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Introduction

e Supersymmetry - one of the most attractive
extensions of the SM

* Discovery of SUSY particles, their properties -
among the main topics at the LHC



Supersymmetry

 What is supersymmetry 7

SUSY is a global symmetry that transforms fermions and bosons into
each other by spin-1/2 carrying supercharges

 SUSY algebra — commutation and anticommutation
Particles (R-parity = +1)
Supermultiplets
Sparticles (R-parity = -1)

e Supersymmetry — a broken symmetry

Msparticles — Mparticles ™~ Ms



e What is MSSM ?
MSSM — a SUSY extension of the SM fields
(with two Higgs doublets)

+a Higgs [b-term + SUSY breaking soft terms

+ R-parity conservation

a )
Lyvissm = LsupEr—sM + L) + LsorT
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 Why does one need SUSY and MSSM 7

Radiative corrections - Higgs mass and VEV run
away to the next higher scale, MauTt

EW scale (Myw) - radiatively unstable
SUSY stabilises it - fermion boson cancellation

* MSSM - natural, radiatively stable theory (M, <

a few TeV)



R-parity conserving

W =h,QUH, + hgyQD‘H; + h LE°H; + i, H g

R-parity violating

W =X'DUU°®+ NQDL+ \LLE®+ uH,L



~

Scalar masses:  m2§*q
B-terms: B, Hy,Hq

Trilinear scalar couplings (A-terms): A;;H,, /4

Majorana gaugino masses: MmAA



* Why is the mechanism of SUSY breaking relevant
to experiments ?

* Sparticle spectrum - nature of LSP

* No. of parameters can be reduced



e explicitly add soft SUSY terms
e arbitrary, lacks any theoretical explanation

understand their origin in terms of some kind of
spontaneous SUSY

In terms of some high scale VEV ~ A,
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e |f spontaneous SUSY breaking arose from MSSM fields
themselves-

 Dimopoulos-Georgi sum rule

Str M 2 + Strf\f - =0
l 2 2 2
m%1 _I_ m%g o Qm’i mjl _I_ mCZ2 B de

Disagrees with experiment!

True for tree level renormalizable couplings

MSSM soft terms arise indirectly or radiatively

Need a hidden sector
SUSY breaking gets transmitted to the observable sector
by some mediation mechanism (loops or non-renormalizable operators)



SUGRA

Hidden sector

SUGRA

Interactions

Consider SUGRA: Mys = Mp;

~ A2 —1
M, ~ A2, M7,

Observable sector

(< afew TeV)

A, ~ 10! GeV does the job




e Assume soft SUSY breaking universality

iInterpreted as the boundary condition on the running
soft parameters at the scale Mpyg

e RG-evolve down to EW scale
Entire MSSM spectrum - m1/2,mg, Ao, sign(u), tan G

Minimal supergravity (MSUGRA)

Lightest neutralino (x}) is the LSP (dark matter)

Gravitino mass  masy ~ > ~ 100 GeV



MSUGRA is experimentally distavoured due to
the tension between the LHC lower bound on ™o

andthe (g —2), measurements
arXiv:1508.05951



 Another possibility is that the mediating interactions
for SUSY breaking are gauge interactions

* |In GMSB scenario, the MSSM soft terms come from
loop diagrams involving some messenger particles

 Messengers are chiral supermultiplets that couple to a
SUSY breaking VEV (F) and have SM gauge interactions

Q F

M, ~ ¢
MSSM soft masses I Mo

If M,,ess ~ VF, the scale of SUSY breaking
(VF)~10° GeV for Mg ~ afew TeV



Distinctive predictions: Gravitino is the LSP

m3/2 ~ 1 keV

Important conseguence for Cosmology

Talk by R. Rangarajan

and Collider Physics Xi =G

Other possibilities for mediating SUSY breaking
e.g. AMSB

Large gravitino mass (tens of TeV)



 Experimental results on neutrino masses == non-zero
neutrino masses and mixing angle

The data can be explained well with
6.80 x 10~ %eV? < Am2, < 8.02 x 10~ %eV?
2.399 x 1073eV? < Am2, < 2.593 x 107 3eV?
0.27 < sin® 615 < 0.36, 0.39 < sin® A3 < 0.64,
0.01981 < sin” A3 < 0.02436 Am3; =mi —m;
 One needs to go to a theory beyond the SM

 SUSY predicts new particles at the TeV scale

* Tempting to see whether TeV scale SUSY can explain
the observed pattern of neutrino masses and mixing



Some of the ways in which SUSY can be of special
significance to neutrino masses

SUSY can provide new scales. Open up additional
possibilities in the neutrino sector - helpful in explaining
mass hierarchies

Extended particle spectrum in SUSY can lead to
mechanism for mass generation, e.g. through additional
radiative effects

Possibilities of low energy lepton number violation inbuilt in
certain types of SUSY theories might lead to generation of
Majorana masses



* |n the MSSM neutrinos are exactly massless

* Consider supersymmetric extension of an extended SM
that contains Majorana neutrino masses

* |[n such models the lepton number violation can generate
iInteresting phenomena in the sector of supersymmetric
leptons

 The effect of AL =2 operators is to introduce a mass

splitting and mixing into the sneutrino-antisneutrino system

e Or AL =1 operators (R-parity violating SUSY)

* |SP decays - interesting phenomenology at the LHC



In the context of MSSM, supplement ﬁi

(contained in SU(2);, doublet f,i) with gauge singlet ﬁf

SW =Y H, L;iD§ + m o5 i
Couplings Y, determine the Dirac masses for the neutrinos-

mp << Mmpy (mD EY,/UU)

MM )| =g \]ajorana masses
| | mp
* light neutrino masses My ~
M

Y, ~O1),mpy ~ 10 GeV = m, ~ 1077 eV



 The effect of AL = 2 operators is to introduce a mass
splitting and mixing into the sneutrino-antisneutrino system

* Neutrino mass and sneutrino mass splitting are related
as a consequence of LNV interactions and SUSY breaking

Consider MSSM + one ¢

A A 1 A A
oW =Y, H, Lo + S Mi‘o® — pH,Hy

Grossman and Haber, PRL 79, 3438 (1997)
Davidson and King, PLB 445, (1998) 191



Vot = m3 %0+ ma. 00 + (Y, A, Hov® + MBnD°D° + H.c.)

Define o = (01 + i0%)/V2 and 7° = (05 + iv§) /v/2

e Two light neutrino mass eigenstates 1 and s
are split
Amy  2(A, — pcot 8 — By)

1
e ~ e [mﬁ — 5(777,51 T m172)]

Assume u, A, and mj; are all ~ 100 GeV
Ams;
~ ~ 01
T~ O(1)
It By > myz, sneutrino mass splitting is significantly
enhanced

If BN ~ O(mz), then

Grossman and Haber, PRL 79, 3438 (1997)
Davidson and King, PLB 445 (1998)191



One loop contribution to the neutrino mass due to
sneutrino mass splitting

Grossman, Haber (1997), Hirsch et al (1997)

X

I 74 1’:}1,2 vV
Loop contribution mf}) ~ 107> Am;

If Ams/(m,)° > 102,

one-loop correction to the neutrino mass
cannot be neglected



Assuming no unnatural cancellation

my = (mV)O + (ml/)l

Radiative corrections to m, = Amgz/m, < O(107)

'Y

m, ~ 0.1 eV = Am; < 0.1 keV

Y



e Amy; induces sneutrino-antisneutrino oscillation

e |epton number can be tagged by the charge
of the final state lepton

Similar behaviour in the flavour oscillation of BY-B? system

At t=0
1

v) = \ﬁ[\ﬁﬁ +i|7g)]

The state attime ¢ Is

‘ﬂ(t)> — _[e—i(ml—iF,;/Q)t‘ﬁl> _|_ ie—i(mg—iFg/Q)t‘DQ>]



Probability of finding a ~“wrong sign charged lepton”

2

P(o—1T) = 2(1ajf$%> X B(0* — £T)
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xy; ~1=—=1;~0.1 keV

Two body decays- v — V)ZO and/or v — €_>~<+

Three body decays- v — 8_7"1+ v, and v — vTy

mz < mgp < Mo, mlei




* Number of negatively charged leptons (V;-)
'S proportional to P(7 — o)

 Number of positively charged leptons (V;+)
'S proportional to P(7 — %)

asym — Nl—+Nl+

* Atthe LHC one can study this asymmetry through
pp —> ﬁﬂ"fr

Aa,sym — PI%—)Dj — PIJT—>DT

Elsayed et al (2013)
Dedes, Haber, Rosiek (2008)
Ghosh, Honkavaara, Huitu, Roy (2008), (2010)



Neutrino masses in MSSM with RPV have been widely studied

R— (_1)3B+L+25

AAAAA

ap i ] SR S0 AT T ;
W = eij-tnaLloHiy + 5AapmLoLgEm + Aanm Lo @nDm — ham Hy Q;

anm -— o

Four supermultiplets by one symbol L,(a =0,1,2,3);
W|th ZA;() — IA{D

It is not possible to distinguish between Hp and
Ly, (m=1,23)

-~ N 1 e~ -~ ~
‘/;oft S (M%)aﬁ LZ’:L% — (EijBaLgHg] —+ hC) -+ 6ij[§Aa5mL;L%Em -+ A;nmL;Q%Dm -+ hC]
Hall, Suzuki (1984)

|.H. Lee (1984)




| SP decays because of the RPV

W-wr-1F  and X{-vi—Z possible

* Possible decay modes are X} — W= +1T and

 (One can find various correlations of these decay

branching ratios with the neutrino data
 Measurable decay length of the LSP is another

important conseguence

Mukhopadhyaya, Roy, Vissani (1998)
Choi, Chun, Kang, Lee (1999)

Romao, Diaz, Hirsch, Porod, Valle (2000)
Porod, Hirsch, Romao, Valle (2001)
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F. de Campos et al (2008)



* Neutrino masses and mixing as well as the LSP decay
properties are determined by the same interactions

 (Connection between the high energy LSP physics at the
LHC and the neutrino oscillation physics

* [or instance, the ratio between the charged current
decays

Br(x{ — W*uT)

Br(x) — W*r¥T)

~ tan2 923

Various collider studies  (Multileptons, OSD, SSD)

Datta, Mukhopadhyaya, Vissani (2000)
- de Campos et al (2008)
- de Campos et al, 1206.3605
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F. de Campos et al, arXiv:1206.3605



We shall work in a basis spanned by L, such that

v, = 0 and vg = vy

Neutralino neutrino mixing

In the basis {B,W?, Hy, vz}

( M, 0 Mz Swvy /v —mgswug/v 0 0
0 M, —MyCw U, /U  Mmzgewvg/v 0 0

Mz SWUL/V —MgCy Uy /U 0 ) w1 M
—MzSWwuq/v  MmzgCwvg/v (L 0 0 0

0 0 1 0 0 0

0 0 1 0 0 0

\ 0 0 " 0 0 0

OO OO OO




Tree level (/) masses

27 mXa l’l’J
X

[mu]z%w = Xopilts

m3ms cos” (3 cos® 3
X = 5 : ~ —
p(mzms sin 25 — My Map) m

()

Tree level neutrino masses are eigenvalues of |[m,|;:

T T T
my) = Xp(u +u3+43),  mi =m§ =0

at the tree level only one neutrino is massive. Its mass

. . 2
'S proportional to RPV parameter ZM? and C€OS” [3

Grossman, Rakshit (2004)
Valle et al (1997)
Mukhopadhyaya, Roy(1997)



Trilinear (A'\" and A\) loops

dkR "—’-"~~~dk¢L
I' ‘\
q )
| | |
' dl dl '
2 e v,
/ /
Nilk Ajkl
mg Am?
im0 =~ P VA VA i 1
viiyg Q72 ik 7Yy kl m2~
Lk d
N 3 DY mq, mq,
2 “Milk” gkl ~
8 m

e Trilinear loop generated masses are suppressed
by the RPV couplings \4[\?]

By a loop factor
e By two down type quark (charged lepton) masses



Bilinear (BB) loop induced masses

Xa
* [Two insertions of RPV 5. parameters

* sneutrino splitting induced masses

Assuming that all masses are of the order weak scale

m ](.BB) ~ g Bi B,
v 6472 cos? 8 m3

In general B, is not proportional to [tq

* |n general one neutrino mass eigenstate acquires
mass at tree level and the other from bilinear loops



SUSY is still perhaps the most popular extension for physics beyond
the SM

A very interesting question is to understand "~ "How does the SM find
about about SUSY breaking”.

Sparticle spectrum, nature of LSP, phenomenology depend on this.
Massive neutrinos suggests physics beyond the SM

Various options - SUSY seesaw, MSSM with RPV

Decays of LSP can show some correlations with neutrino data
Signals of sneutrino oscillation.

LHC data will restrict large portion of the parameter space



