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Introduction
Strong evidence for dark matter from astrophysical and 

cosmological observations
Motivation for new particles beyond standard model
Implication of  precise determination of amount of CDM on DM 

particle properties 
Wcdm h2=0.1196+/- 0.0031
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• Supersymmetry one of best motivated extension of SM 
• No sign at LHC à does that mean that most popular WIMP 

model (neutralino) is ruled out?
• Strong constraints from LHC + direct detection especially if 

below TeV scale
• Properties of neutralino DM : strong dependence on its nature : 

partner of gauge boson (B,W) or Higgs
• SU(2) number: efficient annihilation into WW-> relic density 

prefers TeV scale (higgsino) or 2TeV (wino)
• U(1) only : bino need light sfermions – LHC disfavoured
• Mixed : satisfies relic density for any scale – mixed bino-

higgsino strongly constrained from direct detection



Direct	detection
• Coupling of LSP to Higgs maximal for mixed gaugino/higgsino

LUX	rules out	light	
higgsino/bino
compatible	with
relic density

Bino/wino escape	
detection

LUX2016

Correct relic

LUX2016



What’s left after LHC
ATLAS	1508.06608

(a) Before ATLAS Run 1 (b) After ATLAS Run 1

Figure 14: The density of pMSSM points projected onto the plane of dark matter relic density versus LSP mass,
before and after the constraints from the search analyses. The colours labelling the di↵erent LSP types, as defined
in Table 4.

searches for electroweak production. Further study shows that, for the sampling of pMSSM points made
in this paper, the analyses with the largest regions of unique sensitivity are the 0-lepton + 2–6 jets + Emiss

T
analysis [57], and the Disappearing Track analysis [71]. Nevertheless some care is required in interpreting
these results. The degree of apparent overlap is subjective, in that it depends, in some cases sensitively,
on the metric used when sampling the pMSSM space. Even in cases where the apparent overlap appears
to be large, for example between the 0-lepton + 2–6 jets + Emiss

T and 0-lepton + 7–10 jets + Emiss
T analyses,

both searches are found to have regions of pMSSM space in which they provide unique sensitivity. The
Disappearing Track analysis is mostly sensitive to model points with a wino-like LSP, so an alternative
prior (or weighting by LSP type) of the sample model points would directly a↵ect the apparent relative
sensitivity of this analysis.

The overall fraction of model points within the pMSSM space excluded by each analysis for each of
the LSP types is shown in Table 7. Only the `h analysis is unable to constrain the pMSSM set with
the luminosity available. The lack of sensitivity for that analysis is not unexpected since for simplified
models it excludes only points with very light LSPs [69]. It should again be noted that the absolute
values of the fractions of model points excluded is strongly a↵ected by the prior sampling, in particular
by the upper mass bounds used for the scan in selecting the pMSSM input parameters (see Table 2).
The relative fractions of model points excluded by each analysis are a little more informative, but again
care is necessary in their interpretation since they too are sensitive to changes to the assumptions or
constraints applied to the initial model set. Nevertheless, the high sensitivity of the 0-lepton + 2–6 jets +
Emiss

T analysis for all LSP types, and the Disappearing Track analysis for models with a wino-like LSP is
unambiguous.
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Still large area of parameter space to be explored by LHC and
(in)direct searches

What about other supersymmetry candidates?



Sneutrino DM



• Another neutral particle in SUSY : the sneutrino

• Partner of LH neutrino NOT a good DM candidate
• Very large contribution to direct detection - through Z exchange

(Falk,Olive, Srednicki, PLB354 (1995) 99)+ efficient annihilation
• Neutrino have masses – RH neutrino + supersymmetric partner well-

motivated – if LSP then can be dark matter
• Thermalized?

• Non-negligible L-R mixing - Arkani-Hamed et al PRD61 (2001),
Borzumati, Namura PRD64 (2002) 053002

• New interactions – Gauge : MSSM+U(1) (GB et al JCAP 1112:014 )
or scalar eg NMSSM (Cerdeno, Seto, JCAP0908:032)

• Both cases are viable with respect to LHC constraints and feature new
signatures – leptons (same-sign, monoleptons, long-lived staus) (Arina,
Cabrera, 1311.6549, Arina et al, 1503.02960, GB et al, 1505.06243)

• Will rather consider the case where sneutrino not thermalized – feebly
interacting



MSSM+RH	neutrino
• The framework : MSSM + three generations (nR + sneutrinoR).
• Assume pure Dirac neutrino masses
• Superpotential
• Couplings of sneutrino proportional to neutrino mass
• Lower bound on neutrino mass from fits to solar, atmospheric, accelerator

neutrino data

• For hierarchical neutrino masses

• Upper limit on Yukawa couplings from cosmological bound – Planck
temperature and polarisation data, lensing, supernovae, BAO

(for	quasi-degenerate neutrinos)



MSSM+RH	neutrino
• Sneutrino mass same order as other sfermions – can be LSP

• Sneutrino mixing is very small – can be neglected

• Assume mass of RH sneutrino is free parameter (even in sneu-
CMSSM)

• Note that natural for sneutrinoR to be lightest particle as its
mass does not evolve much with energy contrary to other
sfermions.



• Sneutrino not thermalized in early universe – its interactions are too weak
• One possibility for DM is production through decays of sparticles
• Consider the case where stau is the NLSP (here assume CMSSM relations,

for general MSSM Heisig et al 1310.2825) – neutralino NLSP no
distinctive LHC signature

• Lifetime of stau (2 or 3-body decay) depends on mixing in sneutrino/stau
sectors =- from a few seconds to 1011s.

• Decay of NLSP (MSSM-LSP) after freeze-out
• Relic density obtained from that of the NLSP – can be charged



Model	parameters	and	constraints	
• CMSSM + RH neutrino 
• Scan range

• and at elevtroweak scale

• M_gluino > 1.8TeV
• Collider constraints – Higgs mass and couplings;
• Flavour constraints b-sg, Bs-µµ,B-tu;
• Susy searches (mostly not valid because stau is collider stable and charged);
• Charged stable stau m>340 GeV (from CMS Run 1 search)
• Constraints from BBN : lifetime of stau can be long enough for decay

around or after BBNà impact on abundance of light elements



Big	Bang	Nucleosynthesis
• BBN (T~MeV-10keV, t~0.1-104s)allow to predict 

abundances of light elements
• Depends on photon to baryon ratio
• In early Universe, energy density dominated by radiation
• At high T, weak interaction rates were in thermal 

equilibrium and n/p~1
• At	lower	T	:	weak	interactions	fall	out	of	equilibrium
• Freeze-out when interaction rate Gweak< H, species 

decouple
• When T approaches freeze-out  (around 0.8MeV)



• Nucleosynthesis begins with formation of Deuterium
• Number of photons>> number of nucleons  the reverse process 

occurs much faster, deuterium production is delayed, starts only 
at T~0.1MeV

• … and the chain continues with production of heavier elements
• Relationship between expansion rate of Universe (relate to total 

matter density) and density of p and n (baryonic matter density) 
determine abundance of light elements

• Main product of BBN 4He
• Other elements produced in lesser amounts  D, 3He, 7Li



• Key elements : Bhad, Evis (net
energy carried away by hadrons),
YNLSP : yield

photodisintegration

• If particle with lifetime > 0.1s decays can cause non-thermal 
nuclear reaction during or after BBN – spoiling predictions –
in particular if new particle has hadronic decay modes

• Kawasaki, Kohri, Moroi, PRD71, 083502 (2005)

• Alteration of n/p ratio - for example
• -> overproduction He4

• Hadrodissociation of He4 causes overproduction of D
• n+He4 ->  He3+D, 2D+n, D+p+n



• After all constraints – room for sneutrinoR DM (even in CMSSM)
• Can constitute dominant dark matter component

Banerjee,	GB,	Mukhopadyhyay,	Serpico,	1603.08834

Allowed region



• Characteristic signature : stable charged particle NOT MET
• Staus live from sec to min : decay outside detector
• Searches

• Cascades : coloured sparticles decay into jets + SUSYà N
jets + stau

• Pair production of two stable staus
• Passive search for stable particles

• Stable stau behaves like « slow » muons b=p/E<1
• Use ionisation properties and time of flight measurement to

distinguish from muon
• kinematic distribution

Banerjee,	GB,	Mukhopadyhyay,	Serpico,	1603.08834

LHC	signatures



• Dominant contribution from squark pairs (heavy gluinos)
• Signal computed with Spheno+ Madgraph5aMC@NLO +

Pythia+Delphes3+prospino k-factors
• Background : tt,µµ+jets, WW,WZ strongly suppressed with

cuts
• Use approach suggested in Gupta et al PRD75075007 (2007)

Banerjee,	GB,	Mukhopadyhyay,	Serpico,	1603.08834

Charged tracks from cascades

Long	lived



• Fairly easy to discover if mass stau < 400 GeV
• Luminosity 1ab-1 can probe mass ~580GeV
• Dependence on mass of squarks

Charged tracks from cascades	(2)



• No model dependence – only mass of stau
• Smaller cross section (EW only)
• Background : muon pairs
• Best cuts – close to current ATLAS analysis -JHEP1501 (2015) 068

• Lower reach than previous channel

Banerjee,	GB,	Mukhopadyhyay,	Serpico,	1603.08834

Pair	production



• No model dependence – only mass of stau
• Smaller cross section (EW only)
• Background : muon pairs
• Best cuts – close to current ATLAS analysis -JHEP1501 (2015) 068

• Lower reach than previous channel

Banerjee,	GB,	Mukhopadyhyay,	Serpico,	1603.08834

Pair	production

Stau velocity distribution

Muon	peak near 1



• Passive detector
• Array of nuclear track detector stacks
• Surrounds intersection region point 8
• Sensitive to highly ionising particles
• Does not require trigger, one detected event is enough
• Major condition : ionizing particle has velocity b<0.2

Banerjee,	et	al,	1603.08834

MoEDAL detector

B.	Acharya et	al,
1405.7662



Singlino in	nMSSM
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Motivation for singlet extensions of MSSM : µ problem + Higgs mass
Most studied : NMSSM with Z3 symmetry
Discrete symmetry broken in early universe and domain walls are 

produced -- Can be cosmologically dangerous unless disappear 
before nucleosynthesis

A solution to domain wall and stability : impose discrete R-symmetry 
(all fields flip sign) on full theory including non-renormalizable
terms.

Tadpole terms generated at higher loop order

nMSSM :  the new minimal supersymmetric standard model  with 
global discrete R-symmetry and without  cubic self interactions 
Panagiotakopoulos, Tamvakis, PLB469 (1999) 145.
Abel et al, NPB392 (1993) 83
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The magnitude of the Z3 breaking terms corresponds to the presence in the superpotential

or in the Kähler potential of Z3 breaking operators suppressed by one inverse power of the

Planck mass, MPlanck. However, these Z3 breaking (non-renormalisable) terms involving

the singlet S induce divergent tadpoles [72–78] of the form

�W = ⌅F Msusy MPlanck S , �V = ⌅S M2
susy MPlanck (S + S⇤) , (2.5)

thus reintroducing a hierarchy problem. The values of ⌅F and ⌅S depend on the loop

order at which the tadpoles are generated, which in turn depends on the particular non-

renormalisable terms that give rise to the tadpoles. A solution to both the domain wall

and the stability problem is to impose a discrete R-symmetry on the complete theory

(including non-renormalisable operators) such that the tadpole terms are generated at

high loop order [79]. One then obtains e↵ective tadpole terms

�W = ⇠F S , �V = ⇠S (S + S⇤) , where ⇠F . M2
susy and ⇠S . M3

susy . (2.6)

In the case where ⇠F ⇠ M2
susy and ⇠S ⇠ M3

susy the singlet cubic self interaction in the

superpotential (2.2) is not even phenomenologically required and can be omitted [35]. The

resulting model has been denoted as the new MSSM or nMSSM as, in the limit where

SUSY is unbroken, the MSSM µ term is only traded for the dimensionless � coupling.

Once SUSY is softly broken, the generated tadpole terms ⇠F and ⇠S break both the Z3 and

the PQ symmetry. The superpotential of the nMSSM then reads

WnMSSM = �bS bHu
bHd + ⇠F bS + hu bQbU c bHu + hd bQ bDc bHd + hebL bEc bHd (2.7)

and the corresponding soft SUSY breaking potential is given by

VnMSSM = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|2 + (�A�HuHdS + ⇠SS + h.c.)

+m2
Q|Q2|+m2

U |U2
R|+m2

D|D2
R|+m2

L|L2|+m2
E |E2

R|
+(huAuQHuU

c
R � hdAdQHdD

c
R � heAeLHdE

c
R + h.c.)

+M1
eB eB + M2

fW fW + M3 eg eg . (2.8)

In this paper we study the general nMSSM with arbitrary soft terms at the SUSY

scale as well as the semi-universal nMSSM for which one imposes the following constraints

on the soft terms at the GUT scale
8
><

>:

mQ = mU = mD = mL = mE ⌘ m0

Au = Ad = Ae ⌘ A0

M1 = M2 = M3 ⌘ M1/2 .

(2.9)

In both cases one can trade the (free) parameters mHu ,mHd ,mS for the Higgs VEVs

vu, vd, s, or equivalently for µ ⌘ �s, tan� ⌘ vu
vd

and the known value of M2
Z = g2v2, where

g2 = (g21 + g22)/2 , v =
q

v2u + v2d ⇡ 174 GeV, and g1, g2 denote the U(1)Y and SU(2)L
gauge couplings, respectively.
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The	model	:	nMSSM
Field content : MSSM + Singlet superfield
Superpotential

Soft susy breaking potential

25

The magnitude of the Z3 breaking terms corresponds to the presence in the superpotential

or in the Kähler potential of Z3 breaking operators suppressed by one inverse power of the

Planck mass, MPlanck. However, these Z3 breaking (non-renormalisable) terms involving

the singlet S induce divergent tadpoles [71–77] of the form

�W = ⌅F Msusy MPlanck S , �V = ⌅S M2
susy MPlanck (S + S⇤) , (2.5)

thus reintroducing a hierarchy problem. The values of ⌅F and ⌅S depend on the loop

order at which the tadpoles are generated, which in turn depends on the particular non-

renormalisable terms that give rise to the tadpoles. A solution to both the domain wall

and the stability problem is to impose a discrete R-symmetry on the complete theory

(including non-renormalisable operators) such that the tadpole terms are generated at

high loop order [78]. One then obtains e↵ective tadpole terms

�W = ⇠F S , �V = ⇠S (S + S⇤) , where ⇠F . M2
susy and ⇠S . M3

susy . (2.6)

In the case where ⇠F ⇠ M2
susy and ⇠S ⇠ M3

susy the singlet cubic self interaction in the

superpotential (2.2) is not even phenomenologically required and can be omitted [34]. The

resulting model has been denoted as the new MSSM or nMSSM as, in the limit where

SUSY is unbroken, the MSSM µ term is only traded for the dimensionless � coupling.

Once SUSY is softly broken, the generated tadpole terms ⇠F and ⇠S break both the Z3 and

the PQ symmetry. The superpotential of the nMSSM then reads

WnMSSM = �bS bHu
bHd + ⇠F bS + hu bQbU c bHu + hd bQ bDc bHd + hebL bEc bHd (2.7)

and the corresponding soft SUSY breaking potential is given by

VnMSSM = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|2 + (�A�HuHdS + ⇠SS + h.c.)

+m2
Q|Q2|+m2

U |U2
R|+m2

D|D2
R|+m2

L|L2|+m2
E |E2

R|
+(huAuQHuU

c
R � hdAdQHdD

c
R � heAeLHdE

c
R + h.c.)

+M1
eB eB + M2

fW fW + M3 eg eg . (2.8)

In this paper we study the general nMSSM with arbitrary soft terms at the SUSY

scale as well as the semi-universal nMSSM for which one imposes the following constraints

on the soft terms at the GUT scale
8
><

>:

mQ = mU = mD = mL = mE ⌘ m0

Au = Ad = Ae ⌘ A0

M1 = M2 = M3 ⌘ M1/2 .

(2.9)

In both cases one can trade the (free) parameters mHu ,mHd ,mS for the Higgs VEVs

vu, vd, s, or equivalently for µ ⌘ �s, tan� ⌘ vu
vd

and the known value of M2
Z = g2v2, where

g2 = (g21 + g22)/2 , v =
q

v2u + v2d ⇡ 174 GeV, and g1, g2 denote the U(1)Y and SU(2)L
gauge couplings, respectively.

– 4 –

The magnitude of the Z3 breaking terms corresponds to the presence in the superpotential

or in the Kähler potential of Z3 breaking operators suppressed by one inverse power of the

Planck mass, MPlanck. However, these Z3 breaking (non-renormalisable) terms involving

the singlet S induce divergent tadpoles [71–77] of the form

�W = ⌅F Msusy MPlanck S , �V = ⌅S M2
susy MPlanck (S + S⇤) , (2.5)

thus reintroducing a hierarchy problem. The values of ⌅F and ⌅S depend on the loop

order at which the tadpoles are generated, which in turn depends on the particular non-

renormalisable terms that give rise to the tadpoles. A solution to both the domain wall

and the stability problem is to impose a discrete R-symmetry on the complete theory

(including non-renormalisable operators) such that the tadpole terms are generated at

high loop order [78]. One then obtains e↵ective tadpole terms

�W = ⇠F S , �V = ⇠S (S + S⇤) , where ⇠F . M2
susy and ⇠S . M3

susy . (2.6)

In the case where ⇠F ⇠ M2
susy and ⇠S ⇠ M3

susy the singlet cubic self interaction in the

superpotential (2.2) is not even phenomenologically required and can be omitted [34]. The

resulting model has been denoted as the new MSSM or nMSSM as, in the limit where

SUSY is unbroken, the MSSM µ term is only traded for the dimensionless � coupling.

Once SUSY is softly broken, the generated tadpole terms ⇠F and ⇠S break both the Z3 and

the PQ symmetry. The superpotential of the nMSSM then reads

WnMSSM = �bS bHu
bHd + ⇠F bS + hu bQbU c bHu + hd bQ bDc bHd + hebL bEc bHd (2.7)

and the corresponding soft SUSY breaking potential is given by

VnMSSM = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|2 + (�A�HuHdS + ⇠SS + h.c.)

+m2
Q|Q2|+m2

U |U2
R|+m2

D|D2
R|+m2

L|L2|+m2
E |E2

R|
+(huAuQHuU

c
R � hdAdQHdD

c
R � heAeLHdE

c
R + h.c.)

+M1
eB eB + M2

fW fW + M3 eg eg . (2.8)

In this paper we study the general nMSSM with arbitrary soft terms at the SUSY

scale as well as the semi-universal nMSSM for which one imposes the following constraints

on the soft terms at the GUT scale
8
><

>:

mQ = mU = mD = mL = mE ⌘ m0

Au = Ad = Ae ⌘ A0

M1 = M2 = M3 ⌘ M1/2 .

(2.9)

In both cases one can trade the (free) parameters mHu ,mHd ,mS for the Higgs VEVs

vu, vd, s, or equivalently for µ ⌘ �s, tan� ⌘ vu
vd

and the known value of M2
Z = g2v2, where

g2 = (g21 + g22)/2 , v =
q
v2u + v2d ⇡ 174 GeV, and g1, g2 denote the U(1)Y and SU(2)L

gauge couplings, respectively.

– 4 –



26

The	model	:	nMSSM
Field content : MSSM + Singlet superfield
Superpotential

Soft susy breaking potential

Particles : 3 CP even neutral + 2CP odd + charged Higgs
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susy and ⇠S ⇠ M3
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resulting model has been denoted as the new MSSM or nMSSM as, in the limit where
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+m2
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U |U2
R|+m2

D|D2
R|+m2

L|L2|+m2
E |E2

R|
+(huAuQHuU

c
R � hdAdQHdD

c
R � heAeLHdE

c
R + h.c.)

+M1
eB eB + M2

fW fW + M3 eg eg . (2.8)

In this paper we study the general nMSSM with arbitrary soft terms at the SUSY

scale as well as the semi-universal nMSSM for which one imposes the following constraints

on the soft terms at the GUT scale
8
><

>:
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Au = Ad = Ae ⌘ A0

M1 = M2 = M3 ⌘ M1/2 .

(2.9)

In both cases one can trade the (free) parameters mHu ,mHd ,mS for the Higgs VEVs

vu, vd, s, or equivalently for µ ⌘ �s, tan� ⌘ vu
vd

and the known value of M2
Z = g2v2, where

g2 = (g21 + g22)/2 , v =
q
v2u + v2d ⇡ 174 GeV, and g1, g2 denote the U(1)Y and SU(2)L

gauge couplings, respectively.
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Neutralino sector
Neutralino mass

Singlino mass (lower bound on µ from chargino + upper bound on l 
from perturbativity) à upper bound on singlino mass ~ 75GeV

Light singlino – different  DM phenomenology than MSSM
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One can notice that M2
S,33 = M2

P,22, i.e. in the limit of small mixing between the singlet

and doublet sectors, the CP-even and CP-odd singlet states have the same mass (up to

radiative corrections, see below). In addition, this common (tree level) mass depends on

the tadpole parameter ⇠S which is a free parameter. Hence singlet like Higgs masses are

arbitrary. In particular, they can be lighter than 125 GeV and still not excluded if their

reduced couplings to SM particles (especially gauge bosons) are su�ciently suppressed.

Finally, in the basis  0 = (�i�1,�i�32, 
0
d, 

0
u, S), the neutralino mass matrix reads

M0 =

0

BBBBBB@

M1 0 �g
1

vdp
2

g
1

vup
2

0

M2
g
2

vdp
2

�g
2

vup
2

0

0 �µ ��vu
0 ��vd

0

1

CCCCCCA
. (2.17)

Hence, in the limit of small singlino-higgsino mixing (�⌧ 1), the singlino mass is meS = 0.

On the other hand, if either µ or M1 and M2 are much larger than MZ , one gets [53]

meS ' µ�2v2

µ2 + �2v2
sin 2� . (2.18)

The experimental lower bound on µ (from the non observation of a light chargino) and

the theoretical upper bound on � (assuming perturbativity up to the GUT scale) therefore

yield an upper bound on the singlino mass meS . 75 GeV.

The physical CP-even Higgs states will be denoted as hi, i = 1, 2, 3 (ordered in mass),

and the physical CP-odd Higgs states as ai, i = 1, 2. The neutralinos are denoted as

�0
i , i = 1 . . . 5 and their mixing angles Ni,j such that N1,5 indicates the singlino component

of the lightest neutralino �0
1 (assumed to be the LSP).

All the above expressions are for tree level mass matrices. Loop corrections play an

important role, especially in the Higgs sector where they account for a large part of the

SM like Higgs mass at 125 GeV. To compute the SUSY and Higgs spectrum, we have used

the NMSSMTools package, setting the precision for radiative corrections to the minimum

(precision flag for Higgs calculations = 0 in the NMSSMTools input files). This includes the

full one loop and the leading log two loop contributions from (s)top/(s)bottom, as well as

the leading log one loop EW corrections. We have not used the most precise computation

(precision flag for Higgs calculations = 2) of ref. [79] as it is valid only for the Z3 invariant

NMSSM. In this (Z3 invariant) limit however, we have checked that the di↵erence between

the two computations is usually . 3 GeV for the SM like Higgs state near 125 GeV.

In addition, a slight change of input parameters can always reproduce the same Higgs

spectrum with both flags 2. The minimal precision for radiative corrections presents the

extra advantage of using less CPU time, which is crucial for scans on large parameter

space. In addition it allows to compute easily the complete e↵ective Lagrangian in the

Higgs sector with the same level of approximation. This complete Lagrangian can then be

fed into micrOMEGAs so as to compute the relic density of the LSP DM candidate as well

2For a review of NMSSM Higgs mass calculations in public codes (including NMSSMTools), see ref. [80].
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Scan	and	constraints
Semi-universal nMSSM

Scan method : MCMC in NMSSMTools tuned for LHC run2
Basic constraints (from NMSSMTools)

Theory (no Landau pole below GUT, no unphys min of potential)
Invisible Z< 0.5MeV
B physics (bsg, bsm,btaunu….)
LEP+Tevatron (sparticles and Higgs)
At least one Higgs 125.1+/-3 GeV
Chi2 fit to Higgs couplings

Upper bound on relic density  < 0.131
Upper bound on direct detection from LUX (rescaled)

28

as well as its DD and ID rates. Note that the higher-order corrections to the Higgs self-

couplings encoded in the e↵ective Lagrangian can in some cases have a significant e↵ect on

the DM relic density.

3 Parameter scan

The parameter exploration of the semi-universal nMSSM (as defined in Sec. 2) has been

carried out using NMSSMTools v4.6.0, scanning over the following parameters 3:

m0, M1/2, A0, µ, tan�, �, ⇠F , ⇠S , A�, (3.1)

which are all defined at the GUT scale except tan� (at MZ) and �, µ (at the SUSY

scale). To e�ciently scan over the nMSSM parameter space we have employed the Markov

Chain Monte Carlo (MCMC) routines implemented in the NMSSMTools package, which we

have tuned in order to cover in details regions of parameter space corresponding to lighter

sparticles, i.e. with higher experimental prospects. Scenarios with very heavy sparticles

(out of the LHC Run-2 reach) have been discarded.

We have applied all the default constraints implemented into NMSSMTools (except for

the constraint on the anomalous magnetic moment of the muon gµ � 2), which include in

particular 4:

- No unphysical minimum of the Higgs potential,

- No Landau pole below the GUT scale,

- Invisible Z width �Z < 0.5 MeV,

- B-physics constraints,

- LEP and Tevatron searches for sparticles and Higgs bosons,

- Tevatron and LHC searches on charged Higgs via top decays,

- At least one Higgs boson in the 125.1± 3 GeV mass range,

- �2 fit to the Higgs signal strengths [81].

The latter indirectly takes into account the limit on non-standard decays of the SM like

Higgs, such as the decay into light Higgs states or the invisible decays into the LSP which

are somewhat dependent on shifts of other Higgs couplings. Moreover we have checked a

posteriori that the direct limits on heavy Higgs states in theWW channel were satisfied [82].

In performing our scan we have also required the DM relic density ⌦h2 to be compatible

with the relic abundance measured by Planck [83], ⌦h2Planck = 0.1186± 0.0020 at 68% CL.

We have chosen to impose just an upper bound of the relic density, ⌦h2 < 0.131, which takes

3The value of the top quark pole mass has been fixed to m
top

= 173.1 GeV.
4See http://www.th.u-psud.fr/NMHDECAY/nmssmtools.html for a detailed list of the implemented con-

straints.
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Results
Distinct regions for singlino mass 

All have small µ
Subregions corresponding to different m0,m1/2 ….
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into account ⇠ 10% theoretical uncertainties that could arise from loop corrections into the

DM annihilation cross section, see e.g. [84]. We have also required the spin independent

cross section for DD, rescaled for the local DM abundance (�SI
rescaled = �SI⌦h2/⌦h2Planck),

to be compatible with the latest LUX results [85].

We illustrate in Fig. 1 the results of the scan mapped in the m�̃0

1

- ⌦h2 plane, showing

in blue the points with a DM relic density compatible with Planck (0.107< ⌦h2 <0.131)

and in red the points for which it is below (⌦h2 <0.107). We see that three di↵erent

regimes for the LSP mass exist: a region with a very light LSP below 5 GeV (region 1),

a region with a ⇠ 45 GeV LSP (region 2) and a region with a ⇠ 65 GeV LSP (region 3).

In the first region the DM annihilation proceeds through a light pseudoscalar (singlet like)

Higgs resonance, the second corresponds to the Z resonance and the third to the exchange

of a SM like Higgs or Z boson. Note that the gap for neutralino masses between 5 and

40 GeV is mostly due to constraints from the invisible width of the Higgs. The light LSP

is a nearly pure singlino, so that the Higgs invisible width is very small. As the singlino

mass increases, the same does its higgsino component, hence increasing the contribution

to the Higgs invisible width.

0 10 20 30 40 50 60 70

10-5

10-4

0.001

0.010

0.100

m
�
�
1

0 [GeV]

�
h2

Region 1

Region 2 Region 3

Figure 1. DM relic density ⌦h2 in function of the LSP mass. Blue (red) points correspond to a
DM relic density 0.107  ⌦h2  0.131 (⌦h2 < 0.107).

As we will discuss in the following, the 5 GeV and 65 GeV LSP region present two

and three sub-regions respectively, mapped in di↵erent areas of the m0-M1/2 parameter

space. We report in Tabs. 1-2 the maximum and minimum values for all of the nMSSM

input parameters, in the three regions and sub-regions that we have identified. Moreover

in this Tables we also specify the weak scale gaugino masses and give a quick overview of

the sparticle spectrum in the di↵erent sub-regions. All regions have small µ and several

sub-regions feature sfermions and/or gauginos at the multi TeV scale. We distinguish

region 1 for which the 125 GeV (SM like) Higgs state is the second lightest CP even (h2)

while the lightest (h1) is mainly singlet, from regions 2 and 3 where the lightest CP even

– 8 –
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Distinct regions for singlino mass 

All have small µ
Subregions corresponding to different m0,m1/2 ….

30
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Figure 1. DM relic density ⌦h2 in function of the LSP mass. Blue (red) points correspond to a
DM relic density 0.107  ⌦h2  0.131 (⌦h2 < 0.107).

As we will discuss in the following, the 5 GeV and 65 GeV LSP region present two

and three sub-regions respectively, mapped in di↵erent areas of the m0-M1/2 parameter

space. We report in Tabs. 1-2 the maximum and minimum values for all of the nMSSM

input parameters, in the three regions and sub-regions that we have identified. Moreover

in this Tables we also specify the weak scale gaugino masses and give a quick overview of

the sparticle spectrum in the di↵erent sub-regions. All regions have small µ and several

sub-regions feature sfermions and/or gauginos at the multi TeV scale. We distinguish

region 1 for which the 125 GeV (SM like) Higgs state is the second lightest CP even (h2)

while the lightest (h1) is mainly singlet, from regions 2 and 3 where the lightest CP even
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This	region always has	
light	gluinos,	ruled out	
by	LHC	Run 1
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Impact	of		LHC	– Run1
SmodelS : Tool to decompose a given SUSY scenario into 

simplified models topologies and compare those with exclusions 
of ATLAS and CMS (assumptions on sparticle decays can be 
much different than those used for SMS searches)
Kraml, Kulkarni, Laa, Lessa et al, 1312.4175
Input SLHA file, spectrum + decay + production cross sections, 
nllfast for production of coloured sparticles

MadAnalysis5 Public data base : more general approach  to recast 
limits set by ATLAS and CMS in a generic model, a selection of 
experimental searches implemented and validated
Useful to constrain gluinos up to 1.1TeV which decay through heavier 

neutralinos and charginos

32
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Region	1	:	light	singlino
Singlino and a1 mass are linked (consequence of relic density 

constraint) |ma1 − 2mc | <∼ 1.5 GeV 
Singlino light and weakly coupled à most decay of sparticles  go 

preferably through heavier neutralinos (still constrain gluino up to 
1.1TeV)
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notice that, while the reach on the slepton mass is close to the o�cial result of the ATLAS

analysis for a 5 GeV LSP (ml̃
>⇠ 330 GeV), this is not the case for the stop search, where

the ATLAS limit is around 650 GeV. However this can be explained by the fact that the

simplified model result assumes a 100% branching ratio either for t̃1 ! t�̃0
1 or t̃1 ! b�̃+

1 ,

an assumption which is not satisfied here. First, the mass spectrum is such that there is

always at least one decay channel into a heavier neutralino which is allowed. Moreover,

the decays into heavier neutralinos typically have larger branching ratios than the decay

into the singlino LSP. This causes therefore a small reduction of the LHC exclusion reach.
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CMS-SUS-13-011

ATLAS-SUSY-2013-19

Region 1A

Figure 2. Allowed and excluded points for region 1A in the mẽL -mt̃1 plane. For each excluded
point we indicate the search with the maximum sensitivity.

The second region with a light LSP (1B) corresponds to large m0 (⇠ 4 TeV) and

small M1/2. The large value of m0 yields heavy sfermions with slepton and squark masses

above 3 TeV, except for the lightest stop which is between 1–2 TeV. Therefore the only

sub-TeV sparticles are EWinos and gluinos. In particular the neutralino spectrum has

the following hierarchy: a light singlino (m�̃0

1

< 5 GeV), a bino (m�̃0

2

⇠ 100–200 GeV), a

wino (m�̃0

3

⇠ 200��300 GeV) which is degenerate with the lightest chargino, and heavier

higgsino states since typically µ is larger than M1,M2 in region 1A (see Tab. 1). The

gluinos lie in the 800–1200 GeV range, while h2 is heavier than in region 1A, between 70

and 90 GeV.

Contrary to what we found in region 1A, SModelS does not set any constraint on the

parameter space of this region. Clearly sleptons and squarks, including stops, escape the

limits set by the experimental searches due to their high masses. Conversely, the reasons

for EWinos escaping the LHC limits are less straightforward. The chargino mass in region

1B is typically above the bound set by ATLAS from the search for �̃+
1 �̃

�
1 production, with

a subsequent �̃±
1 ! W±�̃0

1 decay, which, for a light LSP, is m�̃+ > 180 GeV [94]. The other

simplified topology analysed by ATLAS which is relevant for region 1B is �̃±
1 �̃

0
2 ! WZ�̃0

1�̃
0
1.

It assumes 100% EWinos decays into the LSP plus a SM gauge boson, as well as pure wino
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Prospects	for	LHC	Run2
Extend the reach in stop

best channels: bc+, tZ+MET, th+MET (from c2 , c3)

Or gluinos or sleptons (need factor two improvement to nearly cover 
region 1A)

or EW-ino (channel c2->Zc1 and c+->Wc1 are open)
Non MSSM signatures a1 (5-10GeV)  and h1 (30-75 GeV)

h2->h1h1 -> 4b (or 2t2b) 

or  h2->a1a1
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Prospects	for	LHC	Run2
h2->a1a1-> 4t (or 2t2µ)

35

5 6 7 8 9
10-6

10-5

10-4

0.001

0.010

0.100

1

ma1
[GeV]

� g
g�

h 2
/�

gg
�

hS
M
B
r h

2
�

a 1
a 1

B
r a

1
�
��

2

LHC8 Region 1A+1B

ATLAS limit

Figure 4. �(gg ! h2)/�(gg ! hSM)Br(h2 ! a1a1)Br
2(a1 ! ⌧⌧) for the LHC Run-1 (left) and

�(gg ! h2)Br(h2 ! a1a1)Br
2(a1 ! ⌧⌧) for the LHC Run-2 (right) for region 1A and 1B. The

horizontal line in the left plot is the limit set by ATLAS [107].

experiment [110]. The value of the (rescaled) spin independent DD cross section, being

at most ⇠ 10�10 pb, is also problematic. This is about 1 order of magnitude below the

neutrino coherent scattering background for a WIMP mass of ⇠ 5 GeV [111].

We conclude this Section proposing in Tab. 3 three benchmark points in region 1A,

with the Higgs sector signatures relevant for the 13 TeV run of the LHC discussed above.

Tab. 3 reports also the relevant masses, cross sections (obtained with SusHi v1.5.0 [112,

113] at NNLO) and branching ratios for the various benchmark points. These scenarios

are amenable for a deeper phenomenological investigation, both from the theoretical and

experimental side. The benchmark points BMP1A-I and BMP1A-II are in a configuration

where mh
2

> 2mh
1

, and maximise Br(h2 ! a1a1) and Br(h2 ! h1h1) respectively, with

the possibility of giving rise to the aforementioned multi-⌧ or multi-b final states, although

the branching ratios are only ⇠4% for 4b and ⇠1% for 2b2⌧ . We also propose a third

scenario, BMP1A-III, where the h2 ! h1h1 channel is kinematically closed, and the decay

rate of the SM like Higgs in two light pseudoscalars is below 10�3. The decay pattern of h1
and a1 in this configuration are similar to the ones of BMP1A-I and BMP1A-II, but clearly

these states now need to be produced directly. We do not propose benchmark points for

region 1B for two reasons. First, the characteristics of the Higgs sector are quite similar

to the ones of region 1A when the decay pattern h2 ! h1h1 is closed (recall in fact that

in region 1B the h1 mass is between 70 and 90 GeV). Secondly, and more importantly, the

lighter gluino in this region is likely to be tested with early data from LHC Run-2 through

conventional search channels.

In summary, the Run-2 of the LHC at higher energy and luminosity will further probe

region 1 through stop, slepton and gluino searches, while new Higgs decay channels in-

volving light pseudoscalar and/or scalar bosons can provide characteristic signatures of an

extended Higgs sector. Moreover, peculiar signatures from stop decays could also charac-
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CONCLUSION

Neutralino in MSSM is somewhat under pressure as a 
dominant DM candidate 

Sneutrino viable very weakly interacting DM candidate in 
supersymmetry although BBN constraints are important

LHC has unique potential to probe a whole class of DM 
models that predict heavy stable charged particles

In general non-standard candidates can have quite different 
specific signatures



Charged tracks from cascades	(2)


