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Introduction Motivation

DM annihilations and PAMELA

DM with M =1 T<¥ that annihilates into p"

rt

1 T T
; L
B el E
8 2 ;
K oo B PAMELA R
] % w o . ]
E 3
b 10 E
& 3
backgronod? ]
TP S 10 T
1 n w? w? 1wt 1 n w? w? 1wt

Tositron energy in GV F hinetic epergy in G
non-standard branching ratios: only leptons
@ boost factor 1000 needed

@ but minimal «-ray flux from Bremsstrahlung not seen
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Positrom fraction

Introduction Motivation

DM annihilations and PAMELA

DM with M = 10T that annibilates into W* W™
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standard branching ratios:

@ hide p above E,x of Pamela
@ happy with M = 10 TeV?

Fhinetic sosray in Ge¥
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n{Cannv) ~ H

WIMPs as thermal relics:
@ expansion of universe freezes out annihilation reactions, when
I‘.'aunn -
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Introduction Motivation

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

Tann = n<0'annv> ~H

|
(o)

0)]

log[Y/?'(x=
3
LU LR LR BN BLELELE

freeze out -

[

I
N
[

|
4
><D
>

Y
-15
(_YEQ
-20 iot 102 10s

Michael KachelrieB (NTNU Trondheim) Indirect Detection of Dark Matter DESY, 17. June 2011

5/ 26



Introduction Motivation

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

Tann = n<0'annv> ~H
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= “WIMP miracle:”
suggests weakly interacting DM particle with mass m ~ my
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Connection of Qy and (Tauv)
@ thermally averaged annihilation cross section

(Cann¥) = 00 + 010° + oot + ...
— partial wave expansion: ( o v?/4

= = = E nae
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Connection of Qy and (Tauv)

@ thermally averaged annihilation cross section

(CannV) = 00 + o1 + ovt + ...

= partial wave expansion: ¢ oc v2/4

@ today: v ~ 1073, while at freeze-out v?/4 ~ 1/16

= =
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Introduction Motivation

Connection of Qy and (Tauv)

@ thermally averaged annihilation cross section
_ 2 4
(CannV) = 0¢ + 010° 4+ 090" + . ..
= partial wave expansion: £ oc v?/4
@ today: v ~ 1073, while at freeze-out v?/4 ~ 1/16

@ p-wave hopeless for indirect detection

@ for s-wave, same (Tannv)
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Introduction Motivation

Connection of Qy and (Tauv)

@ thermally averaged annihilation cross section

(CannV) = 00 + o1v% + oovt + ...

= partial wave expansion: £ oc v?/4

@ today: v ~ 1073, while at freeze-out v?/4 ~ 1/16
@ p-wave hopeless for indirect detection

o for s-wave, same (Tannv)

@ known value of Qx fixes o today
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Unitarity induces upper limit on thermal My

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

2041
Uéﬁ)n'vrel <dm

2
Urel M X

= = = E nae
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Introduction Motivation

Unitarity induces upper limit on thermal My

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

. 20+ 1

g én)n’vra < d4m m
rel4Vl x

@ partial wave expansion: ¢ o v?el/ll
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Unitarity induces upper limit on thermal My

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

. 20+ 1

g én)nvra < d4m m
rel4Vl x

@ partial wave expansion: £ vfel/él
@ non-relativistic point-particles: ¢ > 1 suppressed

@ observed Qcpmh? = 0.105  1/{Gannv) =

MX §35T€V
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Introduction Motivation

Unitarity induces upper limit on thermal My

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

. 20+ 1

g én)nvra < d4m m
rel4Vl x

@ partial wave expansion: £ vfel/él
@ non-relativistic point-particles: ¢ > 1 suppressed

@ observed Qcpmh? = 0.105  1/{Gannv) =

My < 35TeV

@ Multi-TeV DM is interacting pretty strongly
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Introduction

Annihilations of Majorana DM:

S~

@ annihilation XX — ff via t exchange of SU(2) scalar

= =
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Introduction Motivation

Annihilations of Majorana DM:

@ annihilation XX — ff via t exchange of SU(2) scalar forMajorana
DM:

S~
AT
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Introduction Motivation

Annihilations of Majorana DM:

@ annihilation XX — ff via t exchange of SU(2) scalar

S~
AT

@ for v, — 0, neutralino pair behaves as a pseudoscalar,

u1(P)o(P) —ua(P)or(P) = (mx + P)ys 5 | =)l <)y =[ =) =),
u1 (P)02(P) —ug(P)or(P) =0, [ —=)[ =), | )] <)

Michael KachelrieB (NTNU Trondheim) Indirect Detection of Dark Matter DESY, 17. June 2011 8 /26



Annihilations of Majorana DM:

o for simplicity, y = M2%/M% < 1, then

y? y!
Log =04+ 50+ +0Og+...
off 4+M§( 6+M§( s +
with

O = (X 15X) (fY"5.f) -

= =
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Annihilations of Majorana DM:

o for simplicity, y = M2%/M% < 1, then

y? y!
Log =04+ 506+ =0+ ...
off 4+ M}Q{ 6 + MEL( s +
with B
Os = (X1 v5X) (fY 5 ) -
@ for v.q — O,

_ Py _
XWX = XX
X

= =
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Introduction Motivation

Annihilations of Majorana DM:

o for simplicity, y = M2%/M% < 1, then

2 4

Y Y
;Ceﬁ‘:O4+M_§{OG+_

Og + ...
ML 8+

with B
Os = (X5 X) (fA" 5 ) -
@ for v.q — O,

_ Py _
XWX = XX
X

@ (g becomes divergence of axial-vector current,

1 - my
O — XX | (Ou(fA 5f)] o< 2=
H 5 :
V2Mx [ ] Mx
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Neutralino annihilations
o CDM velocitities v? ~ U?D ~ 1076
= p-wave annihilations strongly suppressed
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Introduction Motivation

Neutralino annihilations
o CDM velocitities v% ~ U?D ~ 1076
= p-wave annihilations strongly suppressed

@ for Majorana particles: s-wave o o m?

= annihilations into b, ¢ quarks and W, Z, h, H, A

Michael KachelrieB (NTNU Trondheim) Indirect Detection of Dark Matter DESY, 17. June 2011

10 / 26



Introduction Motivation

Neutralino annihilations
o CDM velocitities v% ~ vé ~ 1076
= p-wave annihilations strongly suppressed

@ for Majorana particles: s-wave o o m?

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

@ typical hadronization spectra with
Pu(E)/2 ~ oy (E) ~ 3pc(E) ~ 10pn(E)
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Introduction Recap: LLO QCD corrections

Bremsstrahlung: soft and collinear log's
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Introduction Recap: LLO QCD corrections

Bremsstrahlung: soft and collinear log's

e

@ denominator of the additional fermion propagator is

A(k,p)  _ Alkp) - Alkp)
(p—k)2—m? —2p-k —2Fw(l—cosd)
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Introduction Recap: LLO QCD corrections

Bremsstrahlung: soft and collinear log's

e

@ denominator of the additional fermion propagator is

A(k,p)  _ Alkp) - Alkp)
(p—k)2—m? —2p-k —2Fw(l—cosd)

@ blows up for emission of
» soft gluons, w — 0.
» collinear emission of gluons, ¥ — 0.
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Introduction Recap: LLO QCD corrections

Bremsstrahlung: soft and collinear log's

e

@ denominator of the additional fermion propagator is

A(k,p)  _ Alkp) - Alkp)
(p—k)2—m? —2p-k —2Fw(l—cosd)

@ blows up for emission of
» soft gluons, w — 0.
» collinear emission of gluons, ¥ — 0.

= compensate the small coupling o (Q?) /7 < 1
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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

IM(s,8)[% = [Mpomm(s, )2 exp (—/ di

a0 [ 42n)

= =
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Recap: LLO/QCD corrections
Sudakov form factor
@ interference terms disappear in “classical limit”

@ factorisation, exponentiate log's

M(s,8)]% = [Mpomn (s, )] exp | — / LU / dzPy(2)

ot

o log?(s/A2)
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Fragmentation Of heavy pa I’tiCIGS [Berezinsky, MK '98, Berezinsky, MK, Ostapchenko '02]
@ Electroweak bremsstrahlung important, X — ffV?
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Fragmentation Of heavy pa I’tiCIGS [Berezinsky, MK '98, Berezinsky, MK, Ostapchenko '02]
@ Electroweak bremsstrahlung important, X — ffV?

@ simplest check: calculate 2/3 particle decays

= = = E nae
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Electroweak Bremsstrahlung

Fragmentation Of heavy pa rticles [Berezinsky, MK '98, Berezinsky, MK, Ostapchenko ‘02 |

@ Electroweak bremsstrahlung important, X — ffV?
@ simplest check: calculate 2/3 particle decays

@ Using only FSR,

R (X = o) 871'612,‘/(1& e+3lne+ ),

2
. my
where ¢ = <_Mx>
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Electroweak Bremsstrahlung

Fragmentation Of heavy pa rticles [Berezinsky, MK '98, Berezinsky, MK, Ostapchenko '02 ]

@ Electroweak bremsstrahlung important, X — ffV?
@ simplest check: calculate 2/3 particle decays

@ Using only FSR,

R X = o) 8WCIQ/V(n e+3ne+...),

2
where ¢ = (ﬂ—f{)
@ My >10°% GeV, = naive perturbation theory breaks down:
electroweak and SUSY sector have a QCD-like behavior (“jets")

Michael KachelrieB (NTNU Trondheim) Indirect Detection of Dark Matter DESY, 17. June 2011 13 /26



Electroweak Bremsstrahlung

Fragmentation Of heavy pa rticles [Berezinsky, MK '98, Berezinsky, MK, Ostapchenko '02 ]

Electroweak bremsstrahlung important, X — ffV?

(4

simplest check: calculate 2/3 particle decays
Using only FSR,

©

R X = o) 87TCIQ/V(n e+3ne+...),

2
where ¢ = (A”j—)z()
Mx > 105 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

| |
1 TeV 1 GeV
(SUSY (hadronization)
+ SU2)®@U(1)
breaking)
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Electroweak Bremsstrahlung

Fragmentation of heavy particles X — vv

1
AN
dl 01
0.01}
0.001

l=In(1/x)

for myxy = 106, 10! and 10'° GeV
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Electroweak Bremsstrahlung

Electroweak bremsstrahlung: Sudakov form factors

@ ~ 30 works 1998-2005, up to DLLA.
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Electroweak Bremsstrahlung

Electroweak bremsstrahlung: Sudakov form factors

@ ~ 30 works 1998-2005, up to DLLA.

@ mass corrections change only subleading log's
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Electroweak Bremsstrahlung

Electroweak bremsstrahlung: Sudakov form factors

@ = 30 works 1998-2005, up to DLLA.

@ mass corrections change only subleading log's

@ but onpLo/oLo ~ 50% at LHC: something missed?
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Perturbative unitarity and multi-TeV masses

o 2 well-known extremes: SM and MSSM

» SM: masses > TeV break unitarity, e.g. Z,ff o< my/mz

= =
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UYL SR NG T S AVAEESS Theoretical problems!

Perturbative unitarity and multi-TeV masses

o 2 well-known extremes: SM and MSSM

» SM: masses > TeV break unitarity, e.g. Zff o< my/mz

» MSSM: decouples for Mgysy — 00, e.g. Zrx1X1 X Mz /my

m 1
Olzlm_z = _50?17

in terms of the neutralino mixings and masses,
m
N2, — N2)—X =
(Niy 13)mZ
= —(ewNi2 — swNi1)(sgN1a + c3Ni3)

@ choose a SUSY inspired simple model
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Toy model for electroweak bremsstrahlung
@ DM y is singlet majorana, SU(2) scalar 7
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UYL SR NG T S AVAEESS Theoretical problems!

Toy model for electroweak bremsstrahlung

@ DM y is singlet majorana, SU(2) scalar 7
@ xL.n and ®7 interactions,

{gﬁmion _ f)z(LeZO'QTI) + h.c. = fX(I/eL/r]O — CLT]+) + h.c. 9
e = = X3(®T®) (") — Aa(@Tn) (n'@) .

int
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UYL SR NG T S AVAEESS Theoretical problems!

Toy model for electroweak bremsstrahlung

@ DM y is singlet majorana, SU(2) scalar 7
@ xL.n and ®7 interactions,

fermion

i = fX(Leioan) +hoc. = fX(vern® —en™) +hee.
e = = As(@TR) (") — Aa(@Tn)(n'@) .

><_E_/‘/‘Z+ X at < x—:ﬁ;—<W7

n* o :W’ T nt ve
X o X H

Ve X ! -, '\e+

7P et . Naaat no ” w-

* NV, X ! ——t * :e*
Michael KachelrieB (NTNU Trondheim)
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Relative importance of O,, and FSR/VIB
o effective operator approach

2 4
ﬁeﬁ:O4+M206+M408+

= = = E nae
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Uzt gkl
Relative importance of O,, and FSR/VIB

o effective operator approach

2 4

Leg = Oy + M206+M40 s+ ...

@ leading behavior of the amplitude

O(v)

M~ M. [0 W)lpsr + O (47)pgr) + [0 () |yip +
X
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Relative importance of O,, and FSR/VIB

o effective operator approach

2 4

Leg = Oy + M206+M40 s+ ...

@ leading behavior of the amplitude

O(v)

M~ M. [0 W)lpsr + O (47)pgr) + [0 () |yip +
X

= s-wave appears only at O(y?)
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Uzt gkl
Relative importance of O,, and FSR/VIB

o effective operator approach
Y2 Yt

M206+M40 s+ ...

Leg = Oy +

@ leading behavior of the amplitude

O(v)

M, [O (Y)lpsr + O (312) ‘FSR} + [O (y2) |VIB +0 (y2) ’FSR]

M ~

= s-wave appears only at O(y?)

= cross section

vo(xx = 172) ~ 575 [0 (P9?) + 0 (") + O ()] .
X
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Phenomenological consequences

Hidden annihilations X X — vv

X

All Standard
X

“Visible” states:
Model =
final states

@ Beacom, Bell, Mack '06: upper Bound on {(canyv)
77, qq. ete”,

+
“Invisible” states:

2%

= = = E nae
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Phenomenological consequences glfellREV

Hidden annihilations X X — vv

@ Beacom, Bell, Mack '06: upper Bound on {(canyv)

X “Visible” states:
_ +o—
All Standard 7,49, €€ .
Model = +
final states “Invisible” states:
X vy
e
m .
‘-I' —
@ .
c}‘ —
E .
‘2' —
[m) ]
E i
=) |
o© .
S ]
D 4
= 10— |
i data assumed 1
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Phenomenological consequences glfellREV

Hidden annihilations XX — vv

How does electroweak Bremsstrahlung affect the limit?
- peak §(FE — mx) becomes smoother
- contribution to diffuse ~-ray background

How to handle model-dependence?

- for bound: use only FSR in a model where W}, does not contribute

10-16

10-18

o
I

~N

=

o
N
N

<@gan V> [em3 s71]

10-24 [—

10-26 —

FEERTIT B ETEETTT BRI BT ErE e
100 10! 102 103 104 10%
Mass [GeV]
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[EptoRhilicmedels
+ —
Toy model X X — eTe [Bell et al. '11]

10—28

10—29

av[cm®/s]

107%0

200 400 600 800 1000

m, [GeV]
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Phenomenological consequences BRIl T

Toy model X X — €+€_ [Bell et al. '11]
10—27 - -
m@ 108} -
e
S,
g 10729_ 4
10730 L 4
200 200 500 ) 1000
m,[GeV]
. oletveW™) 1 N
@ ratio o Fer) = emiiw 2.2 for mx > mw

o o(etv.W™) > o(ete ) already for mx > 200 GeV
@ but: +'s from W decay shifted to lower energies
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Phenomenological consequences

Importance of VIB as function of y: (Ciafaloni et . 111

Primary W~

T o e S e e S S L

My=4TeV

AN jd Inx
[N ol Inx] s

oo [ 4 0.6 0% 1.0
x = Ey /M 1

u]
)
I

il
it
S
o
i)
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Phenomenological consequences

Importance of VIB as function of y: (Ciafaloni et . 111
Photons

IF

AN fd Inx
[dN /d Inx], ¢,
=]

My=6TcY
1o+ 107 102 1ot 1
= E /M,
=] = - = = A
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Phenomenological consequences Leptophilic models

Limit on boost factor

from p:

[Garny, Ibarra, Vogl '11']
100 .
mni/mDM =1.01 P
- -~
105 £ P
— -~
10t |
&
Q
108 L
102 Isothermal
—— NFW
72] —— Einasto
10! :
10? 10
mpm [GeV]
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Conclusions

Conclusions

O At O(«) only trivial differences between elmag. and elweak.
corrections
@ Bremsstrahlung lifts helicity suppression

» P and «y fluxes can give stringent limits on leptophilic models

> electromagnetic bremsstrahlung features offer DM signature

© VIB is hard correction
» no factorization

» strong model & parameter dependence

Michael KachelrieB (NTNU Trondheim) Indirect Detection of Dark Matter DESY, 17. June 2011

26 / 26



Conclusions

Conclusions

O At O(«) only trivial differences between elmag. and elweak.
corrections
@ Bremsstrahlung lifts helicity suppression

» p and ~ fluxes can give stringent limits on leptophilic models

» electromagnetic bremsstrahlung features offer DM signature

© VIB is hard correction
» no factorization

» strong model & parameter dependence

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



Conclusions

Conclusions

O At O(«) only trivial differences between elmag. and elweak.
corrections
@ Bremsstrahlung lifts helicity suppression

» P and «y fluxes can give stringent limits on leptophilic models

> electromagnetic bremsstrahlung features offer DM signature

© VIB is hard correction
» no factorization

» strong model & parameter dependence

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



	Introduction
	Motivation
	Recap: LLO QCD corrections

	Electroweak Bremsstrahlung
	WIMPs with multi-TeV masses
	Theoretical problems

	Phenomenological consequences
	Hidden decays
	Leptophilic models

	Conclusions

