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Introduction : Why dark matter ?

Early times :

“The redshift of extragalactic nebulae” by F. Zwicky, 1933

Ð→ Simple argument about Viriel Theorem
↪ Mass, radius ⇒ Potential Energy ⇒ Estimation of velocity
↪ Big disagreement with observed doppler effect ! !
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Galaxy rotation velocity profile (1969)...
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This gravitational lens bends...

Bullet Cluster : collision between two galaxy clusters

↪ Pink : x-ray emission (Chandra Telescope) of the colliding clusters
↪ Blue : Mass distribution of the clusters (reconstitution from lensing

effects)
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A big question : What is this ? ?
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Matter, what else ?

GR failing ? → MOND theories : also need a few dark matter...

(Very) weakly interacting (maybe not) dark matter particles...

↪ Super-symmetry candidates (neutralino, gravitino,...) Please Wait

↪ Simple Standard Model extensions...
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U(1)

U(1) : Unitary 1-dimensional matrices Ð→ ψ′ = e iαψ ≃ ψ(1 + iα)

↪ L = −mψ̄ψ − ψ̄γµ∂µψ not invariant under δψ = iα

→ add a “gauge boson” Aµ to protect invariance

→ Electro-magnetism interactions

→ Massive Z ′ : add a heavy higgs !
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Introduction : Motivations

Let’s extend the SM !

Simplest extension of SM → add a U(1)′ symmetry

Two options :

Charged SM fermions
Ð→ FCNC constraints
Ð→ B − L, α(B − L) + βY models heavy Z ′

Ð→ Stringy light Z ′, anomaly cancellation a la Green-Schwarz
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Introduction : Motivations

Let’s extend the SM !

Simplest extension of SM → add a U(1)′ symmetry

Two options :

Charged SM fermions
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Introduction : The model

◇ Dark matter : ψDM chiral fermion

◇ New vector boson Z ′

◇ Heavy mediators : heavy SM fermions
◇ Assume the model is anomaly-free and conserves CP
◇ New : let heavy fermions to be charged under SU(3)

↪ look at ψDMψDM ↔ GG

Motivations ?
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The little story of a little light ray

Annihilation into photons :

Eγ = mDM (1 − m2
Z

4m2
DM

) (1.1)

L. Heurtier Barbaste JRJC, December 2013
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The little story of a little light ray

[Dudas et al., 2012]
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The little story of a little light ray

[Weniger, 2012]
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End of the story ?...

↪ detected in other regions of the sky

↪ detector effects suspected...

L. Heurtier Barbaste JRJC, December 2013
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Introduction : The model

ψDM ΨM ψSM

U(1)′ ● ●

U(1) × SU(2) × SU(3) ● ●
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Introduction : The model

Initial lagrangian

L = LSM + 1
2
(∂µaX −MZ ′Z ′

µ)2 − 1
4
FX
µνF

X µν

+ Ψ̄i
L (iγµDµ +

gX

2
X i

Lγ
µZ ′

µ)Ψi
L + Ψ̄i

R (iγµDµ +
gX

2
X i

Rγ
µZ ′

µ)Ψi
R

− (Ψ̄i
LMije

iaX (Xi
L−Xj

R )
V Ψi

R + h.c.) (1.2)

where MZ ′ ≡ gX
V
2
. (1.3)

↪ Invariant under U(1)′ transformations

↪ L anomaly-free & LSM neutral under U(1)′ ⇒ ΨM set anomaly-free

↪ Kinetic mixing term δ
2 FµνX FY

µν is neglected Why ?...
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Effective couplings

L
(6)
CP even =

1
M2 {dg∂

µDµθXT r(GG̃) + d ′g∂
µDνθXTr(GµρG̃ρ

ν )

+ egDµθXTr(GνρDµG̃ρν
) + e′gDµθXTr(GανD

νG̃µα
) }

+
1

M2 {DµθX [i(DνH)
†
(c1F̃Y

µν + 2c2F̃W
µν)H + h.c.]

+ ∂mDmθX (d1T r(FY F̃Y
) + 2d2T r(FW F̃W

))

+ d ′ew∂
µDνθXTr(FµρF̃ ρ

ν )

+ eewDµθXTr(FνρDµF̃ ρν
) + e′ewDµθXTr(FανD

ν F̃µα
)} , (1.4)
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O = g2
3

24π2∑
i

Tr((XL −XR)TaTa

M2 )
i

× [∂µDµθXT r(GG̃) − 2DµθXTr(GανDνG̃µα)] . (1.5)
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DM annihilation into Gluons

couplings

LCP even = 1
M2 {dg∂

µDµθXT r(GG̃) +
(((((((((((
d ′g∂

µDνθXTr(GµρG̃ ρ
ν )

+
(((((((((((
egDµθXTr(GνρDµG̃ ρν) + e′gDµθXTr(GανDνG̃µα) } .(2.1)

LDM = ψ̄DM
L

1
2
gXXDM

L γµZ ′

µψ
DM
L + ψ̄DM

R
1
2
gXXDM

R γµZ ′

µψ
DM
R (2.2)
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Experimental constraints

A few parameters in this model : MZ ′ , mψ, gX ,
dg
M2 , XL, XR .

↪need to be constrained !

Experimental constraints :

Relic abundance
Indirect detection
LHC mono-jets events
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Relic abundance and indirect detection

Other curves
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LHC constraints

1 jet + missing ET

Possible mono-jets final states :

G
G Z �

ψ̄DM

ψDM

q q

G
G Z �

ψ̄DM

ψDM

q q

G

G

G

Z �

ψ̄DM

ψDM

G

G

G
Z �

ψ̄DM

ψDM

G

G
Z �

ψ̄DM

ψDM

G

q̄

q

Figure: Dark matter production processes at the LHC (at partonic level), in
association with 1 jet : p p → jψ̄DMψDM.
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LHC constraints

Using CMS data [[CMS Collaboration], CMS-PAS-EXO-12-048 ], ECM = 8 TeV :
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LHC constraints

MZ' = 100GeV
MZ' = 500GeV
MZ' = 1TeV

10 20 50 100 200 500 1000 2000
10

1000

105

107

109

DM mass @GeVD

M
2 �d

g

Figure: 90% CL lower bounds on the quantity M2
/dg as a function of the dark matter

mass, for MZ ′ = 100 GeV (blue), 500 GeV (red) and 1 TeV (green). Based on the CMS
analysis with collected data using a center-of-mass energy of 8 TeV and a luminosity of
19.5/fb.
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Synthesis

Other curves
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L. Heurtier Barbaste JRJC, December 2013



Introduction Gluons production Experimental constraints Conclusion

Conclusions and outlooks

Model very constrained with high coupling gX and small masses of mZ ′

Different cross section features than electro weak bosons final states
mψ ≳ 100 − 500 GeV
Waiting for more precise data about gluon-gluon final states (indirect
detection)
A way to investigate with more accuracy the presence of dark matter
production in LHC data
Microscopic computations of effective coupling to be extended to
other interactions
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The End

Thanks !

Applaude...
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Constraints on kinetic mixing

If not neglected Ð→ new diagrams

⟨σv⟩GG ≃
d2
g

M4

2g4
X
π

m6
ψ

M4
Z ′
. (4.1)

→[X. Chu, Y. Mambrini, J. Quevillon and B. Zaldivar, arXiv :1306.4677 [hep-ph]]

⟨σv⟩δ ≃
16
π
g2
Xg

2δ2
m2
ψ

M4
Z ′

, mψ <MZ

⟨σv⟩δ ≃
g2
Xg

2δ2M4
Z

πm2
ψM

4
Z ′

, mψ >MZ . (4.2)
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Constraints on kinetic mixing

Kinetic mixing competes with other effective operators if

δ ≳ dg

M2
gX

2
√
2g

m2
ψ , mψ <MZ

δ ≳ dg

M2

√
2gX

g

m4
ψ

M2
Z

, mψ >MZ (4.3)

↪ For mψ = 200 GeV : dg
M2 ≲ 10−4 × δ GeV −2
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Constraints on kinetic mixing

g = 0.1

Z’M = 1 TeV

12
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6
10

4
10

2
10

8
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10
10

2

10.10.01
δ

M = 200 GeVψ

WMAP/PLANCK

90%

50%

1%

G Gψ ψ

M /dg

X
Br( )

↪ δ ≳ 0.8 excluded by LEP experiments...
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Relic abundance and indirect detection
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