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Introduction : Why dark matter?

Come Milou, must be
something more in the
universe...
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Introduction : Why dark matter?

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

— 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

39 VERA C. RUBIN AND W. KENT FORD, JR

L ss,

24 kpc are 1.66 X 11" Mo {low minimum) and 1.67 X 11" Mo (higher minimum);
those for the mass in the nudleus to & = 1 kpe are 5.3 X 10° Mo and 6.2 X 10° Mo
spectively, When these valucs vt incressed 10 percent o compensate for the ssump-
tion of & flat disk (Brandt 1960), the total mass is 1.8 X 10 Mo out to 24 kpe. Also
shown in Figure 10 are the variation in i mase sunface density as » fanction of Hstance
. from the center, and the variation in the angular velocity, V/R, as a function

Note that thesaluion with th high inne minimum has & posivé mass density every.

where. The solution with the low minimum has a negative surface densit;

ipe: We take this to mean only that the density at this distance i vanishingly smal for
. the low-minimum model.
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0, 9.—Rotatinal velociie for OB ssocations in M31, s & functon o dstanes from the
otation curve based on the velocitesskown in or K < 12/, curve is fifth-
order wynomur for & > 12/, curve is fourth-order polynomi ired lo remain approximately flat
oo Bashed carve ear K= 10 o sccbuct orsion carve wih Wghet b i

Various other rotati es for the data in Figures 3 and 4 have been formed, all
from least-squares solu tions, with ‘polynomials of third, fourth, or sixth order. In Figure
11 we show, superimposed, the fourteen rotation curves from the polynomial representa-
tions. The Various mass determinations from these rotation curves are listed in Table 4.
Succe i i

. the mass, and the value of the masimum distance to which the mass has been deter-
- mined. The final columns list the depth of the inner minimum, and notes concerning the
colutions.
It is apparent from the calculations that there s only a small spread in total mass out
1o R = 24 kpc from all fourteen solutions. The shaded re; re 12 indicate the
. range of mastes which resltsfrom the fourteen rotation curves, us well s the range of
murace denstin. For the 24 kpc, a value of M = 1)
s midway between sl Valies, When this & ncrens od 10 percent o Lumpenssm
obtzin a_mass M 1 Mo out to
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Introduction Gluons production Experimental constraints Conclusion

This gravitational lens bends...

B

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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Introduction

A big question : What is this? 7
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Matter, what else ?

@ GR failing? — MOND theories : also need a few dark matter...
o (Very) weakly interacting (maybe not) dark matter particles...
< Super-symmetry candidates (neutralino, gravitino,...) Please Wait

< Simple Standard Model extensions...
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Introduction

Introduction : Motivations

Let's extend the SM!

Simplest extension of SM — add a U(1)" symmetry
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Uu(1)

U(1) : Unitary 1-dimensional matrices — ¢’ = e/®t) ~ (1 + i)

o> L=—mpip— @Z_w“@#z,b not invariant under §v = i
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Uu(1)

U(1) : Unitary 1-dimensional matrices — ¢’ = e/®t) ~ (1 + i)
o> L=—mpip— @Z_w“@#z,b not invariant under §v = i

— add a “gauge boson” A, to protect invariance
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Uu(1)

U(1) : Unitary 1-dimensional matrices — ¢’ = e/®t) ~ (1 + i)
o> L=—mpip— @Z_w“@#@b not invariant under §v = i
— add a “gauge boson” A, to protect invariance

— Electro-magnetism interactions
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Uu(1)

U(1) : Unitary 1-dimensional matrices — ¢’ = e/®t) ~ (1 + i)
> L=—-mpi) - @Z_w“@#@b not invariant under dv¢ = j«
— add a “gauge boson” A, 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
— FCNC constraints
— B-L, a(B-L)+BY models heavy Z’
—> Stringy light Z’, anomaly cancellation a la Green-Schwarz

L. Heurtier Barbaste JRJC, December 2013



Introduction

Introduction : Motivations

Let's extend the SM!

Simplest extension of SM — add a U(1)" symmetry

Two options :

@ Charged SM fermions
t
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Introduction

Introduction : Motivations

Let's extend the SM!

Simplest extension of SM — add a U(1)" symmetry

Two options :

e Charged SM fermions
—> FCNC constraints
— B-L, a(B-L)+BY models heavy Z’
— Stringy light Z’, anomaly cancellation a la Green-Schwarz
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Introduction

Introduction : Motivations

Let's extend the SM!

Simplest extension of SM — add a U(1)" symmetry

Two options :

e Charged SM fermions
— FCNC constraints
— B-L, a(B-L)+pBY models heavy Z’
— Stringy light Z’, anomaly cancellation a la Green-Schwarz

e Uncharged SM fermions
— Motivations from string theory (D-brane models)
— Heavy mediators ~» effective higher-dimensional operators

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

o Dark matter : 1)py chiral fermion
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Introduction : The model

o Dark matter : 1)py chiral fermion

o New vector boson Z’

o Heavy mediators : heavy SM fermions

o Assume the model is anomaly-free and conserves CP

o New : let heavy fermions to be charged under SU(3)

< look at ¢PMyPM . GG
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Introduction

Introduction : The model

o Dark matter : 1)py chiral fermion

o New vector boson Z’

o Heavy mediators : heavy SM fermions

o Assume the model is anomaly-free and conserves CP

o New : let heavy fermions to be charged under SU(3)
< look at ¢PMyPM . GG

Motivations ?
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Introduction

The little story of a little light ray

Annihilation into photons ;
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The little story of a little light ray

[Dudas et al., 2012]

dN/dE, (GeV cm's )

10 | 87053
Loy =0.02
101 m =145 Gev

-i8| M, =50 GeV |
50 100 150
E,(GeV)
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Introduction

The little story of a little light ray

[Weniger, 2012]

Reg3 (ULTRACLEAN), E, =129.6 GeV

T T T
| Signal counts: 53.4 (4.260) 80.5 - 208.5 GeV |
p-value=0.85, x4 =14.3/21

Counts
oo
= 8 8 8
T
——

- Model
<'5'

o IIIIII IIIIIIII IIII-III-IE

Counts

1 1
100 150 200
E [GeV]
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End of the story?...

< detected in other regions of the sky

< detector effects suspected...
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Introduction

Introduction : The model

Ypm Yy Ysm

Uy . o

U(1) x SU(2) x SU(3) o o
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Introduction

Introduction : The model

Initial lagrangian
1 N2 L ox exw
L = £5M+ 5(8MaX_MZ’ZM) _ZFNVF
oW iy“Dqug?XXh“Zl’L) Q+\T:j?(i7“0“+g7xx;@“z;)w;
_ ;aX(x;;-x{?) .
Vv
where Mz = X~ - (1.3)

< Invariant under U(1)’ transformations
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Introduction : The model

Initial lagrangian
1 N2 L ox exw
L = £5M+ 5(8MaX_MZ’Z‘u) _ZFNVF
oW iy“Dqug?XXh“Zl’L) 2+\Tlf;,(ify“Dﬂ+g7XXfw“Z;)\llf?
_ ;ax(x;;-x{?) .
Vv
where Mz = X~ - (1.3)
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Introduction

Introduction : The model

Initial lagrangian
1 N2 L ox exw
L = £5M+ 5(8MaX_MZ’Z‘u) _ZFNVF
oW iy“Dqug?XXh“Zl’L) 2+\Tlf;,(ify“Dﬂ+g7XXfw“Z;)\llf?
_ ;ax(x;;-x{?) .
Vv
where Mz = X~ - (1.3)

< Invariant under U(1)’ transformations
< L anomaly-free & Lsp neutral under U(1)" = W), set anomaly-free
< Kinetic mixing term g Fi” FL is neglected
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Introduction

Effective couplings

M?
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Introduction

Effective couplings

LE wen = % (dg0" DubxTr(GG) + dL0" D" Ox Te(Gyp L)
+  egD"0xTr(G,,DuG") + ey DyOxTr(Gar D GH*) }
o LD 10 ) (@), 20 ) H s b

" Dmbx (i Tr(FYEY) +2doTr(FVEY))

db, 0" DY Ox Tr(F,,FL)

eew D" OxTr(F,,D,, l:_p") + e;wDHGXTr(Fa,,’D"I:"w‘)} 7 (1.4)
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Introduction

G,k

7'k

G, kY
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Introduction

G, K
Z'
G, kY
- XL=Xp)TaTa
o = 247r2 Z ( M2 ;
x  [0"DuOxTr(GG) -2D,0xTr(Ga D" G")] . (1.5)
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Gluons production

DM annihilation into Gluons

couplings

1 o
Lcp even = W{dga“DMHXTr(GG)+d’8”’D” 0Gl)
+ egDM DuG™) + € Du0xTr(Gay DV GH) | (2.1)

Lom =Y —gx ZiyP™ + gM —gx Rt zippM (2.2)

v
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Gluons production

DM annihilation into Gluons

couplings

1 -
Lopewn = 75 {ded DubxTr(GG) + g0 D nGl)
+ egDM DuG™) + € Du0xTr(Gay DV GH) | (2.1)

Lom =Y —g XM ZiapPM + M —gx RMArZppM  (22)
PP M G Yoy — NN Z/
ZI
oM G Vpy ——— NN Z

L. Heurtier Barbaste JRJC, December 2013



Experimental constraints

Experimental constraints

A few parameters in this model : Mz, my, gx, %, X, Xg.

—need to be constrained !
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Experimental constraints

Experimental constraints

A few parameters in this model : Mz, my, gx, %, X1, Xg.
—need to be constrained !

Experimental constraints :

@ Relic abundance
@ Indirect detection

@ LHC mono-jets events
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imental constraints

Relic abundance and indirect detection

— WMAP/PLANCK My =100 GeV, gx =1
— FERMI R —
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Experimental constraints

Relic abundance and indirect detection

— WMAP/PLANCK My =1TeV, gx=1
— FERMI

10t |

1010 2
N Overdense universe region
107 ¢

12 ml excuded o

(GeV)

—_
O
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Experimental constraints

LHC constraints

1 jet + missing Er
Possible mono-jets final states :

'J’DM 7Z}DM

1/11)1\/1

Il YpuG

7'

YoM G
G

Figure: Dark matter production processes at the LHC (at partonic level), in
association with 1 jet : p p > jYpM¥DM-
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LHC constraints

Using CMS data [[CMS Collaboration], CMS-PAS-EX0-12-048 |, Ecpy = 8 TeV :

Z-vv
CMS Preliminary [ Jw-wn
s=oTey 1
J-L dt=19.5" [N
[ Jaco
[
------- ADD M,=2 TeV,6=3
DMA =892 GeV, Mx =1GeV
Unparticles dU:1.7, Ay=2TeV
—@— Data

Events / 25 GeV

Data / MC

200 300 400 500 600 700 900 1000
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Experimental constraints

LHC constraints

10°+

' ﬂ

Um
&
s  10°F :
—_— Mz = 100GeV
L —_— Mz =500GeV |
1000 —_— Mz = 1TeV
10 L L L L L L
10 20 50 100 200 500 1000 2000
DM mass [GeV]

Figure: 90% CL lower bounds on the quantity M?/d, 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

_ LHC bound
— WMAP/PLANCK | Mz =100 GeV, gx =1
— FERMI R
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Experimental constraints

Synthesis

—  LHC bound
]L'[Zr:ITeV, _(]X:].

— WMAP/PLANCK
_— FERMI

101 |

100

N [Overdense universe region]
10°

=
=
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Conclusions and outlooks
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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
my, 2 100 - 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
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Conclusions and outlooks

@ Model very constrained with high coupling gx and small masses of mz/
o Different cross section features than electro weak bosons final states
e my 2100500 GeV

e 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 — new diagrams

,l/)DJ\/I

7\Z}DJM

d2 2g m®
cex Y
v 4.1
(o¥hee = 1 5 (a.1)
—>[X. Chu, Y. Mambrini, J. Quevillon and B. Zaldivar, arXiv :1306.4677 [hep—ph]]
2
16 2 2 My
ov)s~ — 1) , my, < M
2 2¢2
gx8°0 Mz
oV)§ ~ ——r— = , my, > M. 4.2
( >5 Wmi”’} P z ( )
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Constraints on kinetic mixing

Kinetic mixing competes with other effective operators if

dg 8x -

o> -2 m , my, < M
M22\/2g" " v
d, \/EgX mz

= For my, =200 GeV : & 5107 x § GeV/ >
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Constraints on kinetic mixing

M /dg
O T
E Br(yy —— GG) g=01
10 : M, =1TeV
10 ¥ 3
F M, =200 GeV
8
10" E N
E I5 3
10°
‘ 50% E
10'f %0¢, ]
0 2 WMAP/PLANCK
E | 1 1
0.01 0.1 1
3

< ¢ 2 0.8 excluded by LEP experiments...
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Relic abundance and indirect detection

— WMAP/PLANCK Mz =100 GeV, gx =0.1
— FERMI
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Relic abundance and indirect detection

— WMAP/PLANCK Mz =1TeV, ¢gx=0.1
— FERMI

10t
1010 e
107
108

107 £ Overdense universe region

M?/d,
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10° £
104 £
103 | s ik NN

ol A\ \

101 i [ ( (=T D ) NN RN
10' 10° 10°
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Synthesis

—_ LHC bound
— WMAP/PLANCK | Mz =100 GeV, gx = 0.1
—_— FERMI
10"
101 1 : -
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Synthesis

—  LHC bound
— WMAP/PLANCK My =1TeV, gx =0.1

— FERMI
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