Beyond the standard model
(Non-MSSM)
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Extensions of MSSM

* (Can the issues with MSSM be solved by going non-minimal
* NMSSM

« MSSM with additional singlet superfield
WNMSSM = WF + /\ﬁu . ﬁdg + %I‘ES;3,

Ax
Vo = 1| Hul* + mg|Hal* + 3| S|” + (ANNSH, - Ha+ —576S° + hec.).

e u parameter is related to vev of singlet L= As
— naturally of order of weak scale

* Higgs sector : 3CP-even, 2CP-odd + charged Higgs

* 5 neutralinos : bino,wino,higgsinos+singlino



NMSSM

New tree-level contribution to Higgs mass

mi < M3 cos® 283 + \?v? sin? 23

Maximum for large A <0.7 and tanf} ~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: h,,a, if dominantly singlet h, can
be below 125GeV and have escaped LEP/LHC bounds

For heavy singlet : Higgs sector MSSM-like



NMSSM : pheno

Many similarities with MSSM over much of parameter space
One extra neutralino -> singlino can be LSP and can be light

New decays for the Higgs :

h2 n hlhl,@l@l 1] II” ’ h2 n |r1|r17|r1|r2 nv2 n nvlff_7 wlhl(ﬂ,l)

Doublet-singlet mixing can lead to shifts of 125GeV Higgs couplings
If singlino light : impact on susy searches

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

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

Possibility to explain anomalies in cosmic rays : photons in galactic center



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
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Gamma-ray excess

* Fermi-LAT : gamma-ray excess from
7°X7° region around the GC

— Hooper, Goodenough, PLB697(2011) -
+ Compatible with DM of 30 GeV &
annihilating in bb 3 |
« Simple model compatible with this % 1o
and no other signal (only constraint & [ — ™e20Y
from antiproton Cirelli et al 1407.2173) : (U Y
0.3 1.0 3.0 10.0
E, [GeV]

— Dirac fermion coupled to
pseudoscalar(coupling C. Boehm et al 1401.6458
proportional to mass)

— Few constraints on pseudoscalar
(even at LHC)



BSM and dark matter
non supersymmetric



Portals — dark sector

Portal

Dark sector

Visible

sector SM

h,Z’, S...

Higgs-field portal into hidden sectors
Patt, Wilczek 0605188

* 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....



Extended scalar sector

* (@Generic 1n 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 1s
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 Z, symmetry (R-parity in SUSY or KK parity)
* Improves stability of Higgs potential



SM Higgs potential
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Minimal model : singlet scalar

* DM stability guaranteed by some discrete symmetry
» Silveira, Zee(1985); J. McDonald, PRD(1994) and hep-ph/0702143

* Higgs potential - . ) -
V= —pg H|" + A [H|" + pg|SI” + As|S|™ + Asul S| H|

* Quartic coupling : positive contribution to 3 function, prevents

A from running negative -> stability at large scale
Gonderinger et al 0910.3167
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Scalar DM

 Minimal case : SM + one singlet +7, 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 observable
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Relic densityQh? =0.1199 determinésu/ms (for heavy DM)
The same coupling enters amplitude for elastic scattering ¢

nuclel
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Guo,Wu, 1103.5606

Light scalars : also W threshold and Higgs resonance effec
Light scalars --> contribution to Higgs invisible width (depe

ON AsH)



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 = ms>55GeV

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

WIMP-nucleon cross section [cm?]
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Inert doublet

* Two-Higgs doublet model with Z; symmetry

Deshpande, Ma, PRD18(1978) 2574, Barbieri, Hall, Rychkov, PRD74
(2006) 015007

Although suggested as alternative to light Higgs model (natural to have mh
>>100 GeV) compatible with light Higgs and provide alternative to
neutralino dark matter

Lopez Honorez, Nezri,Oliver, Tytgat, JCAP 0702(2007) 028; Arina et al (2009); Hambye et al,
0903.4010; Lopez Honorez ,Yaguna (2011); Goudelis et al, 1303.3010

odd under Z, --> H or A stable
no coupling of H> to fermions

V =pi|H > + p3|H3| + A |Hy|* + Ag|Ha|* + As|Hy |?|Ho |?

As
+ M|H Ha? + 5 |(H{H2)? + b

parameters : mh, my, ma, my+, A2, A3tAatAs =k
21



Inert doublet DM

 Efficient annihilation into gauge bosons SU(2)
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IDM at LHC

* Constraints from electroweak precision :
corrections to gauge bosons self
energies

§5=006£0.09, T=0.10£0.08.

 LHC : Higgs pair production — cross
sections are small

At LHC8 TeV : some constraints from
* dileptons + missing E
* trileptons Miao, Su, Thomas, 2010
* multileptons - Gustafsson et al 2012

* Dominant process AH, only depends on
masses

gj — Z — A°"H® - ZWHHY 5 1"1" H'H°
91— Z - H*HT -+ W H'WT I O
— vl"H H°
qi— Z = Zh\") =5 1*1"H°H®
qi— Z - ZH'H® 5 "7 K

* Only process that depends
on A, already constrained
by Higgs invisible with



LHC8TeV constraints

* Reinterpretation of SUSY searches + Higgs results

* GB, Dumont, Goudelis, Herrmann, Kraml, Sengupta

my= = 150 GeV

To5/01OM

115

I
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* Constraints generic (no dependence on A))

* LHC exclusions of region also excluded by DD + relic — more
at 13TeV



Dark sector

 Many more possibilities for dark sector : multiple scalars
( 2 singlets, doublet + singlet, 3 doublets, triplet, larger
discrete symmetry), include fermion dark matter, Z or 7’

portal ....

 Some with peculiar DM properties : isospin violation

e Signatures at LHC : Higgs searches, Z' searches



Isospin violation

A way to reconcile Xenon-LUX exclusion with excess in
CDMS-S1 (not DAMA) : 1sospin violation

(L_\fSI 2.\[(1€z‘f 20 9>, o\ . . .
dE — Al (e (A= 2))

2

I(E)

Basic idea : different couplings to proton and neutron ->
cancel each other in Xenon fp/tn=-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



Direct detection — light DM

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

107




Dark Matter 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 10-1¥ 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 5% - 650
dimension leads to conserved KK
number

KK parity implies lightest KK [
particle is stable KK=(-1)" ' — %
At tree level masses at each KK level o
are degenerate

600

T
F =)
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2 n’ 2
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950

. . . . . 550
Radiative corrections are crucial in

determining exact mass splitting and
LKP

500 500

Minimal UED: LKP is B (1), partner of
hypercharge gauge boson (spin 1)



mMUED

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 A, R*!, m;,

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



Relic density of B!

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

9547

< 2
324w~

{ov) = .
B(1)

Compeatibility with WMAP/
Planck means rather heavy LKP
(TeV)

process

annihila
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Scale for UED DM

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

0.5

0.45 b) Coannihilation (tree; w/o FS level 2)
c) Coannihilation (1-loop; w/o FS level 2)
0.4 d) Coannihilation (1-loop; w/ FS level 2)
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Direct detection

Sl cross section depends strongly on B1-q1 mass
splitting
Vél +.‘U§,

My = — (’1 203(Y2 +Y2
4

7 mpg,

For minimal UED rates typically low, strong
enhancement if allow for smaller mass splittings

m a R (Mg, - ;\!j,)ﬁ

) f.'v



Rescaled LKP-nucleon cross section (pb)

DM searches

Direct — rather weak Indirect — large contribution from
annihilation into fermions
(leptons) - Suppression only when
coannthilation dominant
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UED at the LHC

— KK quark decays - high

lepton multiplicity

- Prime channel : trilepton

reach 8TeV - R! > 1.2TeV
Belyaev et al 1212.4858

- contribution to H partial
width--> R > 600GeV
- GBetal, 1207.0798

- Production of level 2
resonances

- Yu, Snowmass white paper
- Rey, Raychaudury 1410.1463
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Beyond minimality

NMUED — add bulk mass terms — 2 extra parameters — 1mpact
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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

w w



Model independent approach

Direct production of pairs of DM + radiation : high Er miss +
single jet/photon/boson

N AN /
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7 D / ) \\ .
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(a)Operators for Dirac fermion DM

Name Operator Dimension |SI/SD
Effective interaction D1 1 REXXTY 7 ST
operators b5 Az XV XAV 6 ST
D8 | XYY x TV a 6 SD
D9 Az XY X q 6 SD
D11 AFXXGHY G 7 st |




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
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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
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More Dark matter candidates
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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 interacting particles
A favourite DM candidate since 1970, does it work ?

If neutralino very light, hot (relativistic) particles : problem with
structure formation

Density of light neutrinos O, h2 = 2 s

m, < 0.23eV —> Q h? < 0.003

Light neutralinos can only be a small component of dark matter
Case of ‘heavy’ neutrinos : Relic density -> m, >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
Motivated by strong CP problem

Strong CP problem: QCD Lagrangian contains a term which

violates Cand P g2
6-
S5

_((,

No P or CP violation observed, eg limit on neutron dipole
moment implies g < 109

Such a small value of 0 unnatural -> strong CP problem

Peccei Quinn introduced global U(1),q 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 f_:
axion decay constant (determines the scale of symmetry
breaking) determine mass and coupling

o [107GeV
m, = 0.62eV < : )
fa

Axion coupling to two photons relevant for laboratory searches

Look for a->vy conversion in strong magnetic field through loop-
induced ayy coupling aa(z) = =
L”?«: = —( -—F. L

" fu

Laboratory searches as well as stellar cooling and supernova

dynamics constrain axion mass to be very light: 10~ eV < ma<
102 eV

Do light axions have correct relic density? Uncertain several

mechanisms for axion production such as emission from
cosmic strings ....



SuperWIMPS

Superweakly IMP— very weak interactions

Production: DM produce in late decays, WIMPs freeze-out as
usual then decay to superWIMP

Due to very wek interactions, superWIMPs on WIMPs freeze-
out, WIMPs decouple as usual

If each WIMP produces one superWIMP
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Non thermal production

Inflation : rapid exponential expansion of the early universe

Mechanism responsible for inflation not known, hypothetical
particle/field responsible for inflation -> inflaton

End of inflation called reheating since large potential energy of
inflaton field decays into SM particles and fills universe with
electromagnetic interaction

After reheating SM particles in thermal equilibrium
Occasionnally these interact to produce superWIMP

superWIMP then propagate until present day without
interacting or decaying



Gravitino

Gravitino (spin 3/2 partner of graviton) is prime example of
superWIMP

Exist in all supersymmetric theories

Mass can be weak scale (F~(10)? GeV susy breaking scale,
M, ~101° GeV)
P
V3M,

Hl(j —

Can show that gravitino relic density directly proportional to
reheating temperature

Gravitinos can be dominantly produce from decays or from
reheating



Signatures of gravitino

Colliders: Lifetime of NLSP can be very long -> charged stable
particle at colliders (suggestion : capture NLSP at LHC in
water tanks outside detector and observed decays of trapped
sleptons)

Direct detection : interactions too weak cannot be detected by
direct searches

Indirect detection : if WIMP is charged, long-lived charged
particle can give exotic signals in cosmic rays or neutrinos



Conclusion

First Run of LHC has started to constrain BSM especially
in conjonction with DM searches

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

More results on DM from astroparticle 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-relativistic (v<0.1 c), warm relativistic
(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 galactic rotation curve or velocity dispersion

Also move too quickly to stay together to form large scale
structure (clusters) observed with gravitational lensing

Tiny temperature fluctuation in CMB indicate that matter
clump together on very small scales, these clump grew to
form galactic clusters seen today

Fast moving particle cannot clump together and prevent
clumping of other matter

Hot or warm DM can exist but necessary to have some cold
DM for galaxy formation



