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In SUSY, the spectrum of elementary particles is doubled

Standard particles SO wariicise with masses ~ 1 TeV

Higgsino X 2

Thus even the simplest SUSY model,

The Minimal Supersymmetric Standard Model
MSSM ,
predicts a rich phenomenology
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® Nevertheless, from theoretical viewpoint, by construction,
the MSSM produce too fast proton decay

NN N N\/N\ N\ VANIAN
Operators like , QLd C , LLe¢, LH, violating and Lepton number
l l are allowed in the superpotential
g | (+1)
vV
N To conserve B and L number,
q q (b q (+1) one can impose a discrete
symmetry (R parity)
Particle > Particle _ _ S
Superpartner »  — Superpartner i.e. superparticles must appear in pairs

Notice that this (conservative) approach forbids all couplings

In models with RPC the LSP is stable since:
Thus it is a candidate for dark matter

N ~
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So, once eliminated (ALL) B and L number violating operators,
we are left with the superpotential of the

W= Y7 HyQF us+ Yy HY Qi+ Y, Hy Lje; + i Hy H,

where the term p H; H, is necessary e.g. to generate Higgsino masses
Present experimental bounds imply: > 100 GeV

® Here we find another problem of SUSY models

The p problem: What is the origin of i, and why is so small << Mg,

=

The does not solve the p problem

one takes for granted that the i term is there and ~ M, , and that’s it

In this sense the Is a kind of effective theory
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N N
In the MSSM W =en (Y;’ﬂ' Qe+ VI e Qhde +vi Aeites ) + H; H,

there is a mixing of neutral gauginos and Higgsinos:

! !

g4 g2
~ M1 0 _ﬂ 72
H,? R0 1370 g0 [0 0 My R
2 2
gl (B JW 7H17H2) — M = 9"?/1 gv1 0
V2 V2 s
hog' NGB %% o o

Thus the lightest mass eigenstate (lightest neutralino) with a mass~GeV-TeV

» - - - - Is @ good candidate for
Xi=NuB "+ NoW?P + NigHy + NigHy dark matter, because:

e It is a neutral particle, otherwise it would bind with nuclei and would be excluded
from unsuccessful searches for exotic heavy isotopes

e It is a stable particle, since can be the LSP
o [t is @ WIMP (Weakly Interacting Massive Particle)

and a WIMP has the appropriate value of the WIMP
annihilation cross section to obtain:

Q h2 . 3x10%cm’st 54 WIMP

WIMP

GannV T CanV~ 3 X 1026 cm3 st thermal cross section
Gann = Gweak
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If we are able to measure the mass and mteractlons of the new partlcle

checklng that Qpm h2~ 0.1, this would be a great success
...but how can we be sure it is stable on cosmologlcal scales?
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DIRECT DETECTION
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MSSM \ / ; o
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In view of the LHC1 constraints on SUSY, Higgs data, flavour physics observables,

in the phenomenological MSSM (pMSSM) with 10 independent parameters,
M,, m,,A, ,tan B, Y, one obtains for neutralino DM

W — — pMSSM10: best fit, 1o, 20

10 41
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Are there other candidates for DM in SUSY models?

SUSY particles
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Left-handed sneutrino DM in the MSSM
(Ibanez '84; Hagelin, Kane, Rabi ’84)
In the MSSM there are only lef-handed sneutrinos:

N\ N\
W= e (Y0 L Qp i+ Y I QL+ VI B B ) + uH, H,

(left-handed) sneutrino couples with Z boson ¢, w
. \ / ’
\ /
\ 7 /
l .' @ AN /
. NZANGAEAN
e Too large annilation cross section o \\
(implying too small relic density) ,/'/‘7 o \f- w
e Too large direct detection cross section @
(already disfavoured by current experiments) C\ -
(Falk, Olive, Srednicki ‘94) <
///\\'\
e N
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The MSSM with a right-handed sneutrino

N\ N\
W = ey (YJ”H§Q§1“1§+YfHf@fderYgﬂHfoéj+ M H1 Hz

m2, .
. sz - %’1=-S|n GQ;'L + COS 9’\‘/’R

A%

Sizeable mixings reduce the coupling Arkani-Harmed. Hall. M Srith Weiner “01
to the Z-boson, which couples only e na. Fornengo '07
to left-handed fields

A A potential problem for this mechanism it that in conventional
SUGRA mediated SUSY breaking: F~ A, m,

Thus the LSP is a purely right-handed sneutrino implying
scattering cross section too small, relic density too large
for a thermal sneutrino dark matter
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IS THERE LIFE
BEYOND THE MSSM/NEUTRALINO DM ?
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NMSSM

The p-problem, W= ...+ p Iﬁlu Iﬁld , is solved in the Next-to-MSSM

introducing an extra singlet superfield:

N N\

i Ay AN HH, ) b= A<N>

NMSSM has a richer and more complex phenomenology:

additional Higgs, the singlet N
additional neutralino, the singlino N

Neutralino DM is viable
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Right-handed sneutrino DM in the (extended) NMSSM

W= cu (Y;J‘ AL Qas + Y HI QY de + I HY LY e o v By LY a;)

N NN N\

+ A N Hy Hy + kNN N+ [y N oveve

Recall that in the MSSM a purely right-handed sneutrino LSP implies
a scattering cross section too small, and a relic density too large

Nevertheless, here the singlet introduced to solve the p problem,
provides efficient interactions of sneutrino too

1Y n 'F, Al H!« W! Z - I/—;\—\l - i
. VC NN TN
\. i VC _I VC
\ Hl I
@
/ |
/ ‘ |
; ", |
VC qa =
f, A, H, W, Z |

14



Neutralino and Right-handed sneutrino in the NMSSM

Extensions of the MSSM can be more flexible (new light mediators)

Low-masss SUSY WIMPs are still viable (1-100 GeV)

WIMP-nucleon cross section [pb]
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BEYOND R-PARITY CONSERVATION/NEUTR ALINO-SNEUTRINO DM ?
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TRPV BRPV are allowed in

AR the superpotential
& ’ / A ijk dc@

| Hy (+1)

N\ N N A A A . |
AN v H Hy + Kiik VRi VR; Vi are also allowed, break R parity
are harmless for proton decay \

However, R-parity forbids all these terms
But the choice of R-parity is ad hoc. VR(+1)  H, (1)

There are other symmetries that forbid some of these terms,
but others are allowed

Also stringy selection rules:
- particles are attached to different sectors in the compact space

- or they have extra U(1) charges



So one can work with different combinations of RPV terms:

N A
W = Wyeem + + + Ay dSa
- // 17 NN
W = Wyeem + ’>‘\ + Ny d5dGuy
W = Wygem +

NN AT A A
WHVSSM= > HU Hd + KijkVRi VRJ' VRk

When the RH sneutrinos v, acquire VEVs of order the EW scale, an effective
u-term from v is generated

as well as effective Majorana masses for neutrinos: EW scale seesaw

M, ~ Mp2/M,, = },Yv V,)2/(K vg) ~ (1076 10%)2/10% = 10-11 GeV = 102 eV

Yv H,Lvg Yv ~ the electron Yukawa

Carlos Mufioz
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neutralinos RH neutrinos

\ LH neutrinos

M m
M-n — (

m? 0343

This generalized seesaw
implies that neutrino masses and mixing angles can easily be fitted to experimental data

(even with flavour diagonal neutrino Yukawa couplings)

In a sense, this gives an answer to the question
why the mixing angles are so different in the quark and lepton sectors

(because no generalized seesaw exists for the quarks)

Carlos Mufioz uvSSM 19
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After several years of LHC running, direct searches of SUSY based mainly on
the existence of missing energy in the final state have failed to find a signal
that exceeds the SM background

Time for experimentalists to look for RPV SUSY in detail ?

RPV can hide SUSY by removing the usual missing energy signatures

|/
q

\

RPV can produce displaced vertices, multilepton final states,..., and
this is because:

Carlos Munoz
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RPV couplings generate larger mass matrices than those of RPC models such as
MSSM or NMSSM, since EWSB implies that the neutral scalars develop VEVs:

[ <HS>=v, <Hd> Vg “ | <H.>
|

“Neutralinos”

“Charginos”

“Neutral Higgses”

“Charged Higgses”

Carlos Mufioz
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Besides, all particles, not only the neutral ones, are potential LSP’s
stau, squark, chargino,..., sneutrino

Because the LSP is not stable, decaying into two SM particles
| H

Thus the problem of stable charged particles as DM is not present:

Carlos Muiioz
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e.g. in the uvSSM a left-handed sneutrino LSP with a mass ~ 90-150 GeV
will produce for £= 300 fb! a detectable number of events with
diphoton + leptons/missing energy

v

g
¥
/
7/
W:E 7 (i)e’ﬂ,T)cEw

/
/

o
N £¥ NLSP

X ZIL],
Y.,
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~ N
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g1
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o(pp = WE = hE(h3/AY) — R3AY + Wiopr) 120.7 o(pp — Z — h3A?) 88.88
o(pp — Z — hThT — RYAY + 2W 1) 3.72 olpp — W= — oo — A3 A+ Weop) 115.5
o(pp = Z — hJAY) 83.67 olop— Z — -+ — hIAY 4+ 2W,01:) 257
BR(hS — v) 0.00322 BR(AY — wv) 0.98
BR(A — 77) 0.00067 BR(A] — vv) 0.00297
BR(AY — vv) 0.94 BR(AS — hao/A; vv) 0.05
['(RY) Dl 1~ TAD 8.0 x 10~
CthY) 1.8 % 10~% I'(A9) 8.2 x 10~

Table 4: Benchmark point producing a ,, LSP with a mass of 125.6 GeV. Low-energy input
5% soft masses obtained from the minimization conditions

parameters are shown in boxes 15¢
in box 6% and physical masses in box 7. Production cross sections, branching ratios and decay
widths are shown in box 8%, VEVs, soft parameters, physical masses and decay widths are given

in GeV. The cross sections are given in fb.

Dataset Nev Er>200 | Pry > 100 | Pr2>50 | Ny=2 N =0 | AR<1E | 118 M 135

Signal | 353.840.1 | 82.6+0.6 | 63.840.6 | 32.7+0.4 | 32.7+0.4 | 29.840.4 | 20.1+0.4 26.440.4
2j+IFSR 107 0 0 0 0 0 0 0
j+IFSR 107 0 0 0 0 0 0 0
higgs 5424 0 0 0 0 0 0 0

Z+h 03.840.4 | 5.440.2 4.640.2 2540.2 | 25402 | 25401 | 2.440.1 2.240.1

Z+ISR | 8667+30 8048 758 2545 2545 2545 642 0.940.9
W+FSR | 12552+45 35+5 33+5 842 842 342 0.840.8 0

| (%) | r: 7.540.5 640.4 55406 | 5.5+£0.6 | 54406 | 9.5+1.8 15.042.7

Table 5: Cut-flow chart for 13 TeV events generated with aMC@QNLO-5.322. my = 125GeV.
Background at LO

Carlos Munoz
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Gravitino DM in models with RPV

® The LSP is no longer stable since it can decay into SM particles
Thus the neutralino or the sneutrino cannot be used as candidates for DM

e Nevertheless, the gravitino can be a (decaying) DM candidate

In RPC models the gravitino LSP is stable and thus also a DM candidate

However, the late NLSP decays R 2
(supressed by the Planck mass) e = — 22 ~ 9days (- 2=_) (
may spoil the predictions of BBN e

150 GeV>5

MNLSP

cosmological gravitino problem

This problem is not present in RPV models, since the NLSP decays into
ordinary particles, and its lifetime becomes much shorter than 1 second

Carlos Mufioz SUSY & DM 26
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Besides, the gravitino LSP in RPV also decays due to the photino-neutrino mixing,
opening the channel

Lint =

In supergravity

?

b [N AP )
&Mm%[%v]’v v b

1 M3,
Dse = ) = 5l 575
o) / . The decay width is supressed
7 both by the Planck mass and the
. R-parity breaking, which is
(D) = v v expected to be very small:

2
Usu| "~ 19, vIM, |2~ 10241015

Since v ~ 104 GeV because its minimization equation contains
the small Yukawa Yv ~ 10-¢ in order to reproduce neutrino data

Thus the lifetime can be longer than the age of the Universe (~1017 s),
and the gravitino can be a good DM candidate

-3 2 —1
el A - 26 m3/2 |U’}’V‘
T3/2 = r (G — 71/) ~ 8.3 x 10 sec x (@) (7 » 10_13)
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Detection of gravitino DM

% Decays of gravitinos in the galactic halo, at a
sufficiently high rate, would produce gamma rays
that could be detectable in experiments

,dJ 2FE2 dN, 1 L.
E*—= — 7 / alo (Dl
[ dE]ha.lo m3/2 dE 87?7'3/2 los Phal ()
particle physics el ‘—\\ astrophysics
Since a gravitino decays into a photon (and a neutrino),
this produces a line at energies equal to m3,,/2

Carlos Mufioz SUSY & DM 29
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” MultiDark =

National Aeronautics and Space Administration

Multimessenger Approach

@ [
S ermil for Dark Matter Detection

Gamma-ray

Space Telescope
»

More recently, together with Fermi-LAT
collaborators we performed the following:

Search for 100 MeV to 10 GeV
y-ray lines in the Fermi-LAT data and
Implications for gravitino dark matter in the
nuvSSM

@

Category Il paper:

-Fermi-LAT Collaboration: Albert, Bloom,
Charles, Gomez-Vargas, Mazziotta, Morselli
External authors: C. M., Grefe, Weniger

Constraining mj/,
and gravitino lifetime

SUSY & DM
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Region of Interest (Rol) optimization

. astrophysics

[Ezﬂ B 2E? dN, 1 / (f)df K
dE halo - mg/g dE 87TT3/2 los Phalo ’ i S
R 1005— \\
. ; . = . e | N
For decay, the uncertainty in the DM distribution S 10
within the ROI,, is less than 10% R S —
E 0.1- —— Einasto
= === NFW
= N Burkert \
0-015‘ —-— Isothermal \\‘
] - - Distance to the Galactic Centre r (kpc)
Optimize signal-to-background | ST
ratio for decay (Ws; —vy) YA
00— | e
ROl [b]>600 — /)
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Results updated with 5.8 years of data from Fermi LAT
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Conclusions
There are interesting models of SUSY for DM

MSSM introduces a bunch of new particles
NMSSM solves the U problem of the MSSM
introducing an extra singlet 5 H, H2 e 7\“N N VC VC

The neutralino or RH sneutrino
are candidates for DM
If RPV is allowed
very rich phenomenology: displaced vertices, multi-lepton/jet events

TRPV, BRPV
LvSSM solves the p problem and explains the origin of
neutrino masses using right-handed neutrinos 75C ]:]a ]"{b

The gravitino can be a candidate for DM with m;,, <20 GeV





