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Neutrino Mass
ong) nwew established phgsicg begowd SM

Lf Majorana

” winodow

new ph 55105

how sertous a chawnce at LHC ?




Effective operators and New Physics

SM degrees of freedom

two operators sta nd out

 p 499Y
L, = Yeff—A%

wetnberg 79
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= ¥ 7 A vy Majorang mass Wilezek, Zee 79
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TR * A, S10MGeV Ay 2107 GeV




Grand Unification?

suggestive: Au 5 Ap > MGUT

So (10) tatlor made

mintmal supersy mmeetrie VersLton:

0. i >~ 45° < 0, ~ 0 Bajc, GS, Vissani 02

0 10° Goh, Mohapatra, Ng 03
13 =

NO LH,C N GS: RNC 11
TRK, Daga Bagj
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Talk:

a case for LHC as a neutrino machine

case study of a (the?) theory

seesaw at LHC

cruetal role:

neutrinoless double beta deca Y




0 Dirac ’31

DLrac equatiow

antL 1Y rtieles

particle —>  different antiparticle

for every fermion

not wecessariLg, says Majorawa




tore Majorawa Mareh 26 1938

took a boat from Palermo to Napoli -
never seewm afterwarols only 32

“A stlghttg wncertain destunation”

beautiful novel,
phgsios remarkzabtg correct




neutrino = anti neutrino ?  vajorana =7

. neutron

Leptonn Number violatilow:

“ereation of electrons’

o neutrino Lless double beta deca Y Racah’'z#

Fuwa ‘3L

o colliders - LHC




Parity violation in weak
Interaction Lee, Yang ‘56

not well Rnowwn:
they argue it Ls a
hidden symmetry *
* mirror fermions

SO (2N) unified Gell-Mann, Ramond, slansky 79

thoeries asS, Wilezek, Zee '24
Bagger, Dimopoulos ‘4

Martinez, Melfo, Nestt, S 11
Melfo, Nemevser, Nestl, gS, Zhang 11




Majorana Program:  .eutrine mass

M
Uy = V1, + yz @ n,, (VLVL = hC)

—@— —@—

v

AL =2 lepton number violation
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Neutrinoless Double-beta decay coepert-Mayer =5 §

Qe A8 As+e+d = Ge—iSSet+etet+v+v

9Ge —18 Se+e+e

proportiowal, to neutrino mass

t1/2 2 10243/7" = m,]/W < leV




Neutrino mass contribution

KLapdor '01-10

vissant ‘99

1.0 :

0v20

1 inverted

normal

-y L
& T Y

1074
1074

- 0001 001 01

lightest neutrino mass in eV

cosmology

1

central value

Am?2, (7.58 £0.21) 10 ° eV~
|[Am2,| = (2.40£0.15)10"3eV?
tan?f;, = 0.484 +0.048
sin? 265 1.02 4 0.04
sin? 26,3 = 0.07 & 0.04

0.09 =

Seljak et al ‘o6

Hawnwnestad et al 10




Experiments

Experiment Isotope Mass of Sensitivity Sensitivity Status
TOI/

1/2
3 x 1022 ~ 200

Isotope [kg] [yrs] (my ), meV

70Ge 18 running! 2011

40 2 x 1020 ~ 70 in progress 2012

CUORE
MAJORANA

SuperNEMO

KamLAND-Zen

SNO+

1000
200
30-60
1000
200
1000
100-200

6 x 1027
(6.5 = 2.1) x 1020
(1 +2) X 1020
6 x 1027
6.4 x 102°
8 x 1020
(1 — 2) x 1020

4 x 1026

4.5 x 1024
3 x 1022

10-40
20-90
70-200
10-40
100-200
30-60
40-100

40-80
25-50
100-300
40-120

R&D
progress
progress
R&D
progress
R&D
R&D

progress
R&D
progress

R&D

2015
2013
2013
2015
~ 2011
~ 2015

~ 2013-2015

~ 2011

~ 2013-2015

~ 2012
~ 2015

Rodejoha w11




GERDA started

Lf confirmed

#

new ph 5sics NECESSAYY?

Fewnberg, qoldhaber 59

Y~ G2 1078 GeV !
Powntecorvo ‘&4

* A~TeV LHC

G2 Mév
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Standard Model ‘

CR wo VR

L-R asymmetry neutrino massless




2929813 EEY

L-R symmetry

1
;
Lee, Yang dream |




L-R symmetry Lee, Yang dream

Mmwe = My,

PatL, Salam "F4

E m aritty restored?
IR g R Mohapatra, GS "#5




G:SU(Q)L X SU(Z)R X U(I)B_L

5 — L
2

‘ traoed for

gauge B-L

Q="T;+ T -

* hypercharge Y:

* RH neutrinos:
LR symmetry § wo B-L anomaly




Minimal model:
theoretical LimaLt

Matezza, NemevsekR, Nestl, GS ‘10

. Beall, Bander, Sonl ‘€1

Mohapatra, GS, Tran '3

Yareé ‘PYOOCSSCS: y
Ecker, qrimus ‘5

K — Kgs mass differewce... :
Zhawng, Aw, L, Mohapatra 'O

experiment is catching up !




) V(9r/gr)? — tan Oy = 1.7 fOV QL. = R

very hard to see at LHC

Lwol'wecttg A0




Curse: neutrino mass

* neutrinog massilve -
J’us’c Like the electron

* NALVE e)q:ectatiow:

(Lf BLrac particles)

more subtle




Qs ey

= ATt

Low
Wrin a few TeV reg
‘fDV R




Blessing: neutrino mass

g
-9

;*B vy seesaw M, .

VL 0 mp
v\ mp M

VR

MinkowskL ‘“FF+
Mohapatra, &GS ‘79

Glashow 79
qell-Manwn et al 79
Yanagida ‘#9

neutrino mass related to
P violation




my = keV

SS,
the bigger N ma
the better

6




Mohapatra, GsS ‘{1
p

p

i g reatian e

N = right-ha nded
neutrino







Tello, Nemevsek, Nestl, S, vissant,
PRU11
Nemevsek, Nestl, S, Tello
1112.3061 [hep-phl

If neutrino mass small

¥

(Wr, N) @ TeVv

conmnectlon with LHC?
















production @ colliders Keung, G.S. ‘83

* direct probe of Majorana nature:

* 50% electrons -
proton * 50 % 'PDSL’CYDWS

° Pa ritg restoration
* Lepton Nuumber Violation: sawme sign Leptons




14 TeV LHC L=10/1f0 Nesti
i red = background

peaks = mass of
Wr (Gev)

wo background
500 1000 1500 2000 2500 3000 3500 above 1.5 TeV

| —— R ———

* upto4Tev@L=3230/f0 Guinenkoetal oe CMS
*upto ~ & Tev @ L= 200/fb Fervarietal, 00 ATLAS




NemevseR, Nestl, GS, Zhang, ‘11

early data: L.=33—34/pb > 1.4TeV

Y

estimate: L = 1/b
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LHC@E=7TeV




Janua Vg 11

NemevsekR, Nestl, 6S, Zhang, ‘11

¢ + Displaced Vertex

/’/7'

CMS e + Missing Eng:gy

1000

My, [GeV]

1500 2000 2500 300¢

theoretical Limatt

Jvd,g 11




Mohapatra, S '#5, 'f1
Model content )

= - tripLe’c bi-doublet b= trich’c

(AR) = (

) ¢ ~ (hsm, Hneavy) (AL = ( v, >
% + wuass of U

(majora na)

UR

* mass of N(majorana)
°* MASS of Wr and Zr

°EwW sY mm&trgj
breaking VR > UV > VU,




Yukawa sector

1 1
Ly = 55155 CYa, ALl + 5@5 CYa,Arlg
- ZL(Y@ b + ch (jE)KR + h.c.

LA cOMPONEnts (

/

small Yukawa DLrac

m— Type U







Latest Limiits: th eory bound

Particle | Final states | Lower limit Collaboration Comments
e/u+ N 2.5 TeV CMS [35] light N (missing energy)
0ljj < 1.7 TeV CMS [36] heavy Majorana N [37]
ete  /utu” ~ 2 TeV ATLAS [38] see [39]
ete” ~ 3 TeV LEP [40] indirect, see [41, 42]
E;rﬁ;r 100-355 GeV ATLAS [43] spectrum dependent [44]
Ejf;“ 113-251 GeV | ATLAS [43], CDF [45] flavor dependent

upolateol on Tuesda Y ATLAS
~2-2.5TeV




L order to Lllustrate: type (l seesaw

Ve=V;  myn/m, = const

Tello, Nemevsek, Nestl, S, Vissant, PRL11




Back to neutrinoless double beta deca Y otz
Tello et al 11

Right only ,
Left + Right

lightest my in GeV

~‘110rn1a1 10 100 400

» Inverted
1IN

\
Y o imw e v e

MWR =3.50TeV | : :

' largest my =0.5TeV - | Myr=3.5TeV |

1074

1074 0.001 0.01 0.1 1
lightest neutrino mass in eV

largest my =0.5TeV -

1073 e i o s e s,
10~ 0.001 0.01 0.1 1
lightest neutrino mass in eV

opposite from 1My,
non-vanitshing




Lepton Flavor Violation

III

e e

| Ye, o ( 1 1 )
B(u — 3e) = = —— +
/ 4P M i . M 3 .

9r
Mw ..

Cirtgliano et al ‘04

Vi MnVr Tello '08

Ya =

(Loop: 1 — eny i — e comversion L nuclel )
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Effective operators and New Physics

SM degrees of freedom

two operators sta nd out

op 999
LP = Yeff A2
p 4
wewnberg 79
wilezek, Zee "#9

TR * A, S10MGeV Ay 2107 GeV




Weinberg’s d= 5 operator: completion = seesaw

(' eH)C(H el) = ((TeC30)(H  edH)= ({Ted H)C(HT e50)

\

stnglet fermion ’ ,
L triplet
(sterile) rLp eY]ie;mww
Typel LR triplet scalar y=2

Type lll SU(5)
Type ll LR




Seesaw mechanism: type |

SM + Vﬁ@ht-hawded neutrino

4

. ‘. v
%ﬂ assumed heavy

g
-9

v

olecoupLeol
(except for ting
neutrilno mass)

erying for Wg




N cawn be as light
as You wish

10°
107 b

i
10 g

Lﬁgl/lt N:
neutrtno mass,
- o baryogenesis,
=1

=10k

10"

'():“ ] 1 L a1 1 i1l | 1 L 2 il 1 L2 2 111) | | L2 113 1 1
0.01 ). : N(,(_‘SM

Asakra, Blanchet,
Atre, Haw, Pascolt , Zhawng '09 Shaposhnikov ‘05,

Mitra, Gs, vVissant 11

N cawn still do neutrinoless double beta







Magg, Wetterich ‘€0

Lazarides, Shafi, Wetterich ‘€1
Mohapatra, Gs ‘{1

L=YAl"eCAl + pH" e ATH + mi3ATA
S, -

5 S GeVo (p parameter)




X (Ya)ij (YA )kt

MV — Ugm,/Ug — YAUA

probe neutrino masses and mixings




why only the tr'LPLet?

Principle: all “Yukawa” Higgs allowed by the
SM symmetries

vevs: color and charge singlets

S Y =1 doublet

A:  Y=2 triplet




W: triplet fermions ,
Type Sy, plet Foot, Lew, He, Joshi ‘g9

H H
| |
| I
| |
| |
| |

T T
Yr Yr

MINIMAL SU(5) qeorgi-glashow
* no unification

* neutrino massless




extra fermionie 24p ,.1
BajC, §.S. 06 §
Bajc, NemevseR, G.S. ‘07

24p =(1c,1)0 + (1¢,3)0+(8¢,1) + (3¢, 2)5/6 + (3¢5 2)—5/6

/ N hybrid: type t +

tri:PLct T

singlet s




* pne massless neutrino

o uwiﬁcatiow

mr vs MaqyrQ two loops

logio(m3/GeV)

15.9

160  logio(Ma/GeV)

Bajc, NemevseR, G.S. ‘07




Bajc, Nemevsek, GS 07

del Aguila, Agutlar-saavedra ‘08

450 (700) GeV @ L = 10 (100) fb~" Franceschini, Hambye, Strumia '0g
Arhrib, Baje, Ghosh, Han, Huang, Puljak, gs ‘09




a can probe the origin of neutrino mass
O can resolve the mystery of parity violation

QO can olirectLg observe Lepton. number violation

O can directl,gj see Majorawa nature







general results

" Excluded by
Cosmology

LHC reach\

(L=300/1b)

15.0 EElGE )Y
Cosmology

T
4 A

vR =02
R
V,uN = 07

vR —07

-

LHC reach
(L=300/1tb)

Theoretical Limit

100




talk bg NemevsekR, NuFactii - saturoa Y

absolute bound from LFV | absolute bound from LEV

1.0
0.5,

<

S
=

S

| , 0.1 I

005 always allowed by LFV 005 always allowed by LEV 7

MWR = 3.0TeV " ' MWR = 3.0TeV -

001 . . Normal Hicrarchy] 001 . .. Inverted Hierarchy

1074 0.001  0.01 0.1 1 1074 0.001  0.01 0.1 1
lightest neutrino mass in eV lightest neutrino mass in eV

e — —

Tello, Nemevsek, Nestl, S, Vissanlt, PRL11




Supersymmetry?

g e st R

* caAN MLMLLE many of the phenomena
* Type (I - wino with =R» violation

Wg, = Mle + XN qld® + N'ud°d® + plH

e

assumptiows about spart'wLe MLASSES

* too ma wa para meters

* Supersy mmetrie seesaw?

subject n itself




Neutral gauge boson CMS-PAS EXO-11-019
LR Py

44 | 44
relative to Z — £~ are presented. These limits exclude at 95% confidence level

a Z' with standard-model-like couplings below 1940 GeV, the superstring-inspired
Z!, below 1620 GeV

LS . - —

~ Vr/90)? —tan2 0w 1.7 for gL = gR




Wr How right is it?

LHC is a pp symmetric machine, so it is not possible to use the
simple Arpg asymmetry of Wk, to look for chirality of its interactions.

m One has to use the first decay Wr — elV.

- Determine the Wk direction (from the full event!)
- ldentify the first lepton. (the more energetic)
- lts asymmetry wrt the Wkg direction gives the 'Right’ chirality.

m It is necessary to efficiently distinguish the two leptons.
(More difficult for My 7é 0.6 =-0.8 MWR [Ferrari ’OO])

m Also the subsequent decay N — /jj may be used.

Polarization seems to be visible in a wide range of masses M., My,.




5 10 50 100
2nd Jightest my in eV

(H

.5004_

mpy, = 0
mpy; = 5.6mN2
MWR = 3.5 TeV

B e i) 500

214 lightest my in eV

N+




why only the tr'LPLet?

Principle: all “Yukawa” Higgs allowed by the
SM symmetries

vevs: color and charge singlets

S Y =1 doublet

A:  Y=2 triplet




W: triplet fermions ,
Type Sy, plet Foot, Lew, He, Joshi ‘g9

H H
| |
| I
| |
| |
| |

T T
Yr Yr

MINIMAL SU(5) qeorgi-glashow
* no unification

* neutrino massless




extra fermionie 24p ,.1
BajC, §.S. 06 §
Bajc, NemevseR, G.S. ‘07

24p =(1c,1)0 + (1¢,3)0+(8¢,1) + (3¢, 2)5/6 + (3¢5 2)—5/6

/ N hybrid: type t +

tri:PLct T

singlet s




* pne massless neutrino

o uwiﬁcatiow

mr vs MaqyrQ two loops

logio(m3/GeV)

15.9

160  logio(Ma/GeV)

Bajc, NemevseR, G.S. ‘07




Bajc, Nemevsek, S 07




