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Gregory (Scotland Yard detective): ”Is there any other point to which you
would wish to draw my attention?”

Holmes: "To the curious incident of the dog in the night-time.”
Gregory: "The dog did nothing in the night-time.”

Holmes: "That was the curious incident.”

Silver Blaze in The Memoirs of Sherlock Holmes

by Sir Arthur Conan Doyle
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The known elementar y particles.....
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The known elementar y particles.....

In addition, the standar d electr oweak model'
requires the Higgs boson

The left-c hiral quarks and leptons are SU(2)
doub lets, and the right-c hiral ones, singlets,

but

no right-handed neutrinos— no neutrino mass
If RH neutrinos ( R) exist, they are completel y

sterile , except for the interaction Yy L rH
y Mpi o (H=Higgs doub let)
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But In practice ....

Neutrinos perhaps have mass and mixing
Evidence from solar, atmospheric and terrestrial

neutrino data + cosmology
=) m3; ' 103eV4 m%, ' 10°eV?
23 45, 1" 35, 12 < 12

Individual masses < 0:1eV
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With Higgs doub let(s) only, neutrino mass
requires R:

@ Just mp | r (no lepton number violation) or

Q@ Mmp L r + Mg r® r ( L = 2included)

=) m = mi=mg
(requires large MR)

Depending on the origin of the | r-term, Mg can
range from TeV to 104 GeV
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At the all-impor tant TeV-scale ...

Some new physics Is expected

The Higgs mass Iin the standar d model—
subject to large radiative corrections

A cut-off to standar d model at < TeV may
contr ol the damage

A popular solution : supersymmetry (SUSY)

with
mboson mf ermion < TeV SO that rad|at|ve
corrections beyond TeV cancel
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SUSY and right-handed neutrinos:
Both are perhaps necessar V'’
Does it make any serious diff erence to
have SUSY with right-c hiral neutrino
super elds (i.e. RH neutrinos as

well as corresponding spin-z ero
‘sneutrinos') ?




Questions to ask...

Is accelerator phenomenology of SUSY altered

by the RH neutrino or its scalar partner?

B. Mukhopadhyaya, — p.9/35



Questions to ask...

Is accelerator phenomenology of SUSY altered

by the RH neutrino or its scalar partner?

Does SUSY with R enable -mass and mixing

generation mechanisms?

B. Mukhopadhyaya, — p.9/35



Questions to ask...

Is accelerator phenomenology of SUSY altered

by the RH neutrino or its scalar partner?
Does SUSY with R enable -mass and mixing
generation mechanisms?

Does the R supereld help us In explaining
something more than just neutrino masses?
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A right sneutrino and the LHC...

SUSY signals may look diff erent !

Most commonl vy, the lightest neutralino ( 2) IS
the lightest SUSY particle (LSP)

s stableif R = ( )*¥*L*23s conser ved, and
so better be colourless and neutral

A viable cold dark matter candidate
All SUSY particle production results in decay
chains leading to a pair of ‘invisib le' LSP's
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Canonical SUSY signals at the LHC:
pp ! eg(ad)(ae) ! (anti)quarks + 9 2
‘jets + missing Pt
pp! g8 ! . ;! (anti)quarks + | | 9§ 9
‘like-sign dileptons (LSD) + jets + missing Pt

Must (1) be the LSP?

If the RH neutrino super eld exists, then the ~r is an LSP candidate
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A right-sneutrino LSP...

More favoured than the — In a setting where
masses evolve from a high scale

Feeble interaction suppresses - production

side by side with low annihilation rate
Interaction with matter suppressed— direct dark
matter search limits evaded

Bottomline: A —r-type LSP in the mass range

O(100)GeV is consistent
Consequence In accelerator experiments: decay
chains lead to diff erent nal states
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New signals at the LHC (no L-violation)

The LSP (dominantl y a ~r) couples to all other
SUSY particles with a strength

y m(Dirac
SUSY particle production

) cascades into the next-to-lightest SUSY

particle (NLSP)
) Very slow decay of the NLSP to the LSP
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New signals at the LHC

The LSP only is cosmologicall y stable, but the
NLSP (maybe charged) appears stable in the
collider detector s

The signal of the stable' NLSP can be not
missing- Pt but charged tracks

The dog that does not bark makes its
presence felt!
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Things that the g brings into the theory...

In the superpotential:
WR = y H,L §
m =y H? =yvsin
Y =Yukawa coupling, L = (I; )

Iqu = Higgs super eld giving mass to the

T3 = +1=2fermions




Things that the g brings into the theory...

In the scalar potential,

L sott  MZjerj®+ (y A HyBe§ + hic)

A is the term driving left-right mixing in the

scalar mass matrix
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Things that the g brings into the theory...

The low-scale sneutrino mass matrix:

!
M2+ 2mM2 OS2 y V(A sin cos )

y V(A sin cos ) M2

M — = soft mass for the left-handed sleptons

M . = soft mass for the right-handed sneutrino

In general, M- 6 M, because of diff erent evolution patterns +
D-term contrib ution for the former.

Physical states: —~(lighter), —(heavier)
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Things that the g brings into the theory...

With high-scale SUSY breaking generating |\/|~R

dM 2

R — 2
dt 16 2y A

Extremel y small Yukawa couplings
) M, nearly frozen at the high-scale value Mg

Other sfermion masses are jacked up at the

electr oweak scale

) A right-c hiral sneutrino for every family is at
the bottom of the spectrum
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Things that the g brings into the theory...

The LSP state(s) = —

Dominantl y —r, with admixture of — y

All decay widths Into — Is y2

Extremel y suppressed— decay takes place

outside detector

Within the detector, all decays lead to the NLSP
The NLSP contr ols collider phenomenology

B. Mukhopadhyaya, — p.15/35



The NLSP can be...

9 1 No difference in collider signal

1,1 | Difcult to accommodate in most
models
7 (the lighter stop) ! interesting signal, in a

certain region of the parameter space

A. de Gouvea + S. Gopalakrishna + W. Porod,

2006
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The NLSP can be...

~ (the lighter stau, dominated by —R)

| allowed over alarge region

A charged track can

chamber — kinematica

pe seen In the muon

| y diff erentiab le

S. K. Gupta + BM + S K Rai, PRD, 2007
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Lifetime of stau NLSP against the universal gaugino mass parameter M.

Mo = 100GeV, A = 100GeV, sgn( ) = 1.
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A long-lived stau NLSP can occur In...

Supergravity theories with gravitino LSP
J. Feng et al, 2003,2004, J. Ellis et al, 2004,
A. Ibarra + S. Roy, 2006....
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Gauge mediated SUSY breaking with a superlight gravitino

D. Dicus + S. Nandi + B. Dutta, 1997,1998, J. Feng + T. Moroi, 1998
K. Cheung et al., 1998, P. Mercadante et al., 2001...

MSSM with stau-neutralino near degeneracy

(co-annihilation region)

S. Ambrossanio et al., 1997, Gladyshev et al., 2005, T. Jittoh et al.,
2006....

Supergravity with ~r LSP

T. Ashaka + K. Ishiwata + T. Moroi, 2006, S. K. Gupta + BM + S. K.

Rai, 2007
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Two types of signals

Jets +two muon-like stau tracks (equivalent of jets + @1 in MSSM)

Jets + dimuons + two muon-like stau tracks (equiv alent of jets +
dimuons + @1 in MSSM)

Diff erentiator: thic kness of tracks, time delay, absorption in
stopper s ....

Obser vation: Kinematic separation of muonic
and stable stau tracks is possib le at the LHC
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Benchmark points in a SUGRA setting...

P arameter Benc hmark point 1 Benc hmark point 2
mp = 100GeV; m;—, = 600GeV | mg = 110GeV, m;—, = 700 GeV
MSUGRA input A = 100GeV, sgn( ) = + A = 100GeV; sgn( ) = +
tan = 30 tan = 10
ji 694 810
Me ;M 420 486
Me ;M 251 289
m—, ;m-_ 412 479
m- 403 478
m_—. 100 110
m- 187 281
m_, 422 486
m o 243 285
m o 469 551
m o 700 815
m o 713 829
m 470 552
m 713 829
Mg 1366 1574
My, ;Mg 1237 1424
My, s Meg 1193 1373
Mg ;Mg 1239 1426
Mg, s Msy 1189 1367
me, 984 1137
me, 1176 1365
My, 1123 1330
my, 1161 1358
Mpo 118 118
My o 712 941
Mmao 707 935
my 717 944
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Jets + two tracks: signal vs background
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Kinematic distributions for the signal 2 stauy + ( 2) hard jets: (a) the
transverse momentum distributions for the harder stauq (b) the invariant
mass distribution for the stauq pair. The dash-dot-dash (red) histograms
are for benchmark point 1 and the solid (blue) histogram for benchmark
point 2. The dashed histograms show the corresponding SM
background.
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Jets + two tracks: signal vs background

Cuts Background | Benchmark point 1(2)
Basic 39617 8337 (1278)
Basic + pr > 350GeV 5 2587 (737)

The expected number of events for the signal and background with the cuts
imposed. Integrated luminosity = 30f b L.

Hardness cut on both tracks drastically reduces

backgrounds
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Jets +two 's + two tracks:
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Distributions in the scalar sum of Pr's of all tracks in the muon chamber.
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Jets +two 's +two tracks:
Final States Background | Benchmark pt. 1(2)
2~ + 2 83 689 (103)
24 +2 + ( 2)hardjets 29 686 (103)
21 +2 + ( 2)hard jets 0 553 (89)

(

pr > 600GeV)

The expected number of events for the signal and |5ackground with the
different cuts imposed on the selection of events.
scalar sum of the individual transverse momenta of the charged tracks in
the muon chamber. Integrated luminosity = 30f b 1.

Pt corresponds to the
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Finding the answer to a basic guestion...

SUSY ) dark matter candidate if L = 1(or
L-violation by odd units) is forbid den (R-parity
conser ved)

However, seesaw mechanism (or Majorana

neutrino mass) requires L = 2

Can SUSY suggest any underl ying principle to
justify this?
BM + S. SenGupta + R. Srikanth H., 2006
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The proposal...

Lepton number Is a global quantum number
shared by the hidden (i.e. SUSY breaking) and
obser vable sector s

Most SUSY breaking effects come from a chiral
supereld S(L = 0)

But there is also a similar supereld X (L = 1)
X is like Ngr (RH neutrino that will ultimatel y

have a Majorana mass)




But X does not take part in Yukawa couplings if the superpotential
IS

=
I

2g + YLij Q UjCHz n Ycilj QiDjCHl + Yeij LiEjCHl +
YIJ L|NJCH2 + leca” NJC, (O)

D _
' (MpMgw)

)2
) Right-handed ( L = 2)neutrino mass (T/I(L)

) After seesaw mechanism, m 10 1 ev if hXi ,

m(Dirac) = O(MeV)
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The Kahler potential...

R R
L= Kd* +( Wd* + hc

X
K = KoS; XX+ K (59 7 ;

+ K1(S;S)H1H2 + hic:

Ko is enough to ensure our effects— a near-minimal structure

except for aterm SYSXYX
K 1 allows the generation of the (Higgsino mass)-parameter

No L = lterm (also forbid den by R-symmetr y)
X and N have diff erent R-charges

B. Mukhopadhyaya, — p.29/35



The scalar potential

V = MAe°[MaGuKMNG, 3]

where
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KME ((SS 4 14 S@Ko 1+ S@K g

+
e 2 2
K XX +(SRKo)(S@Ko) 4%+
M3 M 3
K
K§ 4S@Ko ,, S@Ko
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K=M§Z @VO @VO

1 @i i O( ) ||
+ME(S;S )(HiH1+ HyH2) + (B (S;S )H1H
@\Vo @\o
+AR(S: S )(=——H ——H,) + Ax(S; S )W
n(SiS ) gr, 2 g, H1) + ASS)
+A1(S; S )% i+ Bn(S;S 5 XX )NFPay Ny
I
X X XXX X
"M @W‘i aj Ny” + > & & NN
P @¢i 2MP

+h:.c))];
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With
NSt' Mp, sl
X1' hx1 =0
NI * O(choice of @; ensures this)
One has
All SUSY-breaking masses ' TeV
A vanishing cosmological constant

Lif etime of lightest neutralino = age of
the univer se
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Low-energy SUSY parameter s...

Parameter Source Order of
magnitude
m3 m3(S;S ) inVq TeV?
A A1(S;S ); Ax(S;S ) InV; TeV
B B (S;S)inVy TeV?
Mp 7% from Ky TeV
Mi— v from gauge kinetic terms TeV
The different parameters of low energy SUSY and

their sources.
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Summary and Conclusions

Right-handed neutrinos are not so
Innocent!
They not only provide neutrino masses

but also affect the mysteries of the TeV scale
In very novel fashions.
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Summary and Conclusions

Right-handed neutrinos are not so
Innocent!
They not only provide neutrino masses

but also affect the mysteries of the TeV scale
In very novel fashions.

These dogs may not bark,
but they can bite!
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