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OUTLINE

1 QUICK SUMMARY OF OUR KNOWLEDGE ABOUT DARK MATTER

2 SUPERSYMMETRY AS A POSSIBLE SOLUTION

3 RENORMALISATION OF THE MSSM

4 APPLICATIONS TO THE COMPUTATION OF THE RELIC DENSITY AT
ONE-LOOP
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SUMMARY OF OUR (LITTLE) KNOWLEDGE ABOUT DM

I We know that it exists and it is
present in galaxies.

I It is cold (non-relativistic at
decoupling)

I It represents 85% of the matter
content (22% of the Universe)

I Ωχh2 = 0.1199± 0.0027 at 1σ
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SUMMARY OF WHAT WE DON’T KNOW ABOUT DM (A LOT)

... AND A POSSIBLE SOLUTION: SUPERSYMMETRY

New symmetry: Fermion↔ Boson.
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AUTOMATIZED FULL ONE-LOOP RENORMALIZATION OF THE MSSM, with SloopS

I No informations on exact distribution
or local density

I No informations on what is it made of
(mass, cross section, spin)

Moreover :

I No existing candidate in SM

I EWSB seems to be related to DM
problem

NEW PARADIGM : DM IS
NEW PHYSICS

ANY BSM “SHOULD” HAVE A DM
CANDIDATE
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HOW TO EXTRACT Ωχh
2

RELIC DENSITY OF DARK MATTER

I PLANCK+WMAP: 0.1145 < ΩDM h2 < 0.1253

PRECISION MEASUREMENTS

Must be matched by th. calculations ⇒ One-loop

Can be used to constrain cosmological/BSM
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COSMOLOGY AND PARTICLE PHYSICS

STANDARD SCENARIO

THERMAL RELIC DENSITY

I Solve the Boltzmann equation

dn/dt = −3Hn − 〈σv〉(n2 − n2
eq)

I Thermal average

I Ωh2 ∝ 10−10GeV−2/〈σ(χχ→ SM)v〉 (rad. dom.
Universe)

I One loop corrections to σ(χχ→ SM) needed for
accurate predicitons.

Relic Density: derivation
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F. BOUDJEMA, Dark Matter and Requirements on Collider Data – p. 8/25
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WIMP “MIRACLE” : 〈σv〉 ∼ α2

M2
EW

∼ 10−9GeV−2 =⇒ Ωχh2 ∼ 0.1
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PROBLEMS OF THE STANDARD MODEL

I The Standard Model seems to be an “incomplete” theory.

I Mechanism for generating mass to particles (≡ Electroweak symmetry breaking)
yet unknown.

I Does not explain the instability of the Higgs mass w.r.t higher orders.

δm2
H ⊃ −

λ2
f

8π2

„
Λ2 − 3m2

f ln

„
Λ

mf

«
+ ...

«
I Other masses are protected w.r.t higher orders thanks to a symmetry (chiral for

fermions, gauge for vector bosons).

I No existing symmetry playing the same role for scalar bosons.

I Cosmology: 26% of matter energy, only 4% identified ⇒ DARK MATTER

I SM does not explain the “nature” of DARK MATTER, no candidate can explain
by itself the present amount of DM. ⇒ Need for a new particle.

I DARK MATTER problem seems to be related to the Electroweak symmetry
breaking

NEED FOR NEW PHYSICS
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SUPERSYMMETRY AND THE MSSM

Supersymmetry (SUSY): a solution for physics beyond the SM

I Symmetry linking Bosons to Fermions.

I Transfer the symmetry properties of fermions to scalar bosons to stabilise the
scalar sector.

I Not yet observed in nature ⇒ Broken symmetry.

I MSSM: Minimal Supersymmetric Standard Model = LSUSY + Lsoft .

I 2 Higgs doublet ⇒ Five Higgs bosons : h,H,H±,A0

NEW PARTICLES NEW INTERACTIONS

NEW PHENOMENOLOGY
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SUPERSYMMETRIC DARK MATTER

I Hint : Dark Matter cross section resembles the one of a weakly interacting
massive particle (WIMP).

Ωχh2 ' 3× 10−27cm3s−1

〈σv〉
I Weak scale is stabilised by SUSY → Does SUSY offers a DM candidate ?

YES if R-parity is conserved (or at least if τχ > τUniv.)
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SUPERSYMMETRIC DARK MATTER

SUSY CANDIDATES (with R-parity conserved)

I Sneutrino ν̃ : Simplest model (left-handed ν̃L) ruled out by direct non-detection.

I Gravitino : can be hot/warm/cold DM. Generically too heavy or too light to be
detected (LHC - Direct/Indirect detection DM). Constrained by BBN.

I Axino : SUSY partner of the axion in models with PQ solution to strong CP
problem. Very difficult to detect.

I Neutralino : “Vanilla” MSSM DM candidate. Annihilates weakly into quarks,
leptons, gauge & Higgs bosons. Detection depends on the parameter space.A benchmark diagram & the discovery program

W+, Z, !, g, H, q+, l+

W -, Z, !, g, H, q -,l -

ECM " 
102±2 GeV

New
physics

X=#, B(1),… 

New
physics

X

Early universe and indirect detection

Direct 
detection
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

! demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators

! Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production
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MSSM NEUTRALINO DARK MATTER

NEUTRALINO/CHARGINO SECTOR

I Mass matrices in the (eB,fW 0, eH0
1 ,
eH0

2 ) basis

and (fW±, eH±1,2) one

Y =

0BBB@
M1 0 −cβ sw MZ sβ sw MZ

0 M2 cβ cw MZ −sβ cw MZ
−cβ sw MZ cβ cw MZ 0 −µ

sβ sw MZ −sβ cw MZ −µ 0

1CCCA
| {z }

N−→(χ̃0
1
,χ̃0

2
,χ̃0

3
,χ̃0

4
)

,

X =

 
M2

√
2sβMW√

2cβMW µ

!
| {z }

U,V−−−→(χ̃
±
1
,χ̃
±
2

)

I Diagonalisation + Decomposition ⇒ 6 eigenstates/eigenvalues : 4 neutralinos χ̃0
i

and 2 charginos χ̃±i .

↪→ χ̃0
1 = N11

eB + N12
fW 0 + N13

eH0
1 + N14

eH0
2 with

4X
j=1

N2
1j = 1

I The value of each N1j determine the nature of χ̃0
1 and its couplings to other

particles.

I The LSP χ̃0
1 can couple to ANY sector of the MSSM

I → COMPLETE renormalisation needed.
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OUTLINE

1 QUICK SUMMARY OF OUR KNOWLEDGE ABOUT DARK MATTER

2 SUPERSYMMETRY AS A POSSIBLE SOLUTION

3 RENORMALISATION OF THE MSSM

4 APPLICATIONS TO THE COMPUTATION OF THE RELIC DENSITY AT
ONE-LOOP

5 GAMMA-RAY LINES IN THE NMSSM
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RADIATIVE CORRECTIONS-RENORMALISATION

DIVERGENCES

I Due to perturbative development in the coupling constant.

TREE LEV EL

q →∞

SELF ENERGIES

fini + CUV

γ, g

q → 0

∝ ln(λIR)

V ERTEX DIAGRAMS

BOX DIAGRAMS
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DIVERGENCES

I Due to perturbative development in the coupling constant.

TREE LEV EL

q →∞

SELF ENERGIES

fini + CUV

γ, g

q → 0

∝ ln(λIR)

V ERTEX DIAGRAMS

BOX DIAGRAMS

REGULARISATION

Isolate infinite parts in loops

I UV: ln ΛUV with cut-off, 1/εUV poles in DR.

I IR: lnλIR with cut-off, 1/εIR poles in DR.
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∝ ln(λIR)
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BOX DIAGRAMS

COUNTER− TERMS

fini + CUV

γ, g

Soft(Eγ,g < kc) + Hard(Eγ,g > kc)

∝ ln( λ
kc) ∝ ln( 1

kc
)

REAL EMISSION

REGULARISATION

Isolate infinite parts in loops

I UV: ln ΛUV with cut-off, 1/εUV poles in DR.

I IR: lnλIR with cut-off, 1/εIR poles in DR.
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RENORMALISATION

L0 = L0(g0
i ,M

0
ij , φ

0
i )

SHIFTS

I Φ0
i → (δij + 1

2 δZij )Φj

I g 0
i → gi + δgi

I M0 2
ij → M2

ij + δM2
ij

ON-SHELL SCHEME

I fReΣ̂ii (M2
i ) = 0→ δM2

I fReΣ̂′ii (M2
i ) = 0→ δZii

I fReΣ̂ij (M2
i ) = 0→ δZij

L0 = L(gi ,Mij , φi ) + δL(gi ,Mij , φi , δgi , δMij , δZij )

SECTORS

I Fermion

I Gauge

I Higgs

I Chargino/Neutralino

I Sfermion
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AUTOMATIC TOOL FOR ONE-LOOP CALCULATIONS: SLOOPS

SLOOPS

A code for calculation of loops diagrams in
the MSSM with application to colliders,
astrophysics and cosmology.

I Evaluation of one-loop diagrams including a complete and coherent
renormalisation of each sector of the MSSM with an OS scheme.

I Modularity between different renormalisation schemes.

I Non-linear gauge fixing.

I Checks: results UV,IR finite and gauge independent.

http://code.sloops.free.fr/
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ANNIHILATION INTO GAUGE BOSONS : WINO

Baro,Boudjema,GC,Sun Hao, Phys. Rev D81 (2008) 015005

I Neutralino is wino-like when M2 � M1, |µ| ⇒ N12 ' 1,N1i = 0 i 6= 2.

I mχ̃0
1
' m

χ̃±1

NEUTRALINO/CHARGINO SECTOR

I Mass matrices in the (eB,fW 0, eH0
1 ,
eH0

2 ) basis and (fW±, eH±1,2) one

Y =

0BBB@
M1 0 −cβ sw MZ sβ sw MZ

0 M2 cβ cw MZ −sβ cw MZ
−cβ sw MZ cβ cw MZ 0 −µ

sβ sw MZ −sβ cw MZ −µ 0

1CCCA
| {z }

N−→(χ̃0
1
,χ̃0

2
,χ̃0

3
,χ̃0

4
)

, X =

 
M2

√
2sβMW√

2cβMW µ

!
| {z }

U,V−−−→(χ̃
±
1
,χ̃
±
2

)

I Diagonalisation + Decomposition ⇒ 6 eigenstates/eigenvalues : 4 neutralinos χ̃0
i

and 2 charginos χ̃±i .

↪→ χ̃0
1 = N11

eB + N12
fW 0 + N13

eH0
1 + N14

eH0
2 with

4X
j=1

N2
1j = 1
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ANNIHILATION INTO GAUGE BOSONS : WINO

Baro,Boudjema,GC,Sun Hao, Phys. Rev D81 (2008) 015005

I Neutralino is wino-like when M2 � M1, |µ| ⇒ N12 ' 1,N1i = 0 i 6= 2.

I mχ̃0
1
' m

χ̃±1

In the pure wino limit :

Lint = − e

sw

“
χ̃0

1W/ †χ̃−1 + c.c.
”

+ e
cw

sw
χ̃−1 Z/χ̃−1 + eχ̃+

1 A/χ̃+
1

DOMINANT ANNIHILATION CHANNELS FOR RELIC DENSITY

I χ̃0
1χ̃

0
1 →W +W− (EW corrections)

I χ̃0
1χ̃
±
1 → Z 0W± (EW corrections)

I χ̃±1 χ̃
±
1 →W±W± (EW corrections)

I χ̃±1 χ̃
∓
1 →W±W∓,Z 0Z 0 (EW corrections)

I χ̃0
1χ̃
±
1 → qq̄′ (EW+QCD corrections)

We corrected channels contributing more than 5% to Ωχh2
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HEAVY-WINO NEUTRALINO

Parameter M1 M2 µ tβ M3 ML̃,Q̃ Ai MA0

Value(GeV) 3500 1800 4500 15 5000 5000 0 5000

χ̃0
1 = 0.000B̃ − 0.999W̃ + 0.004H̃0

1 + 0.032H̃0
2

Tree

χ̃0
1χ̃

0
1 → W +W− [10%] a +2.43

b +0.52

χ̃±1 χ̃
±
1 → W±W± [10%] a +2.44

b +0.52

χ̃0
1χ̃
±
1 → Z 0W± [9%] a +1.02

b +0.24

χ̃0
1χ̃

+
1 → tb̄ [9%] a +1.08

b −0.46

χ̃0
1χ̃

+
1 → ud̄ [9%] a +1.08

b −0.46

χ̃+
1 χ̃
−
1 → Z 0Z 0 [6%] a +0.73

b +0.16

χ̃+
1 χ̃
−
1 → W +W− [6%] a +0.65

b +0.17

Ωχh2 0.0997

I m
χ̃0

1
= 1799.1 GeV

I δ(m
χ̃+

1
− m

χ̃0
1

) = 0.0003 GeV

I σ0v = a + bv 2

I m
χ̃0

1
,m
χ̃
±
1

almost degenerate

I Coannihilation very important

I Degeneracy between processes
χ̃0

1χ̃
0
1 → W +W− and

χ̃+
1 χ̃

+
1 → W +W +

I A lot of processes contribute
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HEAVY-WINO NEUTRALINO

Parameter M1 M2 µ tβ M3 ML̃,Q̃ Ai MA0
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ij
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]

χ̃0
1χ̃

0
1 → W+W−

χ̃+
1 χ̃+

1 → W+W+
χ̃0

1χ̃
+
1 → Z0W+

χ̃+
1 χ̃−1 → W+W−

χ̃+
1 χ̃−1 → Z0Z0
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v

∆
σ

ij
/σ

ij
[%

]

χ̃0
1χ̃

+
1 → ud̄

ud̄ [EW]

ud̄ [QCD]

χ̃0
1χ̃

+
1 → tb̄

tb̄ [EW]

tb̄ [QCD]
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�




�

	

�




�

	
I MW /mχ̃0

1
= 0.045⇒W±,Z 0 bosons almost considered as massless.

I v → 0: Large Sommerfeld (QED+EW) enhancement.

V1 V2 V3

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
i

χ̃0
i

χ̃±i

χ̃±i

χ̃±i

χ̃±i W+W+W+

W−W−W− W±W±

Z0Z0
Z0

Z0

B1 B2 B3 B4

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
1

χ̃0
i

χ̃0
i

χ̃0
i

χ̃0
i

χ̃0
i

χ̃0
i

χ̃±i

χ̃±i

χ̃±i

χ̃±i

χ̃±i

χ̃±i

W+W+
W+W+

W−W−

W−W−

W±W± Z0Z0
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SINGULARITIES IN LOOPS - I: “COULOMB EFFECT”

I Singularities arise in scalar triangle C0 and box D0 loop integrals when β → 0.

f, M

f̄, M

γ

f̄ , M

f, M

C0
β→0−−−→ − π2

Q2β

β = v/2 =
p

1− 4M2/Q2

I D0 has the same infrared behavior because for β → 0 it can be split into a sum of
triangle integrals.

I This effect can be resummed to all orders.

I S1L =
πα

v
× σ0Qi Qj

I Snr = Xnr/(1− e−Xnr )× σ0 Xnr = 2παQi Qj/v
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SINGULARITIES IN LOOPS II : EW “COULOMB EFFECT”

Drees, Jie Gu, PRD87 063524

f, M

f̄, M

V, m

f̄, M

f, M

I Let us pose x = |~q|/|~p| and µ = m2/|~p|2 then

CSom.
0 = − 1

M ·m

√
µ

2
IS (µ) with

IS (µ) =

Z ∞
0

dx
x

x2 − 1
ln

»
(x + 1)2 + µ

(x − 1)2 + µ

–
I In the limit of vanishing velocity we have

lim
β→0
Re(CSom.

0 ) = − π

M ·m
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CHANNELS WITH GAUGE BOSONS IN THE FINAL STATE

Parameter M1 M2 µ tβ M3 ML̃,Q̃ Ai MA0

Value(GeV) 3500 1800 4500 15 5000 5000 0 5000
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I v → 1: Large negative corrections of Sudakov type.
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SUDAKOV VIRTUAL CORRECTIONS

I Originate from vertex and box diagrams involving virtual bosons.
I General form of one-loop Sudakov corrections

α

»
C2 ln2

 
s

M2
V

!
| {z }

LL

+C1 ln1

 
s

M2
V

!
| {z }

NLL

+C0

–
+O

 
M2

V

s

!
V = γ,W±, Z 0

V

V

I The ln(s/M2
V ) represent mass singularities and originate from soft and collinear

regions.

I For QED corrections always present (Mγ → 0), for EW ones when s � M2
W ,Z .
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α

»
C2 ln2
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V
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| {z }

LL

+C1 ln1

 
s

M2
V
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| {z }

NLL

+C0

–
+O

 
M2

V

s

!
V = γ,W±, Z 0

V

V

+

V

V

I The ln(s/M2
V ) represent mass singularities and originate from soft and collinear

regions.

I For QED corrections always present (Mγ → 0), for EW ones when s � M2
W ,Z .

I Dependency on Mγ unphysical ⇒ removed by adding real emission as stated by
the Bloch-Nordsieck theorem [Bloch,Nordsieck(1937)].

I For EW corrections, MW ,Z physical and retained in the calculation.
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SUDAKOV VIRTUAL+REAL CORRECTIONS: ABELIAN
EXAMPLE

I Adding real emission of EW gauge boson can counterbalance virtual effects.

I Abelian Z ′ → ν̄ν + Z 0 (of mass
√

s) as an example (in the limit s � M2
Z ):

ΓV
νν̄ = - Γ0

νν̄

αZ

4π

»
2

 
ln2

 
m2

Z

s

!
+ 3 ln

 
m2

Z

s

!!
− 2π2

3
+ 7

–

ΓR
νν̄ = + Γ0

νν

αZ

4π

»
2

 
ln2

 
m2

Z

s

!
+ 3 ln

 
m2

Z

s

!!
− 2π2

3
+ 10

–
I Complete compensation between virtual and real logarithmic corrections.

I For our heavy-wino case Sudakov corrections important (M2
W /m2

χ̃0
1

= 2.10−3).

I 2→ 3 to be taken into account for relic density.

I Real emission of Z 0 boson added.

I virtual W± emission changes isospin → one state of a mutliplet turned into
another state of the same multiplet.

I By summing/averaging over all members of the same multiplet, the cancellation
should take place ⇒ Summing over all channels and processes (KLN Theorem).

I W± real emission must also be added to form an isospin singlet.
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AVERAGING/SUMMING OVER ISOSPIN/ALL PROCESSES

Virtual + real 2→ 2 + γ,Z 0,W±.

 v 
0 0.1 0.2 0.3 0.4 0.5

 [
%

]
0 su

m
σ

 /
 

su
m

σ
∆

-40

-30

-20

-10

0

10

20

30

I Large corrections for individual processes ⇒ important effect for Indirect
Detection

I For relic density calculation, in the thermal bath sum over all members of the
isospin multiplet automatically done

I However due to coannihilation weight (' Boltzmann Suppression) violation of
KLN in the Early Universe possible ( see e.g [Ciafaloni et. al ’13])
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OUTLINE

1 QUICK SUMMARY OF OUR KNOWLEDGE ABOUT DARK MATTER

2 SUPERSYMMETRY AS A POSSIBLE SOLUTION

3 RENORMALISATION OF THE MSSM

4 APPLICATIONS TO THE COMPUTATION OF THE RELIC DENSITY AT
ONE-LOOP

5 GAMMA-RAY LINES IN THE NMSSM
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GAMMA-RAY LINES
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GAMMA-RAY LINES

Theoretically favoured :

I DM particle annihilation or decay into primary γ + X can produce
monochromatic gamma rays

I “Smoking gun” signature

I No known astrophysical source can mimic this signal

I γ’s point directly to the source → no propagation uncertainties.

I Give direct information on mχ :

χχ→ γγ : Eγγ ' mχ

χχ→ γX : EγX ' mχ

 
1− M2

X

4mχ
2

!

Experimentally challenging :

I DM is a neutral particle → suppressed process

I Very small branching ratio (if loop-induced O(α2))

I Difficult to detect from the overwhelming astrophysical background

I Optimal energy resolution (≈ 10% at 100 GeV) and calibration very important
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“130 GEV LINE” IN THE FERMI-LAT DATA
Introduction DM annihilation & γ-rays γ-ray lines γ-ray line from Galaxy clusters Conclusions

“130 GeV line” in the Fermi LAT data from Weniger

From Weniger [arXiv:1204.2797]

Introduction DM annihilation & γ-rays γ-ray lines γ-ray line from Galaxy clusters Conclusions

“130 GeV line” in the Fermi LAT data
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Fig. 17.— Same as right panel of Figure 10 but with the cusp
template centered at ! = −1.5◦ and b = 0◦.

GC spectrum (!c < 4o, |b| > 0.5o)
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Fig. 18.— Spectrum of emission within 4◦ of the cusp center
(!, b) = (−1.5, 0), excluding |b| < 0.5◦. High-incidence angle events
(upper panel) have a factor of ∼ 2 better energy resolution than
those that enter the LAT close to normal incidence (middle panel)
or the whole sample (lower panel). All three spectra have been
smoothed by a Gaussian of 0.06 FWHM in ∆E/E, similar to the
expected resolution of the upper panel. The continuum model is
dN/dE ∼ E−2.6, normalized at 20 < E < 50 GeV (blue dashed).

following test.
We select low incidence (θ < 30◦) and high incidence

(θ > 40◦) photon samples. We restrict to those near the
cusp center at (", b) = (−1.5, 0) (ψc < 4◦) but not in the
plane (|b| < 0.5◦). We then convolve each with a ker-
nel and compare them (Figure 18). We adopt an LSF
with a FWHM of ∆E/E = 0.06 for high incidence and
0.12 for low incidence (Edmonds 2011), and in both cases
convolve with another FWHM 0.06 Gaussian. After con-
volution, the LSF is FWHM 0.085 for high incidence and
0.134 for low incidence. Normalized Gaussians of these
widths are shown for reference, normalized to the ex-
pected line strength at 130 GeV. Maps constructed using
only high incidence events are shown in Figure 19.

Note that:

• The 129 GeV feature shape is strikingly similar to
that expected for a line. The 111 GeV feature is
unconvincing, but is also compatible with a line.

• In some cases, fluctuations appear, but are not
present in both low and high incidence spectra.

This analysis did introduce some additional parameters,
but we have made natural choices for them: The 68%
containment radius of the cusp is approximately 4◦, the
Galactic ridge is about 0.5◦ thick, and the ∆E/E = 0.06
smoothing kernel is similar to the LSF of the LAT at high
incidence. Smoothing a spectrum by its LSF is often a
good compromise between resolution and noise suppres-
sion in the high-noise limit. Because these parameters
are all fixed to natural values, there is no significant tri-
als factor for this test, apart from the obvious one, that
the lines could have appeared anywhere (Section 4.2).

This test did not have to succeed. The fact that the
high-incidence photon sample has sharper spectral fea-
tures is important; if the high-θ and low-θ spectra in
Figure 18 had been reversed, it would have been devas-
tating for the line hypothesis.

6.2. Null test: Galactic plane spectrum

To emphasize that the line feature in Figure 18 appears
near the Galactic center and not elsewhere, we perform
the same analysis on the Galactic plane (|b| < 2◦) away
from the GC (ψ > 5◦). We find no indication of a line
in either high-incidence or low-incidence photons (Figure
20).

6.3. Null test: Earth emission photons

Another null test is provided by the Earth emission
photons. Cosmic-ray induced cascades in the Earth’s
atmosphere shower photons on the LAT at high zenith
angle (Z > 108◦). These provide another null test, as
there is no reason for there to be a 130 GeV feature in
the Earth emission spectrum. On average, no feature
is seen (Figure 21). However, there is a hint of a line
at 130 GeV in the low-incidence events and one at 111

Weniger JCAP 1208 007 Tempel et. al JCAP 1209 032 Finkbeiner & Su arXiv:1206.1616

γX mχ [GeV] 〈σv〉γX [10−27cm3s−1] 〈σv〉γγ
〈σv〉γX

〈σv〉γZ
〈σv〉γX

〈σv〉γH
〈σv〉γX

γγ 129.8 ± 2.4+7−14 1.27 ± 0.32+0.18−0.28 1 0.66+0.71−0.48 < 0.83
γZ 144.2 ± 2.2+6−12 3.14 ± 0.79+0.40−0.60 < 0.28 1 < 1.08
γH 155.1 ± 2.1+6−11 3.63 ± 0.91+0.45−0.63 < 0.17 < 0.79 1

Table 2: Upper limits at 95%CL (or best-fit value with ±1σ error) on the branching ratios into the secondary
line, assuming that the primary line at Eγ = 130 GeV is due to annihilation into γX with X = γ, Z or H.
Note that 〈σv〉γZ/〈σv〉γγ < 2.01 at 95%CL.

backgrounds and prepare the stage for planned instruments like CTA or GAMMA-400
with considerably improved characteristics for DM searches. Indirect detection with
gamma rays will also profit from an interplay with upcoming results from neutrino
searches with IceCube, anti-matter searches with AMS-02, results from the LHC as well
as from next-generation direct WIMP detectors. Furthermore, continuously improving
results from N-body simulations that realistically take into account the various compo-
nents of baryonic matter will sharpen our understanding of the signal morphology.

Assuming a ten year lifetime of Fermi-LAT, the limits on the annihilation cross-
section that were derived from observations of nearby dwarf galaxies with 2 years of
data [126] would improve on purely statistical grounds by a factor of

√
5 to 5, depending

on the annihilation channel and the DM mass (which determines whether the limits are
derived in the signal-dominated high-energy regime or in the low-energy regime domi-
nated by the diffuse gamma-ray background). Optical surveys like Pan-STARRS [304],
the Dark Energy Survey [305] or the Stromlo Missing Satellite Survey [306] could in-
crease the number of known dwarf spheroidals by a factor of 3, which could additionally
increase the constraining power by a factor of

√
3 to 3 in the most optimistic case [307–

309]. Further significant improvements are expected from the upcoming Pass 8 version
of the LAT event reconstruction, which will lead to an enhanced effective area for high
energy gamma rays, better hadron rejection and an improved energy resolution [310].
It is hence conceivable that Fermi-LAT dwarf limits will improve by a factor up to ten,
which could allow to constrain WIMPs with thermal annihilation rate into b̄b up to DM
masses of ∼ 600 GeV. Similar improvements might be expected for limits from galaxy
clusters [132, 163]. DM searches in the GC [188, 189, 295] and the halo [190], on
the other hand, will mostly profit from a refined understanding of astrophysical back-
grounds; results from different groups are expected soon (already now e.g. Ref. [189]
finds limits that severely constrain thermal cross-sections into b̄b for ! 100 GeV DM
masses, though with significant dependence on the details of the halo and background
model). The best limits on annihilation into gamma-ray lines [14] or VIB features [13]
are right now based on almost four years of data; more data and improved event recon-
struction will strengthen them by at least a factor of

√
3.

By now, HESS observations of the GC provide the strongest limits on DM annihila-
22
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FERMI OWN DEDICATED REANALYSIS

I FERMI-LAT has searched for spectral line
from 5-300 GeV : no globally significant
lines

I A line-like feature at 133 GeV present with
a global significance below 1σ (2.9σ local).

POSSIBLE INTERPRETATIONS

I Instrumental effects (Earth limb, 2D fit)

I rare stat. fluctuation

I genuine signal of DM ?

IF DM HUGE IMPACT ON PP

I DM ann. at rest → Eγ = mχ

I mχ sets 6ET for Colliders

I target mass for Direct Detection

30

f=s/b ~58% 

f=s/b ~1%

No globally significant line detected
– All fits have global significance < 1.6!

Local significances in # of sigma
          (2! global sigma dashed line)

~130 GeV 

Einasto (16°)

3° radius (R3)

C
ro

ss
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95% CL limits on             and τγν�σv�γγ

DM Decay (R180)
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Li
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GUSTAFSSON'S TALK 
AXION-WIMP 13
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ACCOUNTING FOR THE GAMMA LINES IN SUSY

If DM self-annihilation :

〈σv〉χχ→γγ ' 1× 10−27 cm2s−1

This is to be compared with canonical value 〈σv〉χχ ' 3× 10−26 cm2s−1

Very bright signal for a supposedly loop-induced process : loop factor =
1/16π2 ∼ 6/1000!

Very difficult to account for in the MSSM w/o overshooting indirect detection limits
from the continuous γ-ray spectrum Buchmuller,Garny;Cholis,Tovakoli,Ullio;Cohen et.al; Bélanger et.al....

SINGLET EXTENSION OF THE MSSM : NMSSM

I MSSM content extended by 1 singlet superfield S

I More neutralinos (5), more Higgs bosons (6)

χ̃0
1 = N11

eB + N12
fW 0 + N13

eH0
1 + N14

eH0
2 + N15S̃

I Possible to have 2mχ̃0
1
≈ ma0

1
and evade all existing constraints
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This is to be compared with canonical value 〈σv〉χχ ' 3× 10−26 cm2s−1

Very bright signal for a supposedly loop-induced process : loop factor =
1/16π2 ∼ 6/1000!

Very difficult to account for in the MSSM w/o overshooting indirect detection limits
from the continuous γ-ray spectrum Buchmuller,Garny;Cholis,Tovakoli,Ullio;Cohen et.al; Bélanger et.al....

SINGLET EXTENSION OF THE MSSM : NMSSM

I MSSM content extended by 1 singlet superfield S

I More neutralinos (5), more Higgs bosons (6)
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eH0
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1
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1
and evade all existing constraints

CHALONS Guillaume PRECISION CALCULATIONS FOR DM SELF ANNIHILATION IN SUSY THEORIES 32/ 37



ACCOUNTING FOR THE GAMMA LINES IN SUSY

If DM self-annihilation :

〈σv〉χχ→γγ ' 1× 10−27 cm2s−1

This is to be compared with canonical value 〈σv〉χχ ' 3× 10−26 cm2s−1

Very bright signal for a supposedly loop-induced process : loop factor =
1/16π2 ∼ 6/1000!

Very difficult to account for in the MSSM w/o overshooting indirect detection limits
from the continuous γ-ray spectrum Buchmuller,Garny;Cholis,Tovakoli,Ullio;Cohen et.al; Bélanger et.al....

SINGLET EXTENSION OF THE MSSM : NMSSM

I MSSM content extended by 1 singlet superfield S

I More neutralinos (5), more Higgs bosons (6)

χ̃0
1 = N11

eB + N12
fW 0 + N13

eH0
1 + N14

eH0
2 + N15S̃

I Possible to have 2mχ̃0
1
≈ ma0

1
and evade all existing constraints

CHALONS Guillaume PRECISION CALCULATIONS FOR DM SELF ANNIHILATION IN SUSY THEORIES 32/ 37



GAMMA-RAY LINE IN THE NMSSM

G.C, M.J. Dolan,C. McCabe JCAP 1302 016

I Main mechanism

a1,2

χ̃0
1

χ̃0
1

γ, q, f, V

γ, q̄, f̄ , V

χ̃±

f̄ , f

�



�
	

�

�

�

�
I 〈σv〉γγ/Z 0 computed with SloopS extended to deal with the NMSSM

I GI checked thanks to an extended NLG GF for the NMSSM GC,Semenov ’11

I Modified version of LOOPTOOLS to handle vanishing Gram determinants at v = 0
Boudjema,Semenov,Temes ’05

CHALONS Guillaume PRECISION CALCULATIONS FOR DM SELF ANNIHILATION IN SUSY THEORIES 33/ 37



EVADING EXISTING CONSTRAINTS

G.C, M.J. Dolan,C. McCabe JCAP 1302 016

I a0
1 dominantly singlet→ no coupling to SM

I We can (almost) boost independently
〈σv〉γγ while leaving
〈σv〉χχ = 3× 10−26 cm2s−1

I DD evaded using parametric cancellations
in ghiχχ coupling → requires µeff ≤ 0.

I Sizeable Higgsino fraction needed for Ωχh2

(as large as 25%)

I Bino is the dominant component.

Higgsino-like case!
•  In (     -symmetric) NMSSM, the singlino-component is small!

•  Size of higgsino-fraction set by relic density requirement and 
can be as large as 25%!

•  Bino is the dominant component!
 Christopher McCabe   IPPP - Durham University!

Z3

mS̃ = 2
�κ

λ

�
µeff ≥ µeff
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ΩDMh2 = 0.1

Kozaczuk, Profumo,Wainwright PRD87 075011

I Successful EW Baryogenesis

I Strongly first order EWPT

I Generation of right BAU (��CP phase for M2)

I OK with EDM
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BENCHMARK POINTS

I We looked at three benchmark points

Well- Intermediate-Parameter
Tempered Slepton

λ-SUSY

λ -0.7 -0.7 -1.5
κ -0.863 -0.77 -2.19

tanβ 4.0 4.0 5.45
Aλ [GeV] -369.9 -378.0 -478.3
Aκ [GeV] 75.5 74.95 -55.9
µeff [GeV] -150.0 -190.0 -168.0
M1 [GeV] 135.0 135.5 128.4

mχ̃0
1

[GeV] 130.0 133.7 129.9

N11, N15 -0.89, 0.1 0.96, -0.06 0.975, -0.083
N13, N14 0.39, 0.19 -0.26, -0.09 -0.21, 0.012
mA [GeV] 259.45 267.27 259.33

〈σv〉γγ × 10−27 cm3s−1 1.2 1.1 0.9
ΩDMh2 0.10 0.12 0.11

σp
SI × 10−45 cm2 1.4 0.23 3.1
σp

SD × 10−4 pb 5.4 1.4 0.7
σn

SD × 10−4 pb 4.2 1.1 0.5
〈σv〉γZ/〈σv〉γγ 0.64 0.52 0.67

∆aµ × 1010 −1.0± 2.9 0.8± 2.8 −1.4± 2.8
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LHC SIGNATURES

I Singlet-like a0
1 does not give interesting collider signature

I Our benchmarks have large Higgsino fraction → light χ̃0
2, χ̃

0
3 and χ̃±1 .

I Best prospects for neutralino and chargino production

I Most promising signatures are dileptons/trileptons + 6ET and intermediate slepton
scenario

χ̃0
2

χ̃±1

"̃±(ν̃)

"̃±(ν̃)

"∓(ν)

ν("±)

"±(ν)

"±(ν)

χ̃0
1

χ̃0
1

(a) via sleptons

χ̃0
2

χ̃±1

Z(∗)

W±(∗)

χ̃0
1

χ̃0
1

"±

"±

"∓

ν

(b) via gauge bosons

Figure 1: Illustration of χ̃
±
1 χ̃

0
2 production and decay to three lepton final states.

3.2. LAr sampling calorimeters are also used to measure hadronic showers in the end-cap (1.5< |η|< 3.2)
and forward (3.1< |η|< 4.9) regions, while an iron-scintillator tile calorimeter measures hadronic showers

in the central region (|η|< 1.7). The muon spectrometer surrounds the calorimeters and consists of three

large superconducting air-core toroid magnets, each with eight coils, a system of precision tracking

chambers (|η|< 2.7), and fast trigger chambers. A three-level trigger system [27] selects events to be

recorded for offline analysis.

3 Monte Carlo simulation

Several Monte Carlo (MC) generators are used to simulate SM processes and new physics signals relevant

for this analysis. SHERPA [28] is used to simulate the diboson processesWW,WZ and ZZ, where “Z” also

includes virtual photons. These diboson samples correspond to all SM diboson diagrams leading to the

#ν#′ν′, ###′ν′, and ###′#′ final states, where #, #′ = e, µ, τ and ν, ν′ = νe, νµ, ντ. Interference between the

diagrams is taken into account. ALPGEN [29] is used for the tt̄W, tt̄Z processes and MadGraph [30] is cho-

sen for the tt̄WW process. The triboson processes,WWW and ZWW are also simulated using MadGraph.

POWHEG [31] is chosen for the simulation of the pair production of top quarks (tt̄), ACERMC [32] is used

for the simulation of the t-channel, while MC@NLO [33] for the other single top production processes, and

ALPGEN is used to simulate W+jets and Z+jets processes. Additional samples are produced using the

POWHEG generator to assess systematic uncertainties related to the choice of MC generator for the WZ

and ZZ processes.

The choice of the parton distribution functions (PDF) depends on the generator. The CTEQ6L1 [34]

PDFs are used with MadGraph and ALPGEN, and the CT10 [35] PDFs with MC@NLO and SHERPA. Frag-

mentation and hadronisation for the ALPGEN and MC@NLO samples are performed with HERWIG [36]. For

MadGraph, POWHEG and ALPGEN single vector boson samples PYTHIA [37] is used instead. For SHERPA

samples, the fragmentation and hadronisation is performed internally. JIMMY [38] is interfaced to HERWIG

for simulation of the underlying event.

For all MC samples, the propagation of particles through the ATLAS detector is modelled with

GEANT4 [39] using the full ATLAS detector simulation [40] (except the tt̄ POWHEG sample which uses

fast detector simulation AtlFast-II [41]). The effect of multiple proton-proton collisions from the same

or different beam bunch crossings (pile-up) is incorporated into the simulation by overlaying additional

minimum-bias events generated with PYTHIA onto hard-scatter events. Simulated events are weighted

2
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LHC SIGNATURES

I Singlet-like a0
1 does not give interesting collider signature

I Our benchmarks have large Higgsino fraction → light χ̃0
2, χ̃

0
3 and χ̃±1 .

I Best prospects for neutralino and chargino production

I Most promising signatures are dileptons/trileptons + 6ET and intermediate slepton
scenario

Regions SRnoZa, SRnoZb and SRnoZc provide the best sensitivity to the simplified models with

intermediate slepton decays for which the interpretation is shown in Figure 8(a). In these models, degen-

erate χ̃
±
1 and χ̃

0
2 masses up to 600GeV are excluded for large mass differences with the χ̃

0
1.

The limit in the simplified model with charginos and neutralinos decaying via gauge bosons is shown

in Figure 8(b). The signal region SRnoZa has the best sensitivity for small mass differences between the

two lightest neutralinos, which corresponds to the area close to the diagonal. The signal regions SRnoZb,

SRZa/b/c are sensitive to the area close to the mχ̃0
2
− mχ̃0

1
=mZ line. Finally, SRZa, SRZb and SRZc are

sensitive to decays of χ̃
0
2 into on-mass-shell Z-bosons with high Emiss

T
, which corresponds to the area far

from the diagonal. In these models, degenerate χ̃
±
1 and χ̃

0
2 masses up to 315GeV are excluded for large

mass differences with the χ̃
0
1.

In scenarios with gauge coupling unification, the mχ̃0
2
= 2mχ̃0

1
relationship is expected to nearly hold.

This constraint is indicated in the plots of Figure 8. Under this assumption, degenerate χ̃
±
1 and χ̃

0
2 masses

of up to ∼580 (170)GeV are excluded when they decay via sleptons (via gauge bosons).
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(a) Decay via sleptons
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(b) Decay via gauge bosons

Figure 8: Observed and expected 95% CL limit contours for chargino and neutralino production in

the simplified model scenario with (a) decay via sleptons and (b) decay via gauge bosons. The band

around the median expected limit shows the ±1σ variations on the median expected limit, including all

uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines around the

observed limit indicate the sensitivity to ±1σ variations on these theoretical uncertainties. The blue

lines correspond to the 8 TeV, 13 fb−1 limits from the ATLAS three lepton analysis [18]. The limits are

calculated using the statistical combination of all signal regions for each of the model points. Linear

interpolation is used to account for the discrete nature of the signal grids.

10 Summary

Results from a search for direct production of charginos and neutralinos in the final state with three

leptons (electrons or muons) and missing transverse momentum are reported. The analysis is based on

20.7 fb−1 of proton-proton collision data recorded by ATLAS at
√
s =8TeV. No significant excess of

events is found in data above SM expectations. The null result is interpreted in simplified SUSY models.

For the simplified SUSY models with intermediate slepton decays, degenerate χ̃
±
1 and χ̃

0
2 masses up to

14
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CONCLUSION

I Importance of radiative corrections DM self-annihilation can be very large.

I Need to control them to be able to extract informations from it and to constrain
the underlying cosmological scenario.

I Complete renormalisation of the MSSM achieved and an automatic tool has been
developped

I Including 2→ 3 processes is needed in specific scenarios where the real emission
is important.

I One should consider the complete set of corrections (virtual + real) to give a

precise result for Ωχh2.

I Tentative gamma-ray line investigated in the NMSSM

I Possible to evade all constraints (except (g − 2)µ) at the expense of significant
amount of fine-tuning

I Benchmarks point could be quickly excluded (thanks to complementarity between
LHC and DD next run of LUX)

I Gamma-line signal observation still not confirmed, PASS8 should clarify, HESS-II,
CTA, GAMMA400 should tell.
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