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Extensions	
  of	
  MSSM	
  
•  Can	
  the	
  issues	
  with	
  MSSM	
  be	
  solved	
  by	
  going	
  non-­‐minimal	
  
•  NMSSM	
  

•  Higgs	
  sector	
  :	
  3CP-­‐even,	
  2CP-­‐odd	
  +	
  charged	
  Higgs	
  
•  5	
  neutralinos	
  :	
  bino,wino,higgsinos+singlino	
  
	
  



NMSSM	
  
•  New tree-level contribution to Higgs mass 

•  Maximum for large λ <0.7 and tanβ ~2  
•  Easier to reach 125 GeV even without very large stop 

corrections 
•  Fine-tuning reduced 
•  Difference with MSSM : Higgs and neutralino sector 
•  Possibility of light Higgses:  h1,a1 if dominantly singlet h1 can 

be below 125GeV and have escaped LEP/LHC bounds 
•  For heavy singlet : Higgs sector MSSM-like 
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NMSSM	
  :	
  pheno	
  
•  Many	
  similari:es	
  with	
  MSSM	
  over	
  much	
  of	
  parameter	
  space	
  

•  One	
  extra	
  neutralino	
  -­‐>	
  singlino	
  can	
  be	
  LSP	
  and	
  can	
  be	
  light	
  

•  New decays for the Higgs :  

•  Doublet-­‐singlet	
  mixing	
  can	
  lead	
  to	
  shiVs	
  of	
  125GeV	
  Higgs	
  couplings	
  

•  If	
  singlino	
  light	
  :	
  impact	
  on	
  susy	
  searches	
  

•  DM	
  with	
  singlino	
  LSP	
  :	
  can	
  be	
  much	
  ligher	
  than	
  in	
  MSSM,	
  new	
  annihila:on	
  
channels	
  through	
  singlet	
  Higgses	
  or	
  into	
  light	
  Higgses 

•  Indirect detection can have large cross section  (annihilation through singlet 
pseudoscalar leading to σv(v~0) >> σv(freeze-out) 

•  Possibility to explain anomalies in cosmic rays : photons in galactic center  
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Semi-­‐constrained	
  NMSSM	
  
•  Higgs soft terms can differ from 

m0 and also trilinear couplings 
•  Including PLANCK, LHC (new 

particles + Higgs) LUX 
•  Major difference with MSSM: 

possibility of light neutralino 
•  Requires some light Higgs 

scalar/pseudoscalar 
•  Can be out of reach of direct 

detection (below the neutrino 
background) 

•  Specific LHC signatures for 
light singlino 

Ellwanger,	
  Hugonie,	
  1405.6647	
  

LUX	
  

Neutrino	
  background	
  



•  Fermi-LAT : gamma-ray excess from 
7oX7o region around the GC 
–  Hooper, Goodenough, PLB697(2011) 

•  Compatible with DM of 30 GeV 
annihilating in bb  

•  Simple model compatible with this 
and no other signal (only constraint 
from antiproton Cirelli et al 1407.2173) : 
–  Dirac fe rmion coupled to 

p s e u d o s c a l a r ( c o u p l i n g 
proportional to mass) 

–  Few constraints on pseudoscalar 
(even at LHC)  

Gamma-­‐ray	
  excess	
  

C. Boehm et al  1401.6458 



BSM and dark matter  
  non supersymmetric 



Portals – dark sector 

•  DM and the Higgs portal 
– Bertolami,Rosenfeld, 0708.1794; March-Russell et al, 0801.3440; J. Mcdonald, Sahu, 0802.3847, 

0905.1312; Tytgat, 0906.1100; Aoki et al, 0912.5536; Andreas et al, 1003.3295; Arina et al, 
1004.3953; Cheug,Nomura (singlet)1008.5153; Djouadi et al, 1112.3299 .. 

•  DM and the Z’  portal 
– Krokilowski, 0712.0505; Chu et al, 1112.0493; Dudas et al, 0904.1745.... 

Portal 

h, Z’, S... 

Higgs-field portal into hidden sectors 
Patt, Wilczek 0605188 

 
Visible 
sector SM 

 
Dark sector 



Extended scalar sector 
 
•  Generic in extensions of the SM 
•  Much studied from Higgs point of view (e.g. two-Higgs doublet 

model)  compatible with all Higgs data as long as 125GeV is 
SM-like (in particular HWW couplings) 

•  To also provide DM candidate – impose discrete symmetry to 
guarantee stability of lightest particle in the ‘dark’ sector 

•  Usually a Z2 symmetry (R-parity in SUSY or KK parity) 
•  Improves stability of Higgs potential 
 

 



SM Higgs potential

• At some scale λ can run negative leading to new minimum- 
lose stability

• Due to large negative top quark contribution to βλ

8

V ~ λφ4

Introduction
SM vacuum stability

Conclusions
SM effective potential

For large field values, Veff � 1
4�eff (⇥)⇥4.

If �eff � � < 0 at some high energy scale �I , the Electroweak
(EW) minimum at ⇥ = v � 246 GeV of the Higgs potential is
unstable.
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ! I in GeV assuming
�3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3⇤). The three boundary lines correspond
to 1-⇤ variations of �3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity ⇥e� can be extracted from the e" ective potential at two loops [111] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from �3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ! I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt � 173.10GeV)� 0.5GeV
�3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

Buttazzo et al 1307.3536

NNLO
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FIG. 2. Running one-loop masses in the MS scheme of the SM Higgs boson (h0) and the lightest
inert scalar (LOP) as a function of the renormalization scale Q (blue, solid lines). This example

corresponds to the input parameters mh0 = 125.3 GeV, mH0 = 66.0 GeV, mA0 = 131.0 GeV,
mH± = 137.0 GeV, λL = 0.12, and λ2 = 8.6 · 10−4. In the upper panels, the running mass is
obtained by interpreting the input mass as the tree-level mass (green, dash-dotted), while in the

lower panel the input value is interpreted as the pole mass (red, dashed). In this example, the
LOP is the CP-even scalar H0.

for typical parameter points in the IDM. The situation is similar for the masses of the other
inert scalars, A0 and H±, which are not shown here.

B. Renormalization group equations for the quartic couplings

Renormalization group equations (RGEs), when evaluated at one-loop accuracy, resum
leading scale logarithms to all orders. They are therefore useful for studying the evolution
of parameters under renormalization over a large energy range. To treat all parameters at
a similar footing, we find it more convenient here to work in the basis of quartic couplings,
Eq. (2.9), rather than the mass basis. The renormalization group equations for the quartic
couplings λi (i = 1 . . . 5) are driven by the corresponding beta functions, βλi

, according to

16π2 ∂λi

∂ logQ
= βλi

= β(s)
λi

+ β(g)
λi

+ β(y)
λi

. (3.3)

7



Minimal model : singlet scalar 
 
•  DM stability guaranteed by some discrete symmetry 

•  Silveira, Zee(1985); J. McDonald, PRD(1994) and hep-ph/0702143 
•  Higgs potential 
 
•  Quartic coupling : positive contribution to β function, prevents 
λ from running negative -> stability at large scale 

 

 

• Adding more scalars improves 
stability

• Real singlet +Z2 symmetry

• Quartic couplings  --- positive 
contribution to β function  
prevents λ from running negative 
-> stability at large scale

9
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FIG. 1: The change in the Higgs mass upper and lower bounds asa2 (M Z ) is increased while
requiring stability of the potential and perturbativity of the quartic coupling constants up to cutoff
scalesΛ =

(
1019, 109, 106, 103

)
GeV (the purple [dark gray], blue [light gray], green [medium

gray], and orange [light gray] regions, respectively). Here, b4 (M Z ) = 0 .001 and b2 (v0) = 0.
Perturbativity of the potential using the constraints of Eq . (17) is indicated by the solid-colored
regions; the combined solid-colored and striped regions indicate perturbativity of the potential
using Eq. (16).

strictions: the solid-colored regions are perturbative up to the indicated cutoff scale when
the more restrictive choice of Eq. (17) is applied, while the combined solid and striped re-
gions of each color use the less restrictive choice of Eq. (16) to maintain perturbativity to
the desired Λ. The width of the upper bands in Fig. 2 show the variation in the Higgs
mass upper bounds when varying the perturbativity restrictions for the quartic couplings
at the cutoff scale between Eqs. (17) and (16), as discussed in the previous section. We
have not shown any theoretical ranges for these bounds due to other considerations, e.g.,
varying the top quark mass over its experimental range. Compared to the expected impact
of including two-loop corrections and the ambiguities in choice of perturbativity bounds, the
Mt uncertainty is subleading.

In Figs. 3 and 4, we show analogous results to Figs. 1 and 2 where b4 (MZ ) is now taken
to be 0.4 (b2 (v0) is still zero). The lower bounds from stability of the potential in the h
direction are largely unchanged. On the other hand, the upper bounds from perturbativity
are reduced. The larger value of b4 can cause the couplings to reach their perturbative limits
below the desired cutoff scale, and so either λ (MZ ) must be reduced or it is impossible to
maintain perturbativity of the couplings up to the desired cutoff. In particular, the green
curve of Fig. 4 now demonstrates maximum scale behavior similar to the orange and purple
curves, so no value of Mh and a2 will give a stable potential with perturbative couplings up
to MP l .

Gonderinger et al 0910.3167
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Appendix C: One-loop Beta Functions

We give here the β and γ functions for all parameters of the Z2xSM. All couplings depend
on the ’t Hooft scale µ which we have suppressed for clarity.
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possessing a Z2 symmetry – henceforth denoted the Z2xSM – and require that the singlet
vacuum expectation value (vev) ⟨S⟩ = 0 in order to provide for a stable singlet that may
be a dark matter candidate. We first find that, in contrast to the SM case, a perturbativity
criterion based on the avoidance of a Landau pole at large Λ can lead to an unreliable
analysis of the vacuum structure. Consequently, a more stringent one-loop perturbativity
requirement must be imposed. We then show that for a given value of Λ, the presence of
the quartic S-H coupling, henceforth denoted a2, lowers both the upper and lower bounds
on Mh. For given values of Mh and MS, this coupling must generally be sufficiently large in
order that the relic density of singlet scalars does not over-saturate the observed cold dark
matter relic density. In this scenario, then, the discovery of a relatively heavy Higgs would
imply a lower scale for the onset of new physics than in the SM. These considerations are
particularly pronounced for larger Λ.

We also find that requiring that ⟨S⟩ = 0 be the true vacuum can have interesting impli-
cations for the singlet scalar self-coupling, denoted b4 below, particularly when consistency
with the observed relic density is imposed. For given values of Mh, MS, and Λ, these con-
siderations can imply a lower bound on the magnitude of this self coupling. Alternately,
fixing the magnitude of the latter can lead to a lower bound on the singlet dark matter
mass. To illustrate, for Λ = 1 TeV and Mh = 120 GeV, a vanishing self-coupling implies
MS

>
∼ 50 GeV. Increasing b4 reduces this bound while increasing Λ raises it. For Λ > 109

GeV and Mh = 120 GeV, there exists no region of the (MS , b4, a2) parameter space that
can accommodate the relic density. In short, assumptions about the magnitude of the scalar
self coupling and the scale of new physics can impact the degree to which a scalar singlet
can explain the DM relic density.

In the remainder of the paper, we present the analysis leading to these conclusions. In
Section 2, we review the model potential. Section 3 gives our analysis of the one-loop, RGE-
improved effective potential and the criteria we choose to maintain a perturbative theory.
We show illustrative applications of our analysis to the model parameter space and discuss
the implications of these results in Section 4. We summarize our work in Section 5.

2. SCALAR POTENTIAL

The most general renormalizable potential involving the SM Higgs doublet H and the
singlet S is [9–11]

V (h, S)(tree) = m2H†H+
λ

6

(
H†H

)2
+a1SH

†H+a2S
2H†H+

b2
2
S2+

b3
3
S3+

b4
4
S4+Ω , (1)

where m2 < 0 and where we have eliminated a possible linear term in S by a constant shift,
absorbing the resulting S-independent term in the vacuum energy Ω. To set our notation2

we take

H =
1√
2

⎡

⎣ φ1 + iφ2

h+ iφ4

⎤

⎦ . (2)

We require that the minimum of the potential occur at h = 246GeV ≡ v0. Fluctuations
around this vacuum expectation value (vev) are the SM Higgs boson and the φi are the

2 For a comparison of our notation and normalizations with those used in the literature, see the Appendix.
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Scalar DM
• Minimal case : SM + one  singlet +Z2 symmetry

• Silveira, Zee (1985); J. McDonald PRD50(94) hep-ph/0702143, hep-ph/
0106249; Burgess et al, hep-ph/0011335; Davoudiasl et al hep-ph/0405097; 
O’Connell et al, hep-ph/0611014; Barger et al. hep-ph/07064311; Yaguna, 
arXiv:0810.4267; Guo,Wu 1103.5606; Biswas, Majumdar 1102.3024, 
Asano,Kitano,1001.0486, Tytgat, arXiv:1012.0576, Cline et al 1306.4710 ....

• A simple model, one coupling drives DM observables
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Figure 3: Feynman diagrams contributing to (a) annihilation and (b) semi-
annihilation of dark matter; and (c) dark matter cross section with nucleons.

that contribute to (a) annihilation and (b) semi-annihilation of dark matter,
and (c) spin-independent interaction with nucleons.

To compute the relic density we solve the Boltzmann equations with the
micrOMEGAs package [16]. The equations for the number density, n, have been
generalised to include semi-annihilation processes

dn

dt
= �v⌅SS⇤⇥XX

�
n2 � n2

⇥
� 1

2
v⌅SS⇥S⇤h

�
n2 � nn

⇥
� 3Hn, (13)

where X is any SM particle. The treatment of the semi-annihilation term is
described in [13] and the fraction of semi-annihilation is defined as

� =
1

2

v⌅SS⇥S⇤h

v⌅SS⇤⇥XX + 1
2v⌅

SS⇥S⇤h
. (14)

Note that SS ⇥ S�h is the only semi-annihilation process in this model. In
solving for the relic density, the annihilation processes into one real and one
virtual gauge bosons [30] have been also taken into account: these can reduce the
relic density by up to a factor of 3 in the region just below the W/Z thresholds.5

To study the parameter space, we scan over the free parameters in the ranges
1 GeV ! MS ! 1000 GeV, 0 GeV ! µ3 ! 4000 GeV, 0 ! ⇥S ! ⇤, �4⇤ ! ⇥SH !
4⇤ with the uniform distribution. The upper bounds on ⇥S and ⇥SH come from
perturbativity.

We require each point to satisfy the vacuum stability conditions (3) and the
Z3 symmetric SM vacuum (��EW,Z3) to be the global minimum to ensure that
S is stable.

The WMAP survey bound on the relic density [31] is

�h2 = 0.1009± 0.0056. (15)

We choose the points in the WMAP 3⌅ range.

5These processes will be available for any model in the next public version of micrOMEGAs.

8

annihilation

LHC [?, ?, ?, ?, ?, ?]
Higgs [?, ?, ?, ?, ?, ?, ?, ?, ?]
Light dark matter [?, ?, ?, ?]
Dark matter at the LHC [?, ?]
Sneutrino as dark matter [?, ?, ?]
New dark matter candidate [?, ?, ?, ?, ?, ?, ?]
Micromegas [?, ?, ?]
Direct detection [?, ?]
Indirect [?]

V0 = µ2
1|H1|2 + ! 1|H1|4 + µ2

2|H2|2 + ! 2|H2|4 + µ2
S|S|2 + ! S|S|4

+ ! S1|S|2|H1|2 + ! S2|S|2|H2|2 + ! 3|H1|2|H2|2 + ! 4(H
 
1H2)(H

 
2H1).

(1)

VZ2 = µ2
H |H |2 + ! H |H |4 + µ2

S|S|2 + ! S|S|4 + ! SH |S|2|H |2

VZ3 = µ2
H |H |2 + ! H |H |4 + µ2

S|S|2 + ! S|S|4 + ! SH |S|2|H |2 +
µ3

2

!
S3 + S  3

"

0.1 The Z2 potential

For the sake of completeness, we include the unique scalar potential symmet-
ric under Z2:

V = V0 +
µ!2

S

2
(S2 + S  2) +

µSH

2
(S  H  

1H2 + SH 
2H1)

+
µ!

SH

2
(SH 

1H2 + S  H  
2H1) +

! 5

2

#
(H  

1H2)
2 + (H  

2H1)
2
$

+
! !

S

2
(S4 + S  4) +

! !!
S

2
|S|2(S2 + S  2)

+
! !

S1

2
|H1|2(S2 + S  2) +

! !
S2

2
|H2|2(S2 + S  2).

(2)

For the given dark sector of H2 and S, scalar potentials for higher ZN that do
not contain semi-annihilation terms will be equivalent to the potential (??)
with some terms set to zero.

The Z2 potential (??) in the case of SO(10) GUT in which some interac-
tions are suppressed was studied in detail in [?, ?, ?, ?, ?]. Both H2 and S
are odd under Z2 but only one of them is dark matter.

1

LHC [1, 2, 3, 4, 5, 6]
Higgs [7, 8, 9, 10, 11, 12, 13, 14, 15]
Light dark matter [16, 17, 18, 19]
Dark matter at the LHC [20, 21]
Sneutrino as dark matter [22, 23, 24]
New dark matter candidate [25, 26, 27, 28, 29, 30, 31]
Micromegas [32, 33, 34]
Direct detection [35, 36]
Indirect [37]

V0 = µ2
1|H1|2 + �1|H1|4 + µ2

2|H2|2 + �2|H2|4 + µ2
S|S|2 + �S|S|4

+ �S1|S|2|H1|2 + �S2|S|2|H2|2 + �3|H1|2|H2|2 + �4(H
 
1H2)(H

 
2H1).

(1)

VZ2 = µ2
H |H|2 + �H |H|4 + µ2

S|S|2 + �S|S|4 + �SH |S|2|H|2

VZ3 = µ2
H |H|2 + �H |H|4 + µ2

S|S|2 + �S|S|4 + �SH |S|2|H|2 + µ3

2

!
S3 + S   3

"

ms ! mi
�2

SH

64⇥m2
s

�2
SH

32⇥m2
s

�2
SH m

2
f

64⇥m4
s

(2)

�2
SH m

2
f

64⇥m4
h

(3)

ms " mh (4)

0.1 The Z2 potential

For the sake of completeness, we include the unique scalar potential symmet-
ric under Z2:

V = V0 +
µ!2

S

2
(S2 + S   2) +

µSH

2
(S  H  

1H2 + SH  
2H1)

+
µ!

SH

2
(SH  

1H2 + S  H  
2H1) +

�5

2

#
(H  

1H2)
2 + (H  

2H1)
2
$

+
�!

S

2
(S4 + S   4) +

�!!
S

2
|S|2(S2 + S   2)

+
�!

S1

2
|H1|2(S2 + S   2) +

�!
S2

2
|H2|2(S2 + S   2).

(5)

1

LHC [1, 2, 3, 4, 5, 6]
Higgs [7, 8, 9, 10, 11, 12, 13, 14, 15]
Light dark matter [16, 17, 18, 19]
Dark matter at the LHC [20, 21]
Sneutrino as dark matter [22, 23, 24]
New dark matter candidate [25, 26, 27, 28, 29, 30, 31]
Micromegas [32, 33, 34]
Direct detection [35, 36]
Indirect [37]

V0 = µ2
1|H1|2 + ! 1|H1|4 + µ2

2|H2|2 + ! 2|H2|4 + µ2
S|S|2 + ! S|S|4

+ ! S1|S|2|H1|2 + ! S2|S|2|H2|2 + ! 3|H1|2|H2|2 + ! 4(H  
1H2)(H  

2H1).
(1)

VZ2 = µ2
H |H |2 + ! H |H |4 + µ2

S|S|2 + ! S|S|4 + ! SH |S|2|H |2

VZ3 = µ2
H |H |2 + ! H |H |4 + µ2

S|S|2 + ! S|S|4 + ! SH |S|2|H |2 +
µ3

2

!
S3 + S  3

"

ms ! mi
! 2

SH

64" m2
s

! 2
SH

32" m2
s

! 2
SH m2

f

64" m4
s

(2)

! 2
SH m2

f

64" m4
h

(3)

ms " mh (4)

0.1 The Z2 potential

For the sake of completeness, we include the unique scalar potential symmet-
ric under Z2:

V = V0 +
µ!2

S

2
(S2 + S  2) +

µSH

2
(S  H  

1H2 + SH 
2H1)

+
µ!

SH

2
(SH 

1H2 + S  H  
2H1) +

! 5

2

#
(H  

1H2)2 + ( H  
2H1)2

$

+
! !

S

2
(S4 + S  4) +

! !!
S

2
|S|2(S2 + S  2)

+
! !

S1

2
|H1|2(S2 + S  2) +

! !
S2

2
|H2|2(S2 + S  2).

(5)

1

LHC [1, 2, 3, 4, 5, 6]
Higgs [7, 8, 9, 10, 11, 12, 13, 14, 15]
Light dark matter [16, 17, 18, 19]
Dark matter at the LHC [20, 21]
Sneutrino as dark matter [22, 23, 24]
New dark matter candidate [25, 26, 27, 28, 29, 30, 31]
Micromegas [32, 33, 34]
Direct detection [35, 36]
Indirect [37]

V0 = µ2
1|H1|2 + ! 1|H1|4 + µ2

2|H2|2 + ! 2|H2|4 + µ2
S|S|2 + ! S|S|4

+ ! S1|S|2|H1|2 + ! S2|S|2|H2|2 + ! 3|H1|2|H2|2 + ! 4(H  
1H2)(H  

2H1).
(1)

VZ2 = µ2
H |H |2 + ! H |H |4 + µ2

S|S|2 + ! S|S|4 + ! SH |S|2|H |2

VZ3 = µ2
H |H |2 + ! H |H |4 + µ2

S|S|2 + ! S|S|4 + ! SH |S|2|H |2 +
µ3

2

!
S3 + S  3

"

ms ! mi
! 2

SH

64" m2
s

! 2
SH

32" m2
s

! 2
SH m2

f

64" m4
s

(2)

! 2
SH m2

f

64" m4
h

(3)

ms " mh (4)

0.1 The Z2 potential

For the sake of completeness, we include the unique scalar potential symmet-
ric under Z2:

V = V0 +
µ!2

S

2
(S2 + S  2) +

µSH

2
(S  H  

1H2 + SH 
2H1)

+
µ!

SH

2
(SH 

1H2 + S  H  
2H1) +

! 5

2

#
(H  

1H2)2 + ( H  
2H1)2

$

+
! !

S

2
(S4 + S  4) +

! !!
S

2
|S|2(S2 + S  2)

+
! !

S1

2
|H1|2(S2 + S  2) +

! !
S2

2
|H2|2(S2 + S  2).

(5)

1

mardi 27 mai 2014



• Relic density Ωh2 =0.1199 determines λSH/mS  (for heavy DM)
• The same coupling enters amplitude for elastic scattering on 

nuclei 

• Light scalars : also W threshold and Higgs resonance effects
¥ Light scalars --> contribution to Higgs invisible width (depends 

on λSH)
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Figure 3: Feynman diagrams contributing to (a) annihilation and (b) semi-
annihilation of dark matter; and (c) dark matter cross section with nucleons.

that contribute to (a) annihilation and (b) semi-annihilation of dark matter,
and (c) spin-independent interaction with nucleons.

To compute the relic density we solve the Boltzmann equations with the
micrOMEGAs package [16]. The equations for the number density,n, have been
generalised to include semi-annihilation processes

dn
dt

= �v⌅SS⇤" XX
�
n2 � n2⇥� 1

2
v⌅SS" S⇤h

�
n2 � n n

⇥
� 3Hn, (13)

where X is any SM particle. The treatment of the semi-annihilation term is
described in [13] and the fraction of semi-annihilation is deÞned as

� =
1
2

v⌅SS" S⇤h

v⌅SS⇤" XX + 1
2 v⌅SS" S⇤h

. (14)

Note that SS ⇥ S! h is the only semi-annihilation process in this model. In
solving for the relic density, the annihilation processes into one real and one
virtual gauge bosons [30] have been also taken into account: these can reduce the
relic density by up to a factor of 3 in the region just below theW / Z thresholds.5

To study the parameter space, we scan over the free parameters in the ranges
1 GeV � MS � 1000 GeV, 0 GeV� µ3 � 4000 GeV, 0� ⇥S � ⇤, �4⇤ � ⇥SH �
4⇤ with the uniform distribution. The upper bounds on ⇥S and ⇥SH come from
perturbativity.

We require each point to satisfy the vacuum stability conditions (3) and the
Z3 symmetric SM vacuum (��EW,Z3) to be the global minimum to ensure that
S is stable.

The WMAP survey bound on the relic density [31] is

�h2 = 0 .1009± 0.0056. (15)

We choose the points in the WMAP 3⌅ range.

5These processes will be available for any model in the next public version of micrOMEGAs.
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Direct detection

FIG. 2: The predicted DM-nucleon elastic scattering cross section σSIn in the SSDM-SM (top row) and

SSDM-2HBDM (bottom row) for 1 GeV ≤ mD ≤ 200 GeV. The dashed lines indicate the current experi-

mental upper bounds. The short dotted lines in the right panels denote the future experimental upper bounds

from the CDMS 100 kg [31] and XENON1T [32]. The blue solid line in the top left panel describes the

f = 0.63 case. The black hatched region corresponds to a combination of the DAMA and CoGeNT [25].

The vertical dashed line with arrowhead in the top left panel shows the excluded region from the potential’s

global minimum, perturbativity and DM relic density.

symmetric one Higgs bidoublet model. Meanwhile it also relaxes the severe low energy phe-

nomenological constraints [17]. Motivated by the spontaneous P and CP violations, we require P

and CP invariance of the Lagrangian, which strongly restricts the structure of the Higgs potential.
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•  LHC has discovered a Higgs boson with couplings close to SM, 

•  invisible width of the Higgs <23 % of total width – combination of 
direct search in VBF and fits of couplings of 125GeV Higgs – ATLAS 
1509.00672 

•  In singlet scalar DM model, relic density requires coupling that leads to 
large invisible branching  à ms>55GeV 

•  Generally in Higgs portal type model, both invisible width and SI cross 
section depend on h coupling to DM 

•  Light DM model are constrained  
•  Djouadi et al 1205.3169 
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Figure 9: ATLAS upper limit at the 90% CL on the WIMP–nucleon scattering cross section in a Higgs portal model
as a function of the mass of the dark-matter particle, shown separately for a scalar, Majorana fermion, or vector-
boson WIMP. It is determined using the limit at the 90% CL of BRinv < 0.22 derived using both the visible and
invisible Higgs boson decay channels. The hashed bands indicate the uncertainty resulting from varying the form
factor fN by its uncertainty. Excluded and allowed regions from direct detection experiments at the confidence
levels indicated are also shown [112–120]. These are spin-independent results obtained directly from searches for
nuclei recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs boson exchange
in the Higgs portal model.
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• Efficient annihilation into gauge bosons SU(2)
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that the IDM can be extrapolated up to the GUT scale in sizeable regions of the parameter
space, with the ranges of λL, λS, and λ5 for which this can happen being somewhat more
limited, whereas λ3 and λ4 can reach higher absolute values. In Tab. I we summarize the
allowed ranges for the quartic couplings, both at the input scale and after the evolution to
the GUT scale.

C. Dark Matter

With the previous results at hand, we now turn to the IDM dark matter phenomenology,
assuming as previously that the Higgs and top quark mass are fixed within the ranges given
by Eqs. (5.2) and (5.3), respectively. In Fig. 6 we show the predicted relic density as a
function of the DM candidate mass, MLOP (left), and the triple coupling of a DM pair to
the (SM-like) Higgs boson (λL when the LOP is H0, λS when it is A0) (right). The 3 σ limit
from the 7-year WMAP data is represented by the red-dashed region.

From the left-hand side plot in Fig. 6, we can see that the correct relic density can be
achieved in the mass regimes that we described in Sec.III. The viable parts of the low- and
intermediate- mass regimes extend from 3 GeV up to roughly 120 GeV. From this value and
up to approximately 500 GeV, the predicted relic density is too low and it can reach the
WMAP levels again above 500 GeV. In the right-hand side plot, we see that the values that
λL (λS) can take while yielding the correct relic density lie in the range −0.4 ! λL,S ! 0.4,
with positive values prefered by the points viable up to the GUT scale.

In order to better illustrate the impact of the WMAP results, in Fig. 7 we project the
IDM parameter space onto the (MLOP,λL) plane, demanding that the relic density satisfies
only the upper 7-year WMAP limit (left), or both the upper and the lower bound (right).
In particular the right plot shows how restrictive the full DM constraint is, and it allows to
discuss in more detail the various mechanisms responsible for producing the correct values
for ! LOPh2 in the di" erent mass regimes.

At very low masses, below 4 GeV, LOPs annihilate dominantly into τ pairs through

FIG. 6. The dark matter relic density versus the LOP mass MLOP (left) and the coupling of a
LOP pair to the Higgs boson λL,S (right). The green points correspond to all valid points in the
scan, while the black region shows the points which remain valid up to the GUT scale. The red

dashed line indicates the WMAP central value of Eq. (4.8).
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This cross section is mediated either by a direct quartic coupling, or by a t/u-channel
exchange of H0, A0, or H±, which scales as M2

H0/M2
Z (in the case of the Z final state, and

similarly for the W ). The annihilation cross section therefore becomes very large as MLOP

increases (with a similar dependence also on the NLOP mass). However, when the H0 and
A0/H± are nearly mass-degenerate, there is a cancellation taking place between the t/u
channel contributions and the four-vertex diagram. This cancellation is exact for an exact
degeneracy. For example, with λL = 0, MH0 = 700 GeV, and MA0 = 701, the relic density
would be too high, and to satisfy the WMAP bound a non-zero value for λL is required. In
this manner, the WIMP depletion rate can be balanced by varying the LOP-NLOP mass
splitting and the λL parameter to obtain the correct mixture of transverse and longitudinal
gauge bosons in the final state. These solutions are always found for small LOP-NLOP
mass splittings, and require some tuning of the value of λL,S . In practice we find that the
maximal allowed mass splitting for the points in our scan is of the order 10 GeV.

Further constraints from dark matter come, as we have already mentioned, from direct
detection experiments, and most notably the latest XENON100 limits on the WIMP-nucleon
spin-independent scattering cross section, σSI. In Fig. 8 we show the viable IDM parameter
space in the usual (MLOP, σSI) space and confront the model to the latest XENON100
exclusion bounds[23] (dashed red line). As discussed in Section IVE, we adopt two distinct
values for the strange quark nucleon form factor, and the results are shown in the left- and
right panels of Fig. 8, respectively. In this figure all points respect both the upper and the
lower WMAP bounds. The behaviour of the LOP-nucleon scattering cross section follows
quite closely the corresponding behaviour of the coupling λL,S in Fig. 7, since the only way
of coupling the LOP to quarks at tree level is through t-channel Higgs exchange (the relevant
coupling being simply λL,S). It can be seen clearly that the low- and intermediate- mass
regimes are almost fully excluded. The only surviving points are those for which the correct
relic density is achieved through a combination of small values for the λL,S coupling and
quasi-resonant annihilation to an s-channel Higgs boson and virtual gauge boson final states.
For completeness, we note that the very low mass regime (MLOP < 10 GeV) is also excluded
by the XENON10 bounds on low-mass WIMPs [42], which for the sake of simplicity has
not been depicted here. The high mass regime, on the other hand, remains unaffected by
current direct detection bounds.

In Fig. 8 we can also clearly observe a consequence of fixing the Higgs mass to a constant

FIG. 8. Projection of the viable IDM parameter space on the (MLOP,σSI) plane against the latest

XENON100 limits (red dashed line) for fTs = 0.2594 (left) and fTs = 0.014 (right).
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•  Constraints from electroweak precision : 

corrections to gauge bosons self 
energies  

•  LHC : Higgs pair production – cross 
sections are small 

•  At LHC8 TeV : some constraints from  
•  dileptons + missing ET  
•  trileptons  Miao, Su, Thomas, 2010 

•  multileptons - Gustafsson et al 2012  

•  Dominant process AH, only depends on 
masses 

IDM	
  at	
  LHC	
  

•  Only process that depends 
on λL, already constrained 
by Higgs invisible with 

A final constraint comes from the requirement that the scattering matrix (S-matrix) of
every quantum field theory must be unitary. In the case of weakly coupled theories, it
is sensible to require that the tree-level scattering matrix elements satisfy unitarity limits,
which corresponds to imposing upper bounds on them. For the general 2HDM, the bounds
were first derived in [37]. Here, we use the form for the eigenvalues of the scalar and vector
scattering matrices of [38], and we require them to be smaller than 16π. This corresponds
to saturation of the unitarity limit with the tree-level contribution.

B. Oblique parameters

In models where the dominant effects of new physics appear as corrections to self energies
of the (SM) gauge bosons, the effects can be parametrized in terms of the three “oblique”
(Peskin-Takeuchi) parameters S, T , and U [39], which vanish in a pure SM calculation. In
the 2HDM, the contributions to the U parameter are negligible, which makes it convenient
to work in the approximation U = 0. This assumption has been verified explicitly in our
numerical analysis. For the case of U = 0, recent experimental limits on the remaining two
parameters are [40]

S = 0.06± 0.09, T = 0.10± 0.08. (4.3)

These values are based on a reference (SM) Higgs mass of mref
h = 120 GeV and a reference

top mass of mref
t = 173 GeV. We impose the limits resulting from Eq. (4.3) at the 2 σ

confidence level as constraints on the IDM contribution.

C. Collider searches

The first constraint from direct searches at colliders comes from the invisible decay width
of the Z boson. If the decay mode Z → H0A0 is open, the subsequent decay A0 → H0f f̄
(or H0 → A0f f̄ for the inverse mass hierarchy) would lead to Z decay events with fermion-
antifermion pairs (f f̄) and missing energy in the final state. A detailed analysis has shown
that this decay is incompatible with LEP data, which implies that the decay width of
Z → H0A0 must be small. It is convenient to implement this constraint as [4, 9]

MH0 +MA0 ! MZ . (4.4)

Assuming a fixed mass hierarchyMH0 < MA0 , a more detailed analysis of the IDM parameter
space with respect to LEP data leads to the limit MA0 ! 100 GeV [8]. Considering both
possible mass hierarchies between H0 and A0, we require

max {MH0 ,MA0} ! 100 GeV. (4.5)

Finally, limits on the mass of the charged scalar can be obtained by considering their po-
tential pair production and subsequent decay into neutral Higgs bosons at LEP. Converting
existing limits on the search for charginos and neutralinos, which present the same final state
topology at colliders, leads to the bound MH± ! 70 − 90 GeV [41]. For practical reasons,
we adopt the intermediate limit

MH± ! MW . (4.6)

In order to have a neutral DM candidate, we include as a final requirement

MH± > MLOP = min {MH0 ,MA0} (4.7)

9



•  Reinterpreta:on	
  of	
  SUSY	
  searches	
  +	
  Higgs	
  results	
  
•  GB,	
  Dumont,	
  Goudelis,	
  Herrmann,	
  Kraml,	
  Sengupta	
  

•  Constraints	
  generic	
  (no	
  dependence	
  on	
  λL)	
  
•  LHC	
  exclusions	
  of	
  region	
  also	
  excluded	
  by	
  DD	
  +	
  relic	
  –	
  more	
  

at	
  13TeV	
  

LHC8TeV	
  constraints	
  

3

In order to work out the current LHC constraints on
the IDM, we recast these two ATLAS analyses using
the MadAnalysis 5 [41, 42] framework. The SUSY
search [38], was already available in the Public Analy-
sis Database [43] as the recast code [44]. The invisi-
ble Higgs search [39] was implemented and validated for
this Letter and is available at [45]. The signal gener-
ation is done with MadGraph 5 [46, 47] with model
files generated using the FeynRules IDM implementa-
tion presented in [24]; the particle widths are calculated
with CalcHEP [48, 49]. The parton-level events are
passed through Pythia 6.4 [50] for parton showering and
hadronization before being processed with the ‘MA5tune’
version of Delphes 3 [51] (see Section 2.2 of [43]) for the
simulation of detector e↵ects. The number of events af-
ter cuts are then evaluated with the recast codes [44, 45].
For the statistical interpretation, we make use of the
module exclusion CLs.py [43]: given the number of sig-
nal, observed and expected background events, together
with the background uncertainty, exclusion CLs.py de-
termines the most sensitive SR, the exclusion confidence
level using the CLs prescription, and the nominal cross
section �95 that is excluded at 95% CL.1

The IDM parameter space, see Eq. (3), is sampled tak-
ing into account the following considerations. First, in
light of the constraints discussed above which require �L

to be tiny, process (11) is essentially irrelevant for the
entire analysis. We can therefore choose �L = 0 without
loss of generality. Besides, �2 is irrelevant for all observ-
ables at tree-level. The mass of the charged inert scalar
is important mostly for process (10), which comes with
the price of an additional EW coupling factor with re-
spect to (9) and turns out to be numerically insignificant
unless mH± is very light.2 We are thus left with mA0 and
mH0 to scan over. For mH± , we choose two representa-
tive values: mH± = 85 GeV, which is the lower allowed
limit by LEP, andmH± = 150 GeV, which is significantly
higher but still safely within the bounds imposed by the
T parameter, which limits the mass splitting between the
inert scalar states (see also the analysis in [24]).
The main results of our analysis are presented in Fig-

ure 1, where we show µ ⌘ �95/�IDM in the form of tem-
perature plots in the (mA0 ,mH0) plane for the two chosen
values of mH± . Here, �IDM is the cross section predicted
by the model while �95 is the cross section excluded at
95% CL. With this definition, regions where µ  1 are
excluded at 95% CL.
As can be seen, the Run 1 ATLAS dilepton searches

exclude, at 95% CL, inert scalar masses up to about
35 GeV for pseudoscalar masses around 100 GeV, with

1
Note that we do not simulate the backgrounds but take the back-

ground numbers and uncertainties directly from the experimental

publications [38] and [39].

2
Process (12) is also subdominant because the ZZH0H0

coupling

is quadratic in the weak coupling whereas the coupling ZA0H0

is only linear.

FIG. 1. The ratio µ ⌘ �95/�IDM in the (mA0 ,mH0) plane
for two representative values of the charged inert scalar mass,
mH± = 85 GeV (upper panel) and mH± = 150 GeV (lower
panel). The solid black lines are the 95% CL exclusion con-
tours, µ = 1. The dashed black lines are given for illustration
and correspond to the µ = 0.5 and µ = 2 contours. The grey
dashed lines indicate mA0 �mH0 = mZ .

the limits becoming stronger for larger mA0 , reaching
⇡ 45 (55) GeV for mA0 ⇡ 140 (145) GeV and mH± = 85
(150) GeV. For massless H0, A0 masses up to about 135–
140 GeV are excluded (note that mH0 and mA0 are gen-
erally interchangeable here). Several interesting features
merit some discussion.
First, we observe that the constraints are slightly

stronger for heavier charged scalars. This is in part due to
the small contribution from process (10) and from qq̄ !
W± ! AH± ! Z(⇤)HW±(⇤)H where one of the leptons
is missed: although the cross section is much larger for
mH± = 85 GeV as compared to mH± = 150 GeV, the
resulting leptons are much softer and almost never pass
the signal requirements. A more significant di↵erence be-
tween the mH± = 85 GeV and 150 GeV cases arises from
the fact that at large mA0 the signal from process (9)
is suppressed by the decay A0 ! W±(⇤)H⌥ followed by
H⌥ ! W⌥H0, that competes with A0 ! Z(⇤)H0. While
the former decay mode also leads to dileptons, these lep-
tons are, as above, much softer and almost never pass



	
  Dark	
  sector	
  
	
  
•  Many	
  more	
  possibili:es	
  for	
  dark	
  sector	
  :	
  	
  mul:ple	
  scalars	
  
(	
   2	
   singlets,	
   doublet	
   +	
   singlet,	
   3	
   doublets,	
   triplet,	
   larger	
  
discrete	
  symmetry),	
   include	
  fermion	
  dark	
  ma7er,	
  Z	
  or	
  Z’	
  
portal	
  ….	
  	
  	
  

•  Some	
  with	
  peculiar	
  DM	
  proper:es	
  :	
  isospin	
  viola:on	
  

•  Signatures	
  at	
  LHC	
  :	
  Higgs	
  searches,	
  Z’	
  searches	
  
	
  



 
•  A way to reconcile Xenon-LUX exclusion with excess in  

CDMS-Si (not DAMA) : isospin violation 

 
•  Basic idea : different couplings to proton and neutron -> 

cancel each other in Xenon fp/fn=-0.7 
•  Invalidate simple assumption to compare limits from 

different detectors -> rate much suppressed for Xenon but 
not for other nuclei 

•  Can construct simple models that have correct features 

Isospin	
  viola:on	
  



 
•  Examples : SM+U(1)+fermion, multiple Higgs … 
•  Not possible to reconcile DAMA ‘signal’ this way 

Direct	
  detec:on	
  –	
  light	
  DM	
  

Figure 2. The normalized-to-nucleon scattering cross-section o↵ Si (brown, solid), Xe

(blue, dashed) and Ge (green, dotted-dashed) as a function of gX (left) and y (right) for

discrete choices of the other model parameters as described in the text. The horizontal lines

show the CDMS-Si best-fit cross-section and the obtained scattering cross-section values

for Ge and Xe. The stars correspond to points that reproduce the CDMS-Si excess while

having a strongly suppressed rate in Xenon, as shown in the figures.

Parameter Left panel Right panel

mZ 91.1813 91.1813

mW 80.340 80.340

mZX 18 18

⇢ 0.9992 0.9992

m 8.6 8.6

✏ 7⇥ 10�3 7⇥ 10�3

mh1 1 1

mh2 126 126

↵ 8⇥ 10�4 8⇥ 10�4

gX - 8.3⇥ 10�1

y 3.1 -

Table 1. Parameter values used in Fig.2. All masses are in GeV.

is found to be of O(10) for the depicted points. Note that a larger suppression factor

can be obtained for other choices of parameters but the maximal suppression cannot

be achieved at the same time for Ge and Xe. The suppression factor for Ar relative

to Si is not quite as large as for Ge. We should also point out that the mechanism

is quite sensitive to parameter variations, requiring very precise parameter combi-

nations in order to be e�cient. We therefore do expect these results to be modified

– 12 –



Dark	
  Ma7er	
  in	
  UED	
  
•  Consistent theory of quantum gravity and unification of all 

interactions 
 
•  Xtra dim models solve the hierarchy problem either with 

compactified dim on circles of radius R effectively lowering 
the Planck scale near EW scale or introducing large curvature 
(warped) 

 
•  UED: flat Xdim , all fields propagate in the “bulk”, flat 

compact dim of size 10-18 m.  
•  Minimal UED : one extra dim size R compactified on circle 
•  Higgs mass free parameter  
•  After compactification : only chiral SM – low-energy effective 

theory 
•  Each SM particle has infinite number of partner particles 
•  KK particles have same spin as their SM counterpart 



Vector	
  boson	
  DM	
  –	
  UED	
  	
  
	
  

•  Conserved momentum in 5th 
dimension leads to conserved KK 
number 

•  	
  KK	
  parity	
  	
  implies	
  lightest	
  KK	
  
par:cle	
  is	
  stable	
  	
  KK=(-­‐1)n	
  

•  At	
  tree	
  level	
  masses	
  at	
  each	
  KK	
  level	
  
are	
  degenerate	
  

	
  
	
  
•  Radia:ve	
  correc:ons	
  are	
  crucial	
  in	
  

determining	
  exact	
  mass	
  splikng	
  and	
  
LKP	
  	
  

	
  
•  Minimal	
  UED:	
  LKP	
  is	
  B	
  (1),	
  partner	
  of	
  

hypercharge	
  gauge	
  boson	
  (spin	
  1)	
  
	
  



mUED	
  
•  Explain: 

–  3 families from anomaly cancellation 
–  No rapid proton decay 

•  At each level KK particles are nearly degenerate, split only by 
symmetry breaking effects  

•  Many degenerate particles -> coannihilations and annihilation 
enhancement by resonances natural 

•  Parameters : cut-off scale Λ, R-1, mh 

EW precision provide weak limits : R-1>680 GeV 
GIM suppresssion, flavour constraints also weak, eg. b -
sgamma -> R-1 > 600 GeV 



Relic	
  density	
  of	
  B1	
  

•  s-channel annihilation of LKP 
(gauge boson) typically more 
efficient than that of neutralino 
LSP 

 
•  Annihilation in light fermions 

important- no suppression at 
small velocities 

 
 

•  Compatibility with WMAP/
Planck means rather heavy LKP 
(TeV) 

	
  



Scale	
  for	
  UED	
  DM	
  

M. KakizakiGB, Kakizaki, Pukhov JCAP(2011) 
 

Relic density strongly depends on coannihilation  and contribution of level 2 
particles in s-channel and in final state (since decay into SM particles) 



Direct	
  detec:on	
  

•  SI	
  cross	
  sec:on	
  depends	
  strongly	
  on	
  B1-­‐q1	
  mass	
  
splikng	
  

	
  
	
  
•  For	
  minimal	
  UED	
  rates	
  typically	
  low,	
  strong	
  

enhancement	
  if	
  allow	
  for	
  smaller	
  mass	
  splikngs	
  



DM	
  searches	
  
Direct – rather weak Indirect – large contribution from 

annihilation into fermions 
(leptons) - Suppression only when 
coannihilation dominant 
 
For typical BR (e=µ=τ,b) can get a good 
fit to positron excess of AMS – for 
m~1-20 TeV but large σ v >>10-23 cm3/s 
– in conflict with HESS-dwarfs 
	
  	
  Boudaud	
  et	
  al	
  A&A	
  (2015)	
  

	
  

	
  

	
  	
  



UED	
  at	
  the	
  LHC	
  
– KK quark decays  - high 
lepton multiplicity 
-  Prime channel : trilepton  
reach 8TeV -  R-1  > 1.2TeV 
  Belyaev et al 1212.4858  
-  contribution to H partial 

width--> R-1 > 600GeV    
-  GB et al, 1207.0798 

-  Production of level 2 
resonances  
-  Yu, Snowmass white paper 
-  Rey, Raychaudury 1410.1463 

	
  
	
  

	
  
	
  



Beyond minimality 
•  NMUED –  add bulk mass terms – 2 extra parameters – impact 

on mass splitting   

•  Flacke, Kong, Park 1303.0872 
•  LHC limits- not fully explored 

 
•  UED with 2 extra dimensions – lead to more possibilities and 

completely different phenomenology (mass scale < TeV) 
•  compactification on chiral square Dobrescu et al JCAP 0710 (2007) 

012, Choudhury et al JHEP 1204 (2012) 057  

•  or real projective plane  - Caccapaglia et al, PRD87 075006(2013) 

	
  



Model-­‐independent	
  

3
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Model independent approach 
Direct production of pairs of DM + radiation : high ET miss + 

single jet/photon/boson 

3
4 

Effective interaction 
 operators 

(a)Operators for Dirac fermion DM

Name Operator Dimension SI/SD

D1 mq
⇤3 �̄�q̄q 7 SI

D5 1
⇤2 �̄�

µ�q̄�µq 6 SI

D8 1
⇤2 �̄�

µ�5�q̄�µ�
5q 6 SD

D9 1
⇤2 �̄�

µ⌫�q̄�µ⌫q 6 SD

D11 ↵s
⇤3 �̄�G

µ⌫Gµ⌫ 7 SI

(b)Operators for Complex scalar DM

Name Operator Dimension SI/SD

C1 mq
⇤2 �

†�q̄q 6 SI

C3 1
⇤2�

† !@ µ�q̄�
µq 6 SI

C5 ↵s
⇤2�

†�Gµ⌫Gµ⌫ 6 SI

TABLE I: Lowest-dimensional operators which couple singlet DM candidates to hadronic matter

and give unsuppressed contributions to direct detection scattering of DM o↵ of a nucleus. The

fourth column indicates whether the primary direct detection signal due to that operator is spin-

independent (SI) or spin-dependent (SD). As scalars have no spin, all the listed operators for scalar

DM give rise only to SI direct detection signals.

boson to be gauge invariant. Replacing the Higgs by its vacuum expectation value gives a

form similar to the one we have chosen. The choice to scale the operators by each quark’s

mass rather than by a uniform factor of v/⇤ is motivated by the conjecture of Minimal

Flavor Violation (MFV) [42], which protects new models from being strongly constrained

by flavor physics observables by insisting that all flavor violation be proportional to the

SM Yukawa matrices. It is worth noting that the normalization of D9 actually isn’t very

well-motivated from a theoretical point of view. In principle, the same suppression by mq

that is present for the scalar-type operators, D1 and C1, should also be present there, since

the operator violates SU(2)L in the same way. This normalization for the tensor operator

is standard, however, because this is the normalization which is most naturally probed in

direct detection experiments. We have listed only the operators whose contributions to

direct detection scattering are not suppressed by the small dark matter velocity. It is worth

noting, however, that other operators are possible and have bounds similar to those derived

for these operators from collider searches, while they are e↵ectively unbounded by direct

detection due to the suppression of the scattering cross section.

Operators of this type, in some combination, su�ce to describe all the interactions of DM

with hadronic matter, provided that the new particles involved in the interactions (of an

extended theory) are much heavier than the scales at which we are probing the interactions

6



For each operator : monojet limit --> limit on direct detection 
Caveats : monojet limit valid assuming scale NP large -> 

simplified models 
– LHC not very sensitive to scalar operators with couplings 

proportional to mass  

3
5 
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D5 

D8 

 [GeV]!M
1 10 210 310

1 10 210 310

]2
-N

uc
leo

n C
ros

s S
ec

tio
n [

cm
!

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

-3710

-3610

-3510

-3410

-3310

-3210

-3110

-3010 90% CL, Spin Independent
, 8 TeV), D5 -1CMS (19.5 fb

, 8 TeV), D5 -1ATLAS (10.5 fb
, 7 TeV), D5 -1CMS (5.0 fb

, 7 TeV), D5 -1ATLAS (4.7 fb
, 8 TeV), D11  -1CMS (19.5 fb

, 8 TeV), D11 -1ATLAS (10.5 fb
, 7 TeV), D11 -1ATLAS (4.7 fb

CDF
LUX 
SuperCDMS

 Mono-jet

 [GeV]!M
1 10 210 310

1 10 210 310

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

-3710

-3610

-3510

-3410

-3310

-3210

-3110

-3010
90% CL, Spin Dependent

, 8 TeV), D8 -1CMS (19.5 fb
, 8 TeV), D8 -1ATLAS (10.5 fb

, 7 TeV), D8 -1CMS (5.0 fb
, 7 TeV), D8 -1ATLAS (4.7 fb
, 7 TeV), D9 -1ATLAS (4.7 fb

CDF
SIMPLE 2012

-W+IceCube W
PICASSO
XENON 100 (Neutron)

 Mono-jet

FIG. 6: Observed 90% CL upper limit for spin-independent(left) and spin-dependent(right) DM-

nucleon cross section for mono-jet final state from the ATLAS, CMS, and CDF [22] collaboration.

The results are also compared with latest direct detection bounds from LUX [58], SuperCDMS [60],

XENON-100 [63], IceCube [61], PICASSO [62], and SIMPLE [59].

abundance of WIMP production as described in Ref. [19, 70]. The ATLAS collaboration

has translated their results of the mono-jet search at
p
s = 7 TeV to WIMP annihilation

rate into four light ßavors of quark assuming equal coupling strength for all of them. These

annihilation rates are estimated by translating vector and axial-vector limits as described

in [19]. The annihilation rate is deÞned as< �v > where� is the cross section andv is the

average relative velocity of dark matter. The limits are based on the assumption of 100%

branching ratio of WIMPs to four light ßavour of quarks. These results are summarized

in Fig. 8. The Þgure also shows a comparison with the observations of Galactic satellite

galaxies with the Fermi-LAT experiment [71] for Majorana WIMPs. For WIMPs to make

up the relic abundance, annihilation rate must be above the thermal relic value observed by

WMAP( dashed line) [72].
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Assuming DM annihilation into qq with only one effective 
operator  monojet --> limit on indirect detection 

For light DM mass : more sensitive than FermiLAT 

3
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More Dark matter candidates 

Variety of Wimps, model motivated hierarchy problem or 
hints in DM detection – for now no information on mass of 
DM  

Superwimps (e.g. gravitino) also work 
  
 
	
  
	
  



Neutrinos	
  
•  Neutrinos	
  are	
  massive	
  neutral	
  weakly	
  interac:ng	
  par:cles	
  
•  A	
  favourite	
  DM	
  candidate	
  since	
  1970,	
  does	
  it	
  work	
  ?	
  
•  If	
  neutralino	
  very	
  light,	
  hot	
  (rela:vis:c)	
  par:cles	
  :	
  problem	
  with	
  

structure	
  forma:on	
  
•  Density	
  of	
  light	
  neutrinos	
  
	



•  mν< 0.23eV  -> Ωνh2 < 0.003	



•  Light neutralinos can only be a small component of dark matter 
•  Case of ‘heavy’ neutrinos  : Relic density -> mν>3-7 GeV  
•  LEP ruled out extra neutrinos (which couple to Z) of mass < 45GeV 
•  Sterile neutrinos behave differently (interactions are weaker than 

standard LH neutrinos) therefore decouple early 
•  Sterile neutrinos around keV make excellent warm dark matter 

candidate 



Axions	
  
•  One	
  of	
  early	
  candidate	
  for	
  DM	
  	
  
•  Mo:vated	
  by	
  strong	
  CP	
  problem	
  
•  Strong	
  CP	
  problem:	
  QCD	
  Lagrangian	
  contains	
  	
  a	
  term	
  which	
  

violates	
  C	
  and	
  P	
  

•  No	
  P	
  or	
  CP	
  viola:on	
  observed,	
  eg	
  limit	
  on	
  neutron	
  dipole	
  
moment	
  implies	
  

•  Such	
  a	
  small	
  value	
  of θ unnatural	
  -­‐>	
  strong	
  CP	
  problem	
  	
  
•  Peccei	
  Quinn	
  introduced	
  global	
  U(1)PQ	
  symmetry,	
  renders	
  

strong	
  CP	
  phase	
  dynamical	
  
•  U(1)	
  symmetry	
  spontaneously	
  broken,	
  Goldstone	
  boson	
  of	
  

this	
  broken	
  symmetry	
  -­‐>	
  axion	
  
•  Axion	
  gets	
  a	
  non-­‐zero	
  mass	
  from	
  QCD	
  anomaly	
  



Axion	
  phenomenology	
  determined	
  by	
  only	
  one	
  parameter	
  fa:	
  
axion	
  decay	
  constant	
  (determines	
  the	
  scale	
  of	
  symmetry	
  
breaking)	
  determine	
  mass	
  and	
  coupling	
  

	
  
Axion	
  coupling	
  to	
  two	
  photons	
  relevant	
  for	
  laboratory	
  searches	
  
Look	
  for	
  a-­‐>	
  γ	
  conversion	
  in	
  strong	
  magne:c	
  field	
  through	
  loop-­‐

induced	
  aγγ	
  coupling	
  
	
  
Laboratory	
  searches	
  as	
  well	
  as	
  stellar	
  cooling	
  and	
  supernova	
  

dynamics	
  constrain	
  axion	
  mass	
  to	
  be	
  very	
  light:	
  	
  10-­‐5	
  eV	
  <	
  ma<	
  
10-­‐2	
  eV	
  	
  

Do	
  light	
  axions	
  have	
  correct	
  relic	
  density?	
  Uncertain	
  several	
  
mechanisms	
  for	
  axion	
  produc:on	
  such	
  as	
  emission	
  from	
  
cosmic	
  strings	
  ….	
  

	
  

	
  



SuperWIMPS	
  
Superweakly	
  IMP–	
  very	
  weak	
  interac:ons	
  
Produc:on:	
  DM	
  produce	
  in	
  late	
  decays,	
  WIMPs	
  freeze-­‐out	
  as	
  

usual	
  then	
  decay	
  to	
  superWIMP	
  
Due	
  to	
  very	
  wek	
  interac:ons,	
  superWIMPs	
  on	
  WIMPs	
  freeze-­‐

out,	
  WIMPs	
  decouple	
  as	
  usual	
  
If	
  each	
  WIMP	
  produces	
  one	
  superWIMP	
  

ΩSWIMP	
  h2	
  =mSWIMP/mWIMP	
  ΩWIMP h2	
  

	
  



Non	
  thermal	
  produc:on	
  

Infla:on	
  :	
  rapid	
  exponen:al	
  expansion	
  of	
  the	
  early	
  universe	
  
Mechanism	
  responsible	
  for	
  infla:on	
  not	
  known,	
  hypothe:cal	
  

par:cle/field	
  responsible	
  for	
  infla:on	
  -­‐>	
  inflaton	
  
End	
  of	
  infla:on	
  called	
  rehea:ng	
  since	
  large	
  poten:al	
  energy	
  of	
  

inflaton	
  field	
  decays	
  into	
  SM	
  par:cles	
  and	
  fills	
  universe	
  with	
  
electromagne:c	
  interac:on	
  

AVer	
  rehea:ng	
  SM	
  par:cles	
  in	
  thermal	
  equilibrium	
  
Occasionnally	
  these	
  interact	
  to	
  produce	
  superWIMP	
  
superWIMP	
  then	
  propagate	
  un:l	
  present	
  day	
  without	
  

interac:ng	
  or	
  decaying	
  



	
  
Gravi:no	
  (spin	
  3/2	
  partner	
  of	
  graviton)	
  is	
  prime	
  example	
  of	
  

superWIMP	
  
Exist	
  in	
  all	
  supersymmetric	
  theories	
  
Mass	
  can	
  be	
  weak	
  scale	
  	
  (F~(1011)2	
  GeV	
  susy	
  breaking	
  scale,	
  

MPl~1019	
  GeV)	
  
	
  
	
  
Can	
  show	
  that	
  gravi:no	
  relic	
  density	
  directly	
  propor:onal	
  to	
  

rehea:ng	
  temperature	
  
Gravi:nos	
  can	
  be	
  dominantly	
  produce	
  from	
  decays	
  	
  or	
  from	
  

rehea:ng	
  
	
  

Gravi:no	
  	
  



Signatures	
  of	
  gravi:no	
  

Colliders:	
  Life:me	
  of	
  NLSP	
  can	
  be	
  very	
  long	
  -­‐>	
  charged	
  stable	
  
par:cle	
  at	
  colliders	
  	
  (sugges:on	
  :	
  capture	
  NLSP	
  at	
  LHC	
  in	
  
water	
  tanks	
  outside	
  detector	
  and	
  observed	
  decays	
  of	
  trapped	
  
sleptons)	
  

	
  
Direct	
  	
  detec:on	
  :	
  interac:ons	
  too	
  weak	
  cannot	
  be	
  detected	
  by	
  

direct	
  searches	
  
	
  
Indirect	
  detec:on	
  :	
  if	
  WIMP	
  is	
  charged,	
  long-­‐lived	
  charged	
  

par:cle	
  can	
  give	
  exo:c	
  signals	
  in	
  cosmic	
  rays	
  or	
  neutrinos	
  
	
  

	
  



	
  Conclusion	
  
	
  
•  First	
  Run	
  of	
  LHC	
  has	
  started	
  to	
  constrain	
  BSM	
  especially	
  
in	
  conjonc:on	
  with	
  DM	
  searches	
  

•  The	
   next	
   run	
   of	
   LHC	
   (higher	
   energy	
   and	
   luminosity)	
   in	
  
2015	
   will	
   provide	
   crucial	
   informa:on	
   on	
   TeV	
   scale	
  
physics	
  and	
  beyond	
  the	
  standard	
  model	
  	
  	
  

•  More	
   results	
   on	
   DM	
   from	
   astropar:cle	
   and	
   collider	
  
searches	
  in	
  next	
  few	
  years	
  –	
  probe	
  BSM	
  with	
  DM	
  

•  Might	
  be	
  much	
  different	
  than	
  expected	
  
	
  



Hot/warm/cold	
  DM	
  
•  Cold	
  DM	
  is	
  non-­‐rela:vis:c	
  (v<0.1	
  c),	
  warm	
  rela:vis:c	
  

(0.1c<v<0.95c)	
  hot	
  (v>0.95c)	
  
•  Warm	
  or	
  hot	
  DM	
  cannot	
  explain	
  how	
  individual	
  galaxies	
  form,	
  

they	
  move	
  too	
  quickly	
  to	
  be	
  bound	
  to	
  galaxies,	
  thus	
  cannot	
  
explain	
  galac:c	
  rota:on	
  curve	
  or	
  velocity	
  dispersion	
  

•  Also	
  move	
  too	
  quickly	
  to	
  stay	
  together	
  to	
  form	
  large	
  scale	
  
structure	
  (clusters)	
  	
  observed	
  with	
  gravita:onal	
  lensing	
  

•  Tiny	
  temperature	
  fluctua:on	
  in	
  CMB	
  indicate	
  that	
  ma7er	
  
clump	
  together	
  on	
  very	
  small	
  scales,	
  these	
  clump	
  grew	
  to	
  
form	
  galac:c	
  clusters	
  seen	
  today	
  

•  Fast	
  moving	
  par:cle	
  cannot	
  clump	
  together	
  and	
  prevent	
  
clumping	
  of	
  other	
  ma7er	
  

•  Hot	
  or	
  warm	
  DM	
  can	
  exist	
  but	
  necessary	
  to	
  have	
  some	
  cold	
  
DM	
  for	
  galaxy	
  forma:on	
  

	
  
	
  


