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We would like to have smoking gun evidence for DM

like e.g. sharp spectral features, such as lines, in the gamma ray spectrum :
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Introduction

We would like to have smoking gun evidence for DM

like e.g. sharp spectral features, such as lines, in the gamma ray spectrum :
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How about gamma ray lines ?

Naively neutral DM ~~ v~ through radiative
process

X SM X v

SM

X SM X Y

Tulin *12
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Introduction

How about gamma ray lines ?
Naively neutral DM ~~ v~ through radiative

process
SORT
™

Considering e.g. WIMPS, one can argue

(V) an ~ 1072 ecm’/s=> (0v)4y ~ 107 em’/s
Beyond the reach of current experiments !
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How about gamma ray lines ?

Naively neutral DM ~ ~~ through radiative X M 7
process M
<UV> oy ( «a ) 2 10_5 X SM X v
<0v>An T Tulin *12
Considering e.g. WIMPS, one can argue 5 10%
>E HESS‘ Einasl'o
(oVYan ~ 10720 cm®/s= (ov)y ~ 107 em’/s § ? FormiLATEnasto s
Beyond the reach of current experiments ! g il
% !
FromL ?ﬁf 1”1”1
Well known tricks to enhance (ov) v iiiiiri !
W :
@ velocity dependent annihilation * §I ii
@ richer DM sector with coannihilations -l i_z L ‘ ‘
10 10 1 10 m, (TeV)
@ annihilation near thresholds and resonances w13

[see e.g. Jackson’09+, Lee *12, Tulin *12, Cline "12...]
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How about Internal Bremsstrahlung emmission ?

[Bergstrom’89, Flores et al’89 and also Bringmann ’08+, Ciafaloni "11, Garny 11+ ]

Well known case of a Majorana Fermion xx — ff

° ov=a-+h? DM .
o aterm :s-wave o< (my/m,y)?
e b term :p-wave o< v NLZP
DM
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Introduction

How about Internal Bremsstrahlung emmission ?

[Bergstrom’89, Flores et al’89 and also Bringmann ’08+, Ciafaloni "11, Garny 11+ ]

Well known case of a Majorana Fermion xx — ff

° ov=a-+h? DM .
o aterm :s-wave o< (my/m,y)?
e b term :p-wave o< v NLZP
DM .
@ p-wave term seems suppressed today : '

()0 ~ 0.2 while (12)ge ~ 1076
but dominates over s-wave o< (my /mx>2
my = 100 GeV ~ ﬁ ~ 1075(}(‘:6)

(ov)ge ~ 5 107%(av) ~ 1073 em?/s

hopeless for indirect detection ? ?
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Introduction

How about Internal Bremsstrahlung emmission ?

[Bergstrom’89, Flores et al’89 and also Bringmann ’08+, Ciafaloni "11, Garny 11+ ]

Well known case of a Majorana Fermion xx — ff

° ov=a+bh? DM .
o aterm :s-wave o< (my/m,y)?
e b term :p-wave o< v NLZP
DM
@ p-wave term seems suppressed today : — ¢

<V2>f,, ~ 0.2 while <V2>GC ~ 1076
but dominates over s-wave o< (my/m, )

m, = 100 GeV ~~ ﬁ ~ 1073 (f =¢) DM f
<UV>GC ~5- 1076<O'V>f0 ~ 1073lcm3/s NLZP 5
hopeless for indirect detection ? ? DM AAAT:

Not hopeless ! Can get significant signal from yy — ff ! !
The emmission of an extra -y lifts the chiral suppression
... but suppressed by 3bdy & extra coupling
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Models

Simple models

with significant Bremsstrahlung emission

DM
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final state radiation
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Significant bremsstrahlung : in which models ?

[see also Bringmann 08+, Ciafaloni "11, Garny "11+,... |
DM = Majorana y

[Bergstrom *89+]

LD gl(bTXlR + h.c.

Z i x—>—Xx,®—> -
X« In
o r=

Ir

SE

g;‘ N

O'Vll|x = 487 M7>2< (1 —|—r2)4

p-wave suppressed (oc v? for my — 0)
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Significant bremsstrahlung : in which models ?

[see also Bringmann 08+, Ciafaloni "11, Garny "11+,... |

DM = Majorana y DM = Real Scalar §
[Bergstrom ’89+] [Toma 13, Giacchiio, LLH& Tytgat’13]
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Significant bremsstrahlung : in which models ?

[see also Bringmann 08+, Ciafaloni "11, Garny "11+,... |

DM = Majorana X DM = Real Scalar S
[Bergstrom ’89+] [Toma *13, Giacchiio, LLH& Tytgat’13]
LD gl(bTXlR + h.c. LDy SVig+ hec..
Z i x— —x, > —® Z : S—-S¥ - -U
X *:_47 R M(I) £ —_—— . Mi\l’
@ f r = m v = My
X In s -1l s I
| _g? 2 1+r O’V|—i£ 1
TV = 48y M2 (1 + ) 1S = Sor MZ (1 + )
p-wave suppressed (oc v? for my — 0) d-wave suppressed (o< v* for my — 0)
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Significant bremsstrahlung : in which models ?

[see also Bringmann 08+, Ciafaloni "11, Garny "11+,... |

DM = Majorana y ,N DM = Real Scalar S

[Bergstrom *89+] [Barger’ 11, Giacchino, LLH& Tytgat’14] e ) T 1 B 1 T

LD g®xig or gyW/ Ny g + h.c. LDy S Vig+hc..

Zy : S— S,V — -V

Ir

[ N —

X Ir
| — My
o r= Mo My v "= "My
| My’ My s -1 . =
X g
4 4
4 2 v 1
vl = S L ovils = g T
X 487 M2, 1 607 M3 (1 +12)

p-wave suppressed (o< v? for ms — 0)
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Significant bremsstrahlung : in which models ?

[see also Bringmann 08+, Ciafaloni "11, Garny "11+,... |

DM = Majorana y ,N DM = Real Scalar S

[Bergstrom *89+] [Barger’ 11, Giacchino, LLH& Tytgat’14] e ) T 1 B 1 T

LD g®xig or gyW/ Ny g + h.c. LDy S Vig+hc..

Z i x = =y, D —D Zy: S— =85, — -¥

Ir

[ N —

X Ir
My
‘ _ Mg My W = —=
t T My My PR I
X — 1,
4 4
g4 2o ovals = vV 1
o, — s =
vl 481 M2, 7 607TM2( + r2)*

p-wave suppressed (o< V2 for ms — 0)

@ DM DM — Il is chirally (o< (my/Mam)?) or velocity suppressed

@ Annihilation processes show a dependence in r = Mnizp/Mam > 1

d-wave suppressed (o< v* for my — 0)
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Models

2 bdy annihilation cross-sections at freeze-out

<OVge> [cm/s]

1024

1025

1026

1027

Scalar § ——
e Majorana x ======== 3
F "~ Majorana N —==—-=- ]

g,y = 1,Msn = 100 GeV

At f.o. (ov)uls/{ov)ulyn < 1 ~~ larger Yukawas for S to match Qg
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Models

Sharp spectral feature

DM I DM / DM : !
NLZP ‘ ,ZZ NLZP 7 NLZP\‘ 7
DM ‘ /' pum ‘ r\H\' f DM AAAY;
final state radiation final state radiation Virtual Internal

Bremsstrahlung
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Models

Sharp spectral feature
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Sharp spectral feature

DM I DM : / DM : !
‘ | |
NLZP H,’L NLZP V\H\' NLZP| 7
DM ‘ I DM \ fobm MMV

final state radiation final state radiation Virtual Internal
Bremsstrahlung

The ~ spectrum NI ' ' '
35 F
dN,yU . Mam do’vll 3k
dx O'-y[[ dE-y 5 25 F
E M N
— E7 — Mnizp 5
asafnofx—Mdm and r = Mo s
@ peaked at £, ~ Mgy, forr — 1 ik
@ Identical for Scalar & Majonana 0sf
[see also Barger’11] 0 . 0‘.1 .
X
~» “v line”-like feature with Bremsstrahlung emission )
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Enhanced (ov).;/(ov), for Scalars

100 grrrrrre T e

-1
10 Scalar § ——

Majorana y =======-
Majorana N —=—-=-

o F( )

see also [Bringmann’08]

OVyee/<OVee>

104 4 .

At the time of f.0. assuming (v?) ~ 0.24

gy = 1, Mgy = 100 GeV
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Models

Enhanced (ov).;/(ov), for Scalars

1071 E

Scalar § ——
@ F( ) Majorana x =======-
<O—v>7” = ydm 32 2 2 Majorana N —-—--

see also [Bringmann’08]

OVyee/<OVee>

EVel’l at fO [Giacchino, LLH & Tytgat’13]
e Majorana DM : (ov) i < (ov)i
@ Real Scalar DM : (ov) i ~ (ov)y

At the time of f.0. assuming (v2) ~ 0.24

gy = 1, Mgy = 100 GeV

Bremsstrahlung for scalar DM potentially stronger than Majorana DM ! !
Let us check including v and yZ contributions and relic abundance comput.
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Models

~7y cross sections all models

[Rudaz ’89, Bergstrom’89+, Bern’97, Bertone *09, Giacchino, LLH & Tytgat *14 and Ibarra et al’ 14]

1027 . ‘ ‘ ‘
3 Scalar § —— 1
i Majorana x ======-- q
n Majorana N —-—=--
@ 102§
N P,
£
S.
>
>
=
& o2
1030 I 1 | L
112 14 16 18 2
r
o (o)

~~ 1s potentially stronger than (av>>7<i,N for fixed parameters
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~7y cross sections all models

[Rudaz *89, Bergstrom’89+, Bern’97, Bertone *09, Giacchino, LLH & Tytgat *14 and Ibarra et al’ 14
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Y

pez Honorez (TENA-VUB)
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104

, is potentially stronger than (gv)33

o (ov)3, /(ov)y increases with r while (ov)

DM: Bremsstrahlung & - ray lines
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~7y cross sections all models

[Rudaz *89, Bergstrom’89+, Bern’97, Bertone *09, Giacchino, LLH & Tytgat *14 and Ibarra et al’ 14
102 RRRRRREREEEESE T

OVyy/<OVee>

108 £

T

Scalar § ——3
Majorana x.
Majorana N —

10 L 1 I L
1 12 14 1.6 18 2
r
o (ov)3,
°

OVyee/OVyy

104

T S aa e RAASaAEARSLE
Scalar § —— 1
Majorana x ======== 1
Majorana N —-—--

is potentially stronger than <c7v>W for fixed parameters

(ov ),W/(av>” increases with r while (ov)

N
¥ /<UV>11 — cst

@ BUT the relative importance of vy signal compared to yee is less
significant in the scalar case and (ov)./(ov)y > 1 forr > 2
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Models

Combine Il with yv,vZ

Normalized v spectrum

Scalar and Majorana DM with Myy,=100 GeV and r=1.1
10

dN/dx

0.1 |

0.01 L

1
02 03 04 05

06 07 08 09 11 12
X

x = Ey/Mgm
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Combine Il with yv,vZ

Normalized v spectrum

Scalar and Majorana DM with Mgy=100 GeV and r=2.0

10 T T
x
8
=z
©
0.1 1 4
0.01 L L L L L 1 L :’
0 01 02 03 04 05 06 07 08 09 1 11 12
X
x = Ey/Myn

Which configuration is favored by data ?
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Models

Coupling to one single leptonic family
Scalar (S) vs Majorana ()
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Models

Viable param. space for coupling to eg : Scalar vs Majorana

DM

‘ e DM g
N. e

NLZPY ovoxy! )
DM e NLZP~ oV X Y i

r—1=Am/m

NLZP_ I
Z(7)
N 2
AR oV X a” j
NLZP > ANANZ()
NLZPY

NLZP AANANZ()
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Viable param. space for coupling to eg : Scalar vs Majorana

DM DM < \

L
NLZPY ovoy! ‘
. NLZP~ ov x ya )

DM
Scalar DM Majorana DM
aa: Cee
oF r=15
10 r=1.1
=
107 F
102 L
102

NLZP__, INANN,Z(7)
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Models

Viable param. space for coupling to eg

Yi

: Scalar vs Majorana

DM ¢ DM g
: €
NLZPY ovoy! P ,
DM . ~ ovxya )
/Sm‘l’a’rrl;M — — Majorana DM
T y T — -
g P
£ r=t5
wE r=1.1 =1
S,
107 F
=
102 Loy 1
102 —10°
Mg [GeV]

NLZP__, IANANN,Z(7)
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Viable param. space for coupling to eg : Scalar vs Majorana

Scalar DM

Majorana DM

My [GeV]

0.01
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Allowed (ov). for relic abundance

Scalar DM Majorana DM
1()'25?HHT — T ——T T 10'25?-“‘1 — T — .
1026 E 1 102 £ 1
> L. » E.
o 02 £ o o 1927 F
£ E IS E
S %4 S, £/
IR 01 > 10% r=15 4Eq 01
o E [S) E r=1
[ Fermi LAT GC ——— L r=2 ot
0% F HESS — — 3 0% & HESS — — 3
E CTA ----- 3 CTA -----
F GAMMA400 — - — f GAMMA-400 — - —
1080 Louul P Ll i 0.01 090 Liviin | P 0.01
102 10° 10 102 108 104
Ms [GeV] My [GeV]

e when ov o y* dominates ~- larger y for S (due to d—wave)

DM: Bremsstrahlung & - ray lines August 28, 2014 15719



Models

Allowed (ov). for relic abundance

Scalar DM

Majorana DM
1()'25?HHT T T —TTTTTT 1025 g
1028 1 102 £ 1
» N @ [
o 4927 E o 1927
£ E £
2, F L, F
E‘ 1028 0.1 >§ 10728 0.1
8" ¢ 8 -
[ Fermi LAT GC ——— L r=2 ot
0% F HESS — — 3 0% & HESS — — 3
E CTA ----- E CTA -----
F GAMMA-400 — = = F GAMMA-400 — - —
1080 Louul P Ll P 0.01 1090 bviil | P 0.01
102 10° 10 102 108 104
Ms [GeV] My [GeV]

e when ov o y* dominates ~- larger y for S (due to d—wave)
~ larger (ov).; (modulo the r suppression).
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Models

Allowed (ov). for relic abundance

Scalar DM Majorana DM
1025 g T T T T T 1025 g T T T T T T
Foolicers| ms\‘o«-«" Eoliders| N%\‘cw W
& AN &
1026 ’ 4 1 1026 £ 1
—_ [
%) (O TV . Sy R e
SE- 1027 4 C'E 1027 E\ A JSTT T e
S, A, S,
Z 1o JE{ o1 F 02 0.4
=] o
Fermi LAT GC =———
. - -29
102 HESS — — 10
GAMMA-400 — - —
1030 0.01 10790 . 0.01
102 108 104 102 10° 104
Mg [GeV] My [GeV]

@ when ov o y* dominates ~~ larger y for S (due to d—wave)
~ larger (o), (modulo the r suppression).

© Majorana DM : (ov)7ji* well beyond current and future experimental
1imits, need extra bOOSt [ see also Bringmann’12,Bergstrom’ 12]

@ Scalar DM : <0v>$fl‘x can be larger by up to 2 orders of magnitude
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Present and future constraints for the Scalar DM

[Ibarra *14]

Colliders:
LHC slepton searches

pp ->Yy

3.5

My /1y

r

No viable
DM

Laura Lopez Honorez (TENA-VUB)

3

LI e e I

FERMI-LAT & HESS

mg=m, [GeV]

10*
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Present and future constraints for the Scalar DM

[Ibarra *14]

Colliders:
LHC slepton searches
pp ->yy CTA
3.5 g

10? 10° 10*
No viable mg= my [GeV]
DM
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Gamma ray line : Real Scalar DM and E., ~ 130 GeV signal

@ Hint for ~-ray signal at £, ~ 130
GeV at the GC could correspond to

o Myn ~ 130 GeV ~+y signal
[Weniger'12]

o Myy ~ 150 GeV ~ff signal
[Bringmann et al’ 12]

@ First ’yj?f analysis (Bringmann eta'1203]
concluded that thermally produced
DM could not account for a signal
involving ov ~ 6 10~2"cm’/s
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Gamma ray line : Real Scalar DM and E., ~ 130 GeV signal

Scalar DM Ms=150 GeV'
1027 T T T T T T

@ Hint for ~-ray signal at £, ~ 130
GeV at the GC could correspond to

1028 |

o Myn ~ 130 GeV ~+y signal
[Weniger’12]

o My, ~ 150 GeV ~ff signal

[Bringmann et al’12]

1090 |

<0v>y dN/JE, [cm®/s/GeV]
%

4

103!
0 20 40 60 80 100 120 140 160 180

o First yff analysis (Bringmann eta'1203) (Giscehino, LLH & Tytgar] Ev[GeV]

concluded that thermally produced

DM could not account for a signal B —
. . — VIB+FSR+Background
involving ov ~ 6 10~*cm?/s VISR

This is indeed the case for Majorana
DM, but real scalar DM can do the job

[Toma’13, Giacchino, LLH & Tytgat 13 ]

L 10’ 10
[Toma’13] E, [GeV]
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Conclusion

o Of interest for gamma ray searches, simple models involving real scalar
S (or Majorana x) DM coupling to charged SM fermions through :
LDy SWIg+he (or Dg xPlg+hc)
e have a d-wave (p-wave) 2-body (ov); in the chiral limit

e have significant bremsstrahlung emission through s-wave process
especially for ~ degenerate dark sector masses.

In the case of real scalar dark matter (ov);/(ov)y can be ~ O(1) and viable
scenarios accounting for Qqm give (ov).; up to two orders of magnitude
larger than Majorana DM within the reach of present and future experiments.
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Conclusion

Thank you for the invitation and
for your attention ! ! !
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Backup

Present and future constraints for the Scalar DM
with SMS portal \/2|H|*S?

LUX FERMI L_AT & HESS Xenon 1T CTA

A=10.03, ¥y = Yume 0.03, ¥ = thne 1y )i prospects

”//

\\R\\

\\\\\\

/
%
7
\'g

RN

N

%
/

\

_ Colllders
No viable LHC slepton searches

DM pp ->Yy
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Backup

Present and future constraints for the Scalar DM
with SMS portal \/2|H|*S?

A =01, ¥ = Yenermar (A, My, M) prospects

Y = Yihermal (A, 178, Wby )2 existing constraints

LUX ~ FERMI-LAT & HESS Xenon 1T CTA

g

NN

NN

7
-
g:
%
%

S

L
10? 10

_ mx GVl Colliders: m 15V
No viable LHC slepton searches
DM PP ->Y
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Majorana DM - ICCCUbC = 3 bOdy annihilation [S. Wild TeVPa/IDM’ 14]

Higher-order annihilations in the Sun

Central idea explored in this talk:

Higher-order effects generically lead to the emission of Z, W= bosons in these
annihilation channels! Examples are:

virtual internal bremsstrahlung
weak final state radiation

DM 0
v
nl
lW\A<
i v
DM !

Generation of a v flux in previously unconstrained annihilation channels‘

Laura Lopez Honorez (TENA-VUB)
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Majorana DM - ICCCUbC = 3 bOdy annihilation [S. Wild TeVPa/IDM’ 14]

Case a): unsuppressed annihilation DM DM — f f

< production of v's via weak final state radiation

Ibarra, Totzauer, SW '14

Annihilation into leptons

10734

MeV neutring:
| from g
= 0w -
&g . €RER OF JIRFIR
ERRUR
E 10-%7 [ ELER OF puf
=
N s - Dprestt
= B (for comparison)
g SIMPLE
107 7 7 '
10 10° 10° 10

mpa [GeV]

N U

: -39
1075

f

V=ZW

10

107 EMeV neut

10°%

10-%7 [

from ¢

upiip + dpdy

SIM

PLE

b (for comparison)

0

107
mpn [GeV]

10°

For some of the cases, the resulting constraints are

a) stronger than the best direct detection limits on osp
b) comparable to the limits from annihilation into e.g. bb

@ These results are complementary to the recent idea of using MeV neutrinos
for these annihilation channels
Bernal et. al. '14, Rott et. al. '14
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Majorana DM - ICCCUbC = 3 bOdy annihilation [S. Wild TeVPa/IDM’ 14]

Case b): DM DM — f f is helicity suppressed

< annihilation via VIB and one-loop processes A
< analysis within the toy model introduced earlier on A ‘

Ibarra, Totzauer, SW '14

Annihilation into e”e™

or pput

1w
10-30 L 4

1073

1078 -

f=erorpg

o
=

1079 2. e : P} '
10 10 10
mpy [GeV]
Coupling to eg:
dominant annihilation channels are
e~ety, e et Z, vy, vZ, 22

strong limits due to final states
with hard neutrinos

=

DM: Bremsstrahlung & ~y ray lines

N
> ; N
V M‘

Annihilation into uu

S
i only uit
Rl ‘ l 1
& iy = 101
= including VIB 10
R and loopy ann
o[ couppeeT
O 0 e SMPLE i
X
= f=ug
= )*.W . .
10? 108 10

mpy [GeV]
Coupling to ug:
limits are weaker due to presence of
the uuig channel

nevertheless, the limits improve
= |by ~ 1 order of magnitude with

with respect to ww only
August 28, 2014
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Majorana DM - ICCCUbC = 3 bOdy annihilation [S. Wild TeVPa/IDM’14]

Limits on the Yukawa coupling f - comparing approaches

my/m, = 1.01 my/my =11
10 - . 10 -
antiproton / mﬂil’M
. o ="
— 1 4 — 1Th—""
w E ’
= ) = XENON 100
) TeeCube =
g 107! E S 107! ;
XENON T
100 e { Fenormal
102 - 102 -
102 10° 10 107 107 104
my [GeV] my [GeV]

Ibarra, Totzauer, SW '13
@ For a compressed spectrum, IceCube constraints on the Yukawa coupling f
are competitive, in particular with PAMELA p/p
— for this, taking into account the 2 — 3 channels is crucial!

@ XENON 100 constraints are still the most stringent one in this scenario
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~7y cross sections : corrected results

[Rudaz ’89, Bergstrom’89+, Bern’97 and Bertone ’09]

R na AAYE
xuzey
VI YAV P
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~7y cross sections : corrected results

[Rudaz ’89, Bergstrom’89+, Bern’97 and Bertone ’09]

Scalar and Majorana DM with Mgym=100 GeV and y=1

1027 g
) S Bertone '09 - - -
:‘\ X Bergstrom '97 = - -
Loy D f
\ Mo S 5
T 102 L \\ ,\/\/\/’
o E S NLZP y f
1S k s ’
5] r N f
F U N e L s
> I Teal Sl
® 102F S~.. R
10-30 1 1 1 1
1 1.2 1.4 1.6 1.8 2
r
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~7y cross sections : corrected results

[Rudaz ’89, Bergstrom’89+, Bern’97 and Bertone ’09]

Diveg.gles 'itn Scalar and Majorana DM with Myy,=100 GeV and y=1
r—21 limit.
P S Bertone '09 - - -
a X Bergstrom '97 - - -
LN D f
Y \ J ~
w1028 - \\\ ,\/\/\/’
=~
"’E E o NLZP v f
S N RN f
= :‘ - So Dk;_,_/\/\/\, Z
< Ts R
& fio® RS S~.
Well defined [ Te-el
r—1 limit:
10-30 1 1 1 1
1 1.2 1.4 1.6 1.8 2
r

DM: Bremsstrahlung & - ray lines August 28, 2014 23/19



~7y cross sections : corrected results

[Rudaz ’89, Bergstrom’89+, Bern’97 and Bertone ’09]

ovy y [cm¥s]

1027

1028

1029

1030

Scalar and Majorana DM with Mgy,=100 GeV and y=1

) S Bertone '09 = = = ]
—‘\ S our analysis 1
N X Bergstrom '97 = = = |
AR X our analysis
ZEEAN 3
F ~ 4
b ~ B

s

Y |

DM: Bremsstrahlung & - ray lines

[Giacchino, LLH & Tytgat 14 and Ibarra et al’ 14]
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~7y cross sections : corrected results

[Rudaz ’89, Bergstrom’89+, Bern’97 and Bertone ’09] [Giacchino, LLH & Tytgat 14 and Ibarra et al’ 14]

Scalar and Majorana DM with Mgy,=100 GeV and y=1
Well defined

r—1 limit: . 2P| SBertone'09 = = = ]
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ov = o Bergstrom '97 = = = |
Y 202 xerg
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>
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~7y cross sections : corrected results

[Rudaz ’89, Bergstrom’89+, Bern’97 and Bertone ’09] [Giacchino, LLH & Tytgat 14 and Ibarra et al’ 14]

Scalar and Majorana DM with Mgy,=100 GeV and y=1
Well defined

r—1 limit: . 2P| SBertone'09 = = = ]
X yatm S our analysis 1
<01}>W = 64202 . X Bergstrom'97 - == ] r-—o
X M. X our analysis limit:
@ -28 | N .
;)é \g: ) s y'a?
G i O N e
= \ {ovh, 1873 M2
>>-
& 10 9{ .
J -—
~—
1030 1 1 1 1
1 12 14 146< VR yla?
912 o)X, = ———
s r " MR
8
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Asymmetric Dark Matter i
X is a complex scalar

Lt = XF(QLPL + gRPR)f + h.c., and Fis a new massive

fermion carrying U (1)x

X - - -

4092 2,2
' _ ‘ ; — l9g| (3mf+mxv )

I N X -
! ! obod = 11 48m(m?2 4+ mi)?

Foooxte-- g

xt----

(gerv) = 3o (Ox" = f)v) + 2rrp(o(XF = 7f)v) + 150 (FF — SM)v)

6
- > :
<o, v>> 6107 cm?/s 5 <qv .can be madg consistent ;
DM must be asymmetric with present constraints
|4

(Vs = 1075 cm/s

0
0.001 0.01 0.1 1 10 100 1000
mp=m, (GeV)
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Asymmetric Dark Matter i

6 -
—
000l 5
5.00
4F (v =105 em¥s
1.00 23
= 050 {1 =
(@V)rr =10 cm'/s o
0.10 (@V)y, =107 em¥/s
0.05 1
0 .
0.001 001 0.1 1 10 100 1000 0001 001 0.

mp=m, (GeV)

mp=m, (GeV)
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Asymmetric Dark Matter i

3
st i
o i
=
< S°r ]
2t i
L Tuin"13 i
our analysis
Tulin 13 <0 oy =3 1028 cm¥/s
our analysis <0 Vg x= 1025 cm¥s — —
102 . ) . : 3
0.01 01 T 10 100 00 001 01 1 10 100 1000
mg-mg [GeV] Me-mg [GeV]
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Worked example - Real Scalar DM E,, ~ 130 GeV signal ?

@ Hint for ~-ray signal at £, ~ 130
GeV at the GC could correspond to

o Myn ~ 130 GeV ~+y signal
[Weniger'12]

o Myy ~ 150 GeV ~ff signal
[Bringmann et al’ 12]

@ First ’yj?f analysis (Bringmann eta'1203]
concluded that thermally produced
DM could not account for a signal
involving ov ~ 6 10~2"cm’/s
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Worked example - Real Scalar DM E,, ~ 130 GeV signal ?

Scalar DM Ms=150 GeV'
1027 T T T T T T

@ Hint for ~-ray signal at £, ~ 130
GeV at the GC could correspond to

1028 |

o Myn ~ 130 GeV ~+y signal
[Weniger’12]

o My, ~ 150 GeV ~ff signal

[Bringmann et al’12]

1090 |

<0v>y dN/JE, [cm®/s/GeV]
%

4

103!
0 20 40 60 80 100 120 140 160 180

o First yff analysis (Bringmann eta'1203) (Giscehino, LLH & Tytgar] Ev[GeV]

concluded that thermally produced

DM could not account for a signal B —
. . — VIB+FSR+Background
involving ov ~ 6 10~*cm?/s VISR

This is indeed the case for Majorana
DM, but real scalar DM can do the job

[Toma’13, Giacchino, LLH & Tytgat 13 ]

L 10’ 10 10° 10°
[Toma’13] E, [GeV]
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Contributions to (ov).~

chi chi — a a

d
< SEE 4 . SEE @
L ~
e p e z
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| |

o s TS -5 ER ¥
- R Y
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)
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|
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chi  SEE SEE  a
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parameters for (ov) .y

Benchmarks Yi | (ov)yu (0V)4y Qamh? R3pay Rann Reo
Scalar |y, = 1.17 1.16]5.410727 1.410-2°| 0.11 0.06 0.28 0.41
Majorana | g; = 0.9 1.17/2.210728 8.91073°| 0.10 0.002 0.95 0.047

[Giacchino, LLH & Tytgat’13] revised

Laura Lopez Honorez (TENA-VUB)
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VIRTUAL INTERNAL BREMSSTRAHLUNG?

annihilation of DM into charged particles

N X o

S
|
|
|
|

= Final State Radiation (FSR)

|

g X 2 X
do(xx - XX7) ~ aij Fx(z) log (S( m2 )) o(xx = XX)

IR dominated, collinear emission T

. . s . Birkedal, Matchev, Perelstein and
universal feature encoded in splitting function ; chev !

Sprey (2005)

[M.|Tytgat - Scalars 13]
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VIRTUAL INTERNAL BREMSSTRAHLUNG

DM ———-

E

DM - ---L—« ¢

M o< ((ppar = pe)* = M) ™" ~ (Mpy — M — 2MpaEe) ™!

POTENTIALLY VERY LARGE ENHANCEMENTIF M ppr ~ Mg

FOR  Fz; ~ (0 CORRESPONDING TO E,~ Mpum

Bergstrom

Phys.Lett. B 225 (1989), 372
Bergstrom, Bringmann & Edsjo
JHEP 0801 (2008) 049

[M.|Tytgat - Scalars 13]
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up

Contribution to relic abundance

Scalar DM Heavy E one flavour Majorana DM Heavy S, one flavour
1 WW 1
0.98 E il E 1 E
0.9 E F k41
0995 3
0.94 5 E E
K £ 1
N0.92 E = Q! £ 3
G ®] E E
= 09 & 099 [ E
o) 01 & F ]
Coss | 4 ] E E 0.1
086 F : E E
0.985 E
084 F E F E
082 F 7 E E
08 Eraiil P L 0.01 098 bl il L 0.01
102 10° 104 102 10% 10%
ms [GeV] my [GeV]
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What about Internal Bremsstrahlung emmission

[Bergstrom’89, Flores et al’89 and also Bringmann *08+, Ciafaloni *11, Garny " 11+ ]

Well known case of a Majorana Fermion xx — ff

° ov=a+h? L . AL

A
\

o aterm :s-wave = —

A. Tbarra Moriond *13
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What about Internal Bremsstrahlung emmission

[Bergstrom’89, Flores et al’89 and also Bringmann *08+, Ciafaloni *11, Garny " 11+ ]

Well known case of a Majorana Fermion xx — ff

e ov=a+h? i N
o aterm :s-wave o< (my/m,)? T = =
e b term :p-wave o< v —
f L R
= = =

A. Tbarra Moriond *13
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What about Internal Bremsstrahlung emmission

[Bergstrom’89, Flores et al’89 and also Bringmann *08+, Ciafaloni *11, Garny " 11+ ]

Well known case of a Majorana Fermion xx — ff

e ov=a+h? I ) P
@ aterm :s-wave (mf/mx)z < — — >
e b term :p-wave o v ~
@ p-wave term seems suppressed today : < N 2 Vi .
(v)fo ~ 0.2 while (v?)gc ~ 107 = = =

but dominates over s-wave o (my/m, )

my =100 GeV = ot ~ 1075 (f = )

= <O'V>GC ~5- 1076<O'V>f,, ~ 1073 cm?/s

hopeless for indirect detection ? ?

A. Tbarra Moriond *13
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What about Internal Bremsstrahlung emmission

[Bergstrom’89, Flores et al’89 and also Bringmann *08+, Ciafaloni *11, Garny " 11+ ]

Well known case of a Majorana Fermion xx — ff

o ov=a+b? S , I
o aterm :s-wave o< (my/m,)?

A

\

e b term :p-wave o< v —

@ p-wave term seems suppressed today : < % M S T >
(?)f, ~ 0.2 while (v?)gc ~ 1076 = = =
but dominates over s-wave o (my/m, )
my = 100 GeV = b<V;I>GC ~ 10_5 (f = 8)
= (ov)gec ~ 5 107%(av) ~ 1073 em?/s Ll AN

-—
hopeless for indirect detection ? ? = —

A. Tbarra Moriond *13

Not hopeless ! Can get significant signal from yy — ff !
(s-wave spin 0 - but suppressed by 3bdy & extra coupling)
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This is really the end )
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