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Motivation

Neutrino has mass )

Old Standard Model (SM) had only left-handed v["*""

Oscillation experiments : v{* < yf : m, ~0.1leV

A renormalizable theory for mass requires adding:
Right-handed Neutrino (N%.) OR Higgs triplet

If Supersymmetry and Nf?. then right-handed sneutrino

Dark Matter

WMAP result (2003) Qnh? =0.135 9% ; 2 ~05 )

If NR LSP ... overclose the universe? ... Dark Matter?
Is it possible to test this? ... Collider implications?
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The Theory

Neutrino Mass
Sneutrino Mass

SUSY Sector

Most general (renormalizable) theory, with Lepton-# violation

Superpotential

W = NYnL - Hy + N 2N + Winssm

SUSY Breaking terms

Lsysyer = — ﬁLm;ZL — N,T?m,z\,NR + h.c.
= N};ANEL - h, + h.c.

o b2
-+M%m+m
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The Theory Neutrino Mass
Sneutrino Mass

Neutrino Mass

LY =— /vvuy,\,y—/vc NN+ he.

2v\/2
Yy YN
My

m, =
For m, ~ 0.1eV

o If My ~ 10*GeV then Yy ~ O(1) (Seesaw)
o If My ~ 102GeV then Yy ~ 107°
o If no My term then Yy ~ 10712 (Dirac V) [Asaka et al. '05]
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The Theory

Neutrino Mass
Sneutrino Mass

Sneutrino mass matrix

Cm2 m2 2 2
From now assume as real : mi,, mgp, mg,, ¢, by,
Redefine:

b = (b1 +itn)/V2
Np = (N +iNy)/V2
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The Theory

Neutrino Mass
Sneutrino Mass

Mass matrix becomes...

141
Chue = —3 067 R o RY)M; |5
N>
m?, — ¢ m2] + v Y My, 0 0
Me | MR MY me — b2, 0 0
v 0 0 m?, + ¢ m2[ — v, Y My
0 0 m%, — vuM) Yy ms + b2

[Hirsch et al., Grossman et al. '97]
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The Theory

Neutrino Mass
Sneutrino Mass

Diagonalization

Ui\ _ (cos®? —sinf?\ (D] < = sing?
N;) sin0?  cos¢? N,’ o S =sInY

Mixing angle is:

2|1 va Yiu + vuAw % v M} Y|

tan 207 =
I (m?, T cr) — (mkg T b))
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The Theory Neutrino Mass

Sneutrino Mass

Diagonalization

Ui\ _ (cos®? —sinf?\ (D] < = sing?
N;) sin0?  cos¢? NI’ o S =sInY

Mixing angle is:

2 ’—,u*deN F v Ay £ vuM,TVYN‘
tan 20 =

(m?, T cr) — (mkg T b))

Assume: Ay = anYnme ;= s1~ Ynptam

Yy~10"%: Ay~an-01MeV; s ~10%,; &=~ M J
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Cosmology Thermalization

Boltzmann Equation

Big Bang — Inflation — --- — BBN — Today

Thermal equilibrium if  (ov)g ng, > 3H
Freeze-out

001 T T

Increasing <o,v>

10 100
x=m/T (time -)

[Kolb & Turner, Early Universe]

— mM —10 [ GeV~—2
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Cosmology Thermalization

When is 7y Thermal? AN T |

Self-interaction processes
(as) oty — vivL W3 ; B exchange

(ds) Doio — vivr ; ecer HF ; HO exchange
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Cosmology Thermalization

AN T |

When is 79 Thermal?

Self-interaction processes
(as) oty — vivL W3 ; B exchange

(ds) Doio — vivr ; ecer HF ; HO exchange

] Process \ Cross-section \ Limit
st (g2, g2)° -3
(as) Tor \ My, + M amYy > 10
Yuer 1 e\’ -3
(ds) | 2 e (ﬁ) Yy > 10
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Cosmology Thermalization

Thermalization

Thermalization conditions not met = Nonthermal 7 )

Ng interacts only through tiny Yukawa, so Nonthermal for:
o Yy <1079 e, i is almost pure right-handed
@ Low Reheat temp Try< 100 GeV ; Reheat into 7y + SM
[S.G., Porod, de Gouvea, hep-ph/0602027 - JCAP]
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Displaced Vertex
Distributions
Collider Signatures Reach

Tevatron and LHC Signatures

Unique features
@ Heavier SUSY decays thro Yy (tiny?) .... Disp vtx?
@ All SUSY decays must have a lepton (charged or neutrino)
@ Expect non-universality in e, u, T events
@ 3 gens of Ng.... Cascade decays give leptons (how soft?)

At hadron colliders look for:
qq/gg—tt", &, ..
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Displaced Vertex
Distributions
Collider Signatures Reach

Tevatron and LHC Signatures

Unique features

@ Heavier SUSY decays thro Yy (tiny?) .... Disp vtx?
@ All SUSY decays must have a lepton (charged or neutrino)
@ Expect non-universality in e, u, T events
@ 3 gens of Ng.... Cascade decays give leptons (how soft?)
At hadron colliders look for:
qq9/gg—tt, EE .
Monte Carlo Program: Pythia 6.327:

With modification to include angular dep of 3-body stop decays
[Special thanks to Stephen Mrenna & Peter Skands for help with Pythia]
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Displaced Vertex
Distributions
Collider Signatures Reach

uction and decay

(%R

i
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Displaced Vertex
Distributions
Collider Signatures Reach

tr production and decay

1—.\(‘,;PR)

Level 1 cuts:
The rapidity cuts n, < 2.5, np < 2.5.
The transverse momentum cuts pr, > 20 GeV, pr, > 10 GeV.
The isolation cut Ry > 0.4, where R, = (¢ — ¢¢)* + (16 — 1¢)?
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Collider Signatures

Displaced Vertex
Distributions
Reach

tr production and decay : Disp Vtx

1.16
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Displaced Vertex
Distributions
Collider Signatures Reach

pt distributions
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distributions

Collider Signatures

Displaced Vertex
Distributions
Reac
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Tevatron and LHC Reach

[ ob) | o [ #(for1fb=T) [ S/VB(for1fb—1) | L(fb~I for50)

To Tevatron 5.6 0.79 8 - -
P CAC 488 0.7 784 B B
M. — 150 Tevatron 1.04 0.29 17 6 0.7
R LHC 167 0.24 1947 88 0.003
M. — 175 Tevatron 0.42 0.47 18 6.6 0.57
R LHC 81.8 0.43 3062 139 0.001
M: = 250 Tevatron 0.04 0.71 4 1.4 12.7
R LHC 14.65 0.66 1292 58 0.007
M; = 500
R LHC 0.37 0.81 49 2.22 5.1
M;_ =750
R LHC 0.03 0.85 4.3 0.19 692
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Displaced Vertex
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Conclusions

@ Pure right-handed 7 investigated here

e When SUSY breaking, Majorana mass at weak scale;
Yn ~ 10—
o Nonthermal dark matter candidate

@ Tevatron and LHC Signatures

o Displaced Vertex
e Look for nonuniversal lepton signature
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Displaced Vertex
Distributions
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Backup Slides

Backup Slides
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Sneutrino mass matrix

UL
v — ~T Mt ~T NT Nr
Lhws = — (7, N 7/ Ng)Mp 7
R
m% L méz — vg cg Vy Y,L My
2 2 T 2
S I A P AL
21 —vic v Yy My mi [ L
wMyYn — —b} my Mgk
m%L = (m%—l—vL%Y,IIYN—&—AE); Agz(m%/2)cos2ﬁ
mir = (MyMiy+ m3 +v2YnY])
mp, = (—p*vaYn + vuAn)
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Displaced Vertex
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Real fields

Mixing effects
m%,L . U1 < N mixing
C¢ i UL > U] mixing

My : D) N,’; mixing

b,2v : Ng < N’if\, mixing

Co2 2 2 2
From now assume as real : m7;, mgp, mg,, ¢, by
Redefine:

v o= (51+iﬁ2)/\f2
Np = (Ny+iNy)/V2
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Mass matrix becomes...

121
i 1 . . A
- 5T T 5T T 1
L;ass - = 2 (Vl Nl [ 2 ) Mrﬁ ,22
N>

m?, — ¢ m2] + v Y My, 0 0

M | MR MY me — b2, 0 0

v 0 0 m?, + ; m3[ — v, Y] My,
0 0 mf?,_ —vuMy Yy mf-\,R + b,2V

[Hirsch et al., Grossman et al. '97]

c¢, by and My split ¥y < o degeneracy, and Ny — Ny degeneracy
Denote LSP as 7y ;  Heavy states as oy
Bose symmetry forbids Zpy coupling
.". leads to acceptable relic density [Hall et al. '97]
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Thermal History of the Universe

Big Bang — Inflation — --- — BBN — Today

Hubble rate:
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Boltzmann Equation

Big Bang — Inflation — --- — BBN — Today

E”f’o = —3Hnz, — (ov)g ("1270 - "1270 eq) —{ovi¢ ("730 Ny — Ny eqNg eq) +Cr
Thermal equilibrium if  (ov)g ngy > 3H ; (ov) ¢ ng > 3H
Freeze-out

001 T T
0001

Increasing <o,v> J

xem/T (time =) [Kolb & Turner, Early Universe]
— mM —10 ((Gev—?
Qo = "M ~ 4 x 10710 (GeV 2
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Displaced Vertex
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Mixed 79 Dark Matter

10
Qoh® = 2 ===
0 7 g e

.51 &~ 0.2 results in observed relic density
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Displaced Vertex
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Relic from Decays

Contribution from Cr ~ n, [ (x — 7X)

e H, — il
Qo o7 ~ 1052V} Mo 2,
o Iy — DoY) h, exchange

QO(bD)h2 = 1024(C )QYEM%PS

Does not overclose if

Yy <1078 Ay <10eV; s <1072

(Decays just before BBN!)

Dirac case [Asaka et al. '05]

Shrihari Gopalakrishna Right-handed SneutrinoCosmology and Hadron Collider Signature



Displaced Vertex
Distributions
Collider Signatures Reach

When is 7y Thermal? (ov)yn> 3H

Self-interaction processes
(as) oty — vivL W3 ; B exchange

(ds) Doio — vivr ; ecer HF ; HO exchange
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When is 7y Thermal? (ov)yn> 3H

Self-interaction processes
(as) oty — vivL W3 ; B exchange

(ds) Doio — vivr ; ecer HF ; HO exchange

] Process \ Cross-section \ Limit
4 2\ 2
(as) 156717r (,5;/ + fﬂg) amYy > 103
Yuer 1 e\’ -3
(ds) 1,\éﬂ'l Mil%l (MTSP) YN > 10
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Displaced Vertex
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When is 79 Thermal?

Co-interaction processes with other SUSY particles
Boltzmann suppressed by

By = e (BMs/T) o AMy = (My — Misp)

Co-interaction with SUSY

(be) 73 — &8  WF exchange
(ec) Doy — cC; tt h, exchange

’ Process ‘ Cross-section ‘ Limit
1 2 M 2 —
(bc) glr;; ,I\“/,Sép fF2’S ﬂgamfps Yy > 10 6.5
(-52Y2 1 Ay \° 2 7
(ec) 1 1617r Miﬁu M/lx, fPS Yuﬁgl_/oszps Yy > 10
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When is 79 Thermal?

Co-interaction with SM
(a/\//) DOtR,L — DLtL,R h, exchange
(bm) Doty — v TR H, exchange

] Process \ Cross-section \ Limit
AZY? =
(am) Tor 7 M fés | BramfpsYn > 1077
YZY? —
(bwm) for Mz fs | BifesYn > 1077
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Nonthermal 7

Thermalization conditions not met = Nonthermal 7 ]

Happens when :
o Yy <1078 e, i is almost pure right-handed
@ Low Reheat temp Try< 100 GeV ; Reheat into 7y + SM

No Relic-from-decay of heavier SUSY particles
No g thermalization from co-interaction with SUSY or Top
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Nonthermal 7

Thermalization conditions not met = Nonthermal 7 ]

Happens when :
o Yy <1078 e, i is almost pure right-handed
@ Low Reheat temp Try< 100 GeV ; Reheat into 7y + SM

No Relic-from-decay of heavier SUSY particles
No g thermalization from co-interaction with SUSY or Top

N Relic density depends on Inflaton coupling to SM and N

@ Work in progress
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