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Neutrinos in the Standard Model

z

Experimental Evidence é

Connection with Collider Physics



NEUTRINOSHIN'THEN 2
STANDARD) MODEL ¥

CC interaction

NC interaction
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Number of Neutrinos from
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Z’ partial width to invisible final state @LEP (90's) — 3 active v's
N_=3.00 + 0.07 (direct meas.) N =2.994 +0.012 ( SM fit)



NEUTRINOS IN THE é

STANDARD MODEL

=) G SU(3) ® U(1)

loop corrections

accidental symmetry
Gelebal — Uy BQU:. XU 7 X U-r

Lt

Neutrinos are massless in the SM !



NEUTRINOS BEYOND THE
STANDARD MODEL

Q=0

Dirac Neutrinos

Majorana Neutrinos



NEUTRINOS BEYOND THE
STANDARD MODEL

Dirac Fermion : needs independent left and right
chiral projections

)-(2)- () -

Majorana Fermion : needs only one independent
chiral projection
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NEUTRINOS BEYOND THE
STANDARD MODEL

Most General Neutrino Mass Term




NEUTRINOS BEYOND THE
STANDARD MODEL

1) SM effective low energy theory (have to consider
nonrenormalizable terms)

spontaneous symmetry breaking

(Zij/MBSM) 00 I'Li I'Lj ) (M)ij = Zij ve/(2 MBMS)

the source of this term is some new heavy field (tree level or loop)

% extensions of SM generally imply neutrino mass
* understand origin and smallness of neutrino mass

* term violates L (total and flavor) — lepton mixing



NEUTRINOS BEYOND THE
STANDARD MODEL

2) adding new fields

vV_,V_,V_,V ,V_,....V m sterile neutrinos
sl S2 s3 s4 s5

sSm

two types of mass term arise from renormalizable terms
> M M;; U.E:'i Vg -+ h.c

L]
F

— L N, — M D;; Vr;lVg 7 —|—

complex & symmetric
diagonilized
by U matrix (3+m)




NEUTRINOS BEYOND THE
STANDARD MODEL

2) adding new fields

* %

1
—Ln, = Mp, VEiVsj —|——11Iu v Vs + h.c

Dirac Mass Term

Transform as SU(2) doublet: generated after spontaneous
symmetry breaking from a Yukawa term

Conserves total L (but not flavor L)

Majorana Mass Term

Singlet of G*" : can appear as a bare mass term

Breaks L (by 2 units)



NEUTRINOS BEYOND THE
STANDARD MODEL

M >>(¢) : see-saw mechanism [Remond (79); Gell-Mann et al. (79);
Yanagida (79)]
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— L\ = (E{,u{TLI) Mg

VEMMIVE = diag(m2, m2, m?) @V M,MIV? — diag(m?, m2, m3, ...,m3)
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[Pontecorvo (57), Maki, Nakagawa, Sakata (62)]




[Pontecorvo (57), Maki, Nakagawa, Sakata (62)]

g\ n—1l\n | I T* 171 <in 9O A

CP-violating term : neutrino (-), antineutrino(+)



[Pontecorvo (57), Maki, Nekagawa, Sakata (62)]
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<— sin’ 28,,=2*P > If you see an oscillation signal

with
90% CI_ Posc= P + 6P
Excluded then carve out an in
Region (Am?,sin?20) plane.
S10pe o If you see no signal and limit

oscillation with

P._.<P @90%CL

then carve out an in the
(Am2,sin?20) plane.
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Cosmic Rays v, disappearance observed !

p- He. etc.

air molecules Flux dependence on
vy ~66% azimuth is directly
Ve ~337 related to distance

traveled ——————— — ==

Perfect laboratory
to search for g
oscillations |

Neutrino Made J/ |

in the Atmosphere \

y
y

‘ Atmosphere
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(1998)



atm

1.9x%102 eVe <« Am2 < 3.0 x 10-3 Ve
2 sin€20 >0.90 at90% CL
10

Best Fit:

sin220 = 1.02
Am2=24x103eV2 . .
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£ |.-'|f ;'|!:-.—:'t

— 99% C.L.
— 90% C.L.
— 68% C.L.

. 92 . 9
~ 1 — sin” 2023 sin

vV DV
M T

Super-Kamiokande
2004

Am232 =25x 10 3eV?
sin°20 = 1.
23

K2K confirms !



Experiment with reactor neutrinos

In France
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Sucotry Matrerino
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Neutrinos arrive as different flavors

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Oz

CURRENT STATUS

7.3 x 10" eV’<Am’ < 9 x 10” eV*
Dominated by KamLAND

1.5 x 10 eV’< 1Am* | <3.4 x 102 eV?

Dominated by Atmospheric SK

0.50 <sin 6 < 0.61 (SNO) sin 0 . <0.20 (CHOOZ)

0.6<sin0 < 0.8 (ATM)
@ 90 % CL



CONNECTTON VVITNT COLLID.

PHYSICS)

> production of heavy Neutrinos (N)

pp=1"1"N LI' =e,u,t @LHC
[4. Ali, A.V. Borisov, N;B. Zamorin (2001)]

ete-= Nv=I1Wv @CLIC

[F. del Aguila, . A. Aguilar-Saavedra (2005)]

> Bilinear R-parity violating
scenarios (AMSB,SUGRA)
@Tevatron and LHC
[Valle et al., de Campos et al.]




Production ofiHeavy N: <r

pp=>I1"I"N I=e,u;t @LHC
[4. Ali, A.V. Borisov, N;B. Zamorin (2001)]

o(pp =1"1* N) =
0.8 (1-/25 ) |[U U |°F(Vs,m ) fb

Vs = 14 TeV



Production of Heavy N é
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Proauction of; rieavy’ N Lf/

ete-=> Nv=1Wv @CLIC
[F. del Aguila, . A. Aguilar-Saavedra (2005)]

vs = 3 TeV

can detect heavy Majorana/Dirac N with
m = 1-2 TeV



Production of Heavy, N é




Bilinear R=parity Violating
SUSY Models

= Unlike the SM, SUSY extensions allow renormalizable lepton and baryon number violation.

1 _ 1 —
EA:'jkEiEjék + A:jkfi'-’i’jdk + Eﬁzgkﬁidjdk

= These terms can be forbidden imposing a discrete symmetry, R parity:

B — (_ 1)3.E+L—|-25

SM states are even while SUSY states are odd under R.

= |If 1-'s have majorana masses there is no reason to exclude lepton number violating
Interactions.

= |t would be nice to understand the pattern of masses and mixings using a weak scale
SUSY extension of the SM.

= Nice fact: SUSY with R—parity (lepton number) violation can generate neutrino masses at
the electroweak scale in agreement with experimental data. =chechier valle Ross Hall




Bilinear R=parity: Violating
SUSY Models

SUSY with bilinear R-parity violation

= In the minimal SUSY extension of the SM the new states are

particle name spin
gluino 1/2
charginos 1/2
neutralinos X5, Xa, Xa, Xy | 172
sleptons Er, I-F,_.L,-éﬂ ) 0
L, Vyur, BB
T1,T2, U

TL
squarks iy, dy, ip,dg
CL,SL, CR,5R
'El: 'EE: lEIl:lE'E
higgs h,H, A, H-

= We must include the soft breaking terms (source of lots of free parameters!). We will
concentrate on two scenarios: SUGRA and AMSB. vale =t al: de Campos et al




Bilinear R=parity: Violating
SUSY Models

Electroweak symmetry breaking: the two Higgs
doublets H and H and the sneutrino acquire a vev.

The symmetry is radiatively broken in AMSB and SUGRA

| Meutral fermion mass matrix: |

} sneutrino vev's contributes to the mixing between neutrinos and neutralinos (charged

. . .0 . . . 3 o -"-'2 .
leptons and charginos). In the basis "7 = (—iX, —iX®, HY, H? v, v,, v, ) the neutral
fermion mass matrix is

M mT % "v %gul 0 €
I e ' - e Lo
My = . 2g'va zgv: 0 e

%gug 0 &3

P For |e;| < pwedefineé =m - \4:“1 My is approximately diagonalized by

NY 0 _ [/ 1 &

where N* diagonalizes the 4 x 4 neutralino mass matrix M _g and V,, diagonalizes the




Bilinear R=parity: Violating
SUSY Models

effective tree level neutrino mass matrix

Mig® + Mg

with A; = pv; + vge;. This is a low scale see-saw!
¥ My exhibits just one massive neutrino at tree level:

pee  Mig® + Mag”

m — |
3 1 det(M_q)

|iﬂi . tan 513 = —

# The inclusion of radiative correction for
the neutral fermion mass matrix gives rise
to masses to the three neutrinos.




Bilinear R=parity: Violating
SUSY Models

Dependence on AMSB parameters
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Bilinear R=parity: Violating
SUSY Models

Dependence on AMSB parameters

atmospheric bounds
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Bilinear R=parity: Violating
SUSY Models

a
atmasgheric bounds

.............................................................. e s mn e s g
L3 o &

L)
me = 250 GeV me = 250 GeV
My = 35TeV  \ My = 35 TeV
signp = +1 \ R signg = +1
tan g =15 \‘; tang =15




Bilinear R=parity: Violating
SUSY Models
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Bilinear R=parity: Violating
SUSY Models

SUSY particle decays
= |In BRpV models the LSP is no longer stable.

= This allow to test these models at colliders! Hizch (FRD) Roman (PRD) Bartl (NFE) Fard (PRD)

» Rotating to the mass eigenstates leads to effective couplings like

= Possible lightest neutralino decays

KT — vt

.0
ll —_ L1

~0 o 0=
X1 — vgqgq or £gq

» New ;E;it decays induced by BRpV




