 003 50

002

1000 10 50 100 500 1000 S000 15107

E [GeV]




EW correction oop corrections

nclusior

Can it explain CR anomalies?
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Conclusions

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

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

© 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

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

@ Thermal Wino DM can be most easily found/excluded in 7 rays,
antideuterons and (maybe) neutrinos

@ Resonant case disfavoured by data = Wino DM does not solve the CR
puzzle

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