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Interplay of ID, DD, LHC

I Crucial to confirm/identify/‘rule out’ WIMPs

I Effective operator description essentially breaks down at LHC
energies, and misses characteristic features

e.g. Busoni, De Simone, Morgante, Riotto 1402.1275; . . .

I Bottom-up approach: DM + mediator

s-channel t-channel
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Why is the mediator important?

I Collider searches (direct production of mediator for mη . 2− 3 TeV)
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I Direct detection (EFT OK, except resonance for mη ' mχ and
q = b, t)
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Indirect Detection

I 2→ 2 annihilation
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Spectral feature from internal bremsstrahlung
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Search for ‘bump’ from internal bremsstrahlung

I Fermi LAT GC data 5− 300 GeV

Fermi coll. 1305.5597 (Bringmann, Huang, Ibarra, Vogl, Weniger 1203.1312; Weniger 1204.2797)

I H.E.S.S. CGH (bkg residual p) 500 GeV-25 TeV H.E.S.S. coll. 1301.1173

 (GeV)χm
10 210

)
-1 s3

 9
5%

 C
L 

Li
m

it 
(c

m
γγ

v>σ<

-3010

-2910

-2810

-2710

-2610

-2510
3.7 year R16 Einasto Profile

Observed Upper Limit
Expected Limit
Expected 68% Containment
Expected 95% Containment
Weniger [20] Limit

 (TeV)χm
210 110 1 10

/s
)

3
 (

9
5
%

 C
L

) 
(c

m
γ

γ
→

χ
χ

v
>

σ
<

2910

2810

2710

2610

2510
HESS Einasto

FermiLAT Einasto

I energy resolution LAT ∼ 9− 14%, H.E.S.S. ∼ 17− 11%

I Spectral gamma-ray feature on top of smoothly varying background

dΦ

dE
= βE−γ + α

(
dσvqq̄γ

dE
+ 2σvγγδ(E −mχ)

)



Search for ‘bump’ from internal bremsstrahlung

I Fermi LAT GC data 5− 300 GeV

Fermi coll. 1305.5597 (Bringmann, Huang, Ibarra, Vogl, Weniger 1203.1312; Weniger 1204.2797)

I H.E.S.S. CGH (bkg residual p) 500 GeV-25 TeV H.E.S.S. coll. 1301.1173

 (GeV)χm
10 210

)
-1 s3

 9
5%

 C
L 

Li
m

it 
(c

m
γγ

v>σ<

-3010

-2910

-2810

-2710

-2610

-2510
3.7 year R16 Einasto Profile

Observed Upper Limit
Expected Limit
Expected 68% Containment
Expected 95% Containment
Weniger [20] Limit

 (TeV)χm
210 110 1 10

/s
)

3
 (

9
5
%

 C
L

) 
(c

m
γ

γ
→

χ
χ

v
>

σ
<

2910

2810

2710

2610

2510
HESS Einasto

FermiLAT Einasto

I energy resolution LAT ∼ 9− 14%, H.E.S.S. ∼ 17− 11%

I Spectral gamma-ray feature on top of smoothly varying background

dΦ

dE
= βE−γ + α

(
dσvqq̄γ

dE
+ 2σvγγδ(E −mχ)

)



Internal bremsstrahlung: limits and prospects
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Antiprotons and secondary gamma rays

χχ→ qq̄g
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⇒ expect to see ‘bump’ first for DM coupled to up-type quarks, leptons

also: neutrino signal → talk by M. Totzauer



Direct detection
Hisano, Ishiwata, Nagata 1110.3719; Gondolo, Scopel 1307.4481; Drees, Nojiri; . . .
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Collider constraints

I Monojet for mη →∞
I Direct production of the mediator for mη . 2− 3 TeV

⇒ Dijet/Multijet + missing energy: η → χq
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Production cross section
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ATLAS search and re-interpretation

I ATLAS search for jets + missing energy L = 20.3 fb−1

pleading jet
T > 130GeV, Emiss

T > 160 GeV, psubleading,iT > 60 GeV

ATLAS-CONF-2013-047

I ATLAS provides interpretation in terms of SUSY models

I Model-independent result: Upper limit on signal events Sobs
95 in each

signal region (1− 5 subleading jets)

S = σ × ε× L

I Model-dependent: efficiency

ε = (Nafter cuts/NMC )NMC→∞

I Compute efficiencies for each (mχ,mη) and signal region using
MadGraph/PYTHIA/Delphes

I Matrix elements with two additional hard jets (ISR, FSR, internal),
jet matching to subtract double counting in hadron showering
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ID vs LHC for DM-u coupling, mη/mχ = 1.1
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ID vs LHC for DM-u coupling, mη/mχ = 2
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Complementarity (for thermal production)
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Prospects
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DM coupling to leptons
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DM coupling to leptons (prospects)
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Conclusion

I Interplay of ID, DD, LHC crucial to confirm/‘rule out’ WIMP

I Bottom-up approach: simplified models which contain relevant d.o.f.

I Dark Matter + t-channel mediator

I Strong spectral feature from internal bremsstrahlung

I CTA/XENON1T(LZ)/LHC13 close in on coloured mediator

I GAMMA-400/CTA promising for leptonic mediator

thank you!
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Upper limit on coupling strength
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ID vs DD for DM coupling to u-quarks
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Constraints from PAMELA p̄/p measurement

I Rate of p̄ per unit of kinetic energy and volume

Q(T ,~r) =
1

2

ρ2(~r)

m2
χ

∑
f

〈σv〉f
dN f

p̄

dT

I Einasto profile with αE = 0.17, rs = 20 kpc, ρ(r�) = 0.39GeV/cm3

I Propagation: two-zone diffusion model compatible with B/C ratio,
three parameter sets corresponding to MIN, MED, MAX p̄ flux

0 =
∂fp̄
∂t

= ∇·(K (T ,~r)∇fp̄)−∇·( ~Vc(~r)fp̄)−2hδ(z)Γannfp̄ +Q(T ,~r)

Model δ K0 (kpc2/Myr) L (kpc) Vc (km/s)
MIN 0.85 0.0016 1 13.5
MED 0.70 0.0112 4 12
MAX 0.46 0.0765 15 5

I secondary p̄ flux from Donato, Maurin, Salati, Barrau,

Boudoul, Taillet 01

I solar modulation in force field approximation
φF = 500MV
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Virtual Internal Bremsstrahlung χχ→ f f̄ V

vdσ(χχ→ γf f̄ )

dEγdEf
=

Cγf f̄ αemf 4(1− x)[x2 − 2x(1− y) + 2(1− y)2]

8π2m4
DM

(1− 2y − µf )2(3− 2x − 2y + µf )2

vdσ(χχ→ Wf f̄ ′)

dEW dEf
=

CWf f̄ ′αemf 4

8π2m4
DM

(1− 2y − µf )2(3− 2x − 2y + µf ′ )
2

{
(1− x)[x2 − 2x(1− y) + 2(1− y)2

+ 2(2− x − 2y)∆µ] + x2
0 [x2 + 2y2 + 2xy − 4y + 2(2− x − 2y)∆µ + ∆µ2]/4− x4

0/8

+ ∆µ2[(1− 2x)/2− 4(1− y)(1− x − y)/(2x2
0 )]
}

x = EW /mDM , y = Ef /mDM , x0 = MW /mDM , µf = m2
ηf
/m2

DM , µf ′ = m2
ηf ′

/m2
DM , ∆µ = (µf ′ − µf )/2

Cγf f̄ CZf f̄ CWf f̄ ′ Cgqq̄

χχ→ VfR f̄R q2
f Nc q2

f Nc tan2(θW ) – NcCF

χχ→ VfL f̄L q2
f Nc

(t3f−qf sin2(θW ))2

sin2(θW ) cos2(θW )
Nc

Nc
2 sin2(θW )

NcCF

Bergstrom PLB225(89)372
Bringmann et al 0710.3169
Ciafaloni et al 1104.2996
Bell et al 1104.3823
MG, Ibarra, Vogl 1105.5367

1112.5155



Characteristic feature in the gamma-ray spectrum
Bringmann, Bergstrom, Edsjo 0710.3169
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Search for spectral gamma-ray feature from IB

I Spectral gamma-ray feature on top of smoothly varying background

I Fermi LAT GC data 40− 300 GeV Bringmann, Huang, Ibarra, Vogl, Weniger 1203.1312

I H.E.S.S. CGH (bkg residual p) 500 GeV-25 TeV H.E.S.S. coll. 1301.1173
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I σv . 10−27..10−26cm3/s over the range 40 GeV - 10 TeV

I H.E.S.S. II, GAMMA-400, CTA /= 5− 10
Bringmann, Calore, Vertongen, Weniger 1106.1874; Bergstrom, Bertone, Conrad, Farnier, Weniger

1207.6773; Aleksic, Rico, Martinez 1209.5589
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Toy Model for internal bremsstrahlung

I Majorana fermion χ (DM, e.g. bino) couples to a SM fermion via
charged/colored scalar η (e.g. slepton/squark) with Yukawa
coupling f (fsusy =

√
2g ′Y )

I Coupling to RH quark (lepton) ψR ∈ uR , dR , `R

χ ≡ (1c , 1L, 0) , η ≡ (3̄c(1c), 1L,−Yψ)

Lfermion
int = f χ̄ψRη + h.c .

Lscalar
int = −λ3(H†H)(η†η)

I Thermal relic density for mη −mχ � Tf .o. ∼ mχ/25

Ωχh
2 ' 0.12

Nc

(
0.35

f

)4 ( mχ

100 GeV

)2
[∑

i

1 + m4
ηi
/m4

χ

(1 + m2
ηi
/m2

χ)4

]−1

I Coannihilations [micrOMEGAS2.4]
→ Yukawa coupling for thermal relic f = fth(mχ,mη)
→ lower bound mχ & 200 GeV (50 GeV) for mη/mχ − 1 . 1/25
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2→ 2 vs 2→ 3 cross sections

〈σ
v
〉[

cm
3
/
s]

µ = (mη/mχ)
2

DM coupling to RH b-quark (mχ = 300GeV, f = 1)

χχ → bb̄

χχ → bb̄γ

χχ → bb̄g

χχ → γγ

χχ → gg

10−32

10−31

10−30

10−29

10−28

10−27

10−26

10−25

1 10

I σv2→2 ∝ 1/µ2, σv2→3 ∝ 1/µ4 (where µ = (mη/mDM)2)

I Dominant channel qq̄g for mη . 2mχ, gg for mη & 2mχ

σv(χχ→ qq̄γ)

σv(χχ→ qq̄g)
=

Q2
qαem

CFαs
' 3%(0.7%) for q = u(d)



Complementary constraints from ID and DD

I Secondary gamma rays (Fermi dwarf), antiprotons (PAMELA p̄/p)
Geringer-Sameth, Koushiappas 1108.2914; Bringmann, Salati 0612514; . . .
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I Scattering off Xe nuclei (XENON100), resonant enhancement
Hisano, Ishiwata, Nagata 1110.3719; Drees, Nojiri 93; Jungman et al 95
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Complementary constraints from ID and DD

I Constraints on σvqq̄g and scattering rate [σSI (SD)] at 95%C.L.
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I Convert into constraints on Yukawa coupling f , using αs(mχ), and
conservative assumptions on nuclear uncertainties for DD, and then
convert into upper limit on σvqq̄γ + 2σvγγ
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