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Neutrino mass is Beyond the SM physics.

LHC found a Higgs, we are starting to
probe the origin of mass.

What about neutrinos?




Fermion mass

% Charged fermions Dirac

Yukawa predicted, probe with ¢ — ff

* Minimality requires vr, only m, =0
Majorana?

if not SM, what is the theory of
neutrino mass...




SM EBH boson Br

% ATLAS & CMS data
circa 2012

CMS, ATLAS 12




Neutrino mass

* EFT approach: d=5 operator

Weinberg '79

valid when A > v

nearly impossible to probe directly

* Low scale completions

accessible to LHC

connected to other (LNV, LFV) low
energy processes
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Minkowski 77,
Mohapatra, Senjanovic¢ '79
Yanagida ’79, Glashow 79,
|l-Mann, Ramond, Slansky 79,

% Seesaw scenarios - toy models, not a theory

type I

A theory of neutrino mass”

type I

Magg, Wetterich '80,

' Lazarides, Shafi, Wetterich ’81,

Mohapatra, Senjanovic ’81

Foot, Lew, He, Joshi ’89




Probing seesaw @ LHC

* Heavy Majorana neutrino

50% same, 50% opposite sign

% Observe LNV at colliders
* Analog of seeing W in the Fermi theory

* Proposed in context of LR, generic Keung, Senjanovi¢ *83




* type |

L approximately conserved Kersten, Smirnov *07

Dirac term not predicted

Mp = \/WLNO\/mVVLJr known up to O0O* =1

Casas, Ibarra '01

Studies at colliders; need fine-tuning

¥ |LHC reach ~ 100 GeV del Aguila, Aguilar-Saavedra, Pittau *07, 08

Atre, Han, Pascoli, Zhang '09
Mitra, Senjanovic¢, Vissani '11

Low energy mostly 00205




_eft-Right

* Breaks parity spontaneously

Anomaly requires RH neutrino Ly = (VR>

Predicted m,, originated seesaw

* Minimal model with triplets Ay, Ag
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Pati, Salam 74
Mohapatra, Pati ’75

Mohapatra, Senjanovic '75
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Warm DM with vy




SU(Q)L X SU(Q)R X U(l)B_L

% Parity invariance: Parity or Charge conjugation
Broken by vgp = (ARr(1,3,2)) = TeV, v =0
Mw, = gvr, MmN =YUR

Down to SM via

<(I)(27 27 O)> = diag(vly 0267;04)’ Uz = U% e U%

. 1.7 , VL ;
Seesaw My, = —Mpmy “Mp + TN
. . ,




% New Interactions g = gr >~ g1,

Loo=-=(NVR"Wglr+urVEiWgrdr) +h.c.

2o
V2
Parity in Yukawa sector fixes the flavor

it e (Y<I> e 17&)) SRR el e

* Limits from meson mixing Beall, Bander, Soni "82, ...

My, > 1.6 TeV

Re-examine with CP violation

..., Zhang, An, Mohapatra, Ji ’07
M 2.5 T
W > 2.0 eV Maiezza, MN, Nesti, Senjanovié '09




* Left-Right

s-channel production at LHC

Keung, Senjanovic 83

dedicated studies, reach > 6 TeV

ATLAS (Ferrari et al. ’00) & CMS (Gninenko et al. ’07)

LNV at colliders, Majorana nature

% mass of Wr and N

% NO MIssing energy

Flavor channels give Vg, govern LNV & LFV at low E




% Heavy N @ LHC

11 jj or 1,1,jj: 11l+jj invariant mass
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* Left-Right searches @ LHC

early data on LQ’s, e and ¢ channel

Nesti, MN,
Senjanovic, Zhang ’11
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low luminosity, theorist’s roadmap

7 channel feasible

Aguilar-Saavedra,
Deppisch, Kittel, Valle °12
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LR SearCheS 201 1 _1 2 Senjanovié,NZf\Satri\,gN’I:\I{
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| R searches 2011-12
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| NV: 0028 and LHC

* Neutrino less double beta decay Furry '39

Textbook: neutrino Majorana mass

m.- ~eV = A~ TeV TeV scale is LHC




% Majorana neutrino mass and 0v23

O'lf inverted
D)
=
— 0.01
S A -~ normal
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lightest neutrino mass in eV

Region to be explored by experiments

% claim of observation

Klapdor et al. ’06, ’09

% cosmology

Zmy o e S VS SR

Seljak et al. ’06

Hannestad et al. ’10

* large signal and
cosmo = hint of NP

Vissani '02




Experimental status circa 2012
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% Left-Right and 00205 Mohapatra, Senjanovi¢ *81

- - - -
n D n D
W Wr
VLea - VRea .
(& €
Vo N
VLea - VRea .
e e
W Wr
- - - -
n p n p
""""""""""""""" ee'- 4 L
o T MW 1
A, o G2 Ay o G2 S
P MWR TN

Contribution from AT™ tiny, AL™ potentially there



Tello, MN, Nesti,
Senjanovic, Vissani '11

A direct connection
to LHC

Mw., mn, Vi

Example: type |l
dominance

Vire==l

lightest my in GeV
10 100 400 500

1.0

10731

normal

MWR:3-5 TeV 4
largest my =0.5TeV |

A

10~

ol 1
lightest neutrino mass in eV

———

Other sources (A} ™) disfavored by LFV

* no tension with cosmology

% small interference, no cancellations




| epton Flavor Violation

% rates computable in type I

Cirigliano et al '04
Raidal, Santamaria 97

v — 3¢

free

Vi mn/ma Vit

0 — V'

loop

Vi my/ma V!

uN —eN

Vi my/ma V!




Combined 1 and 7 channels Tello, MN, Nesti, Senjanovi¢, Vissani ’11
Flavor fixed by PMNS Vg = V[
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| R contributions to 0v205

LR mixing small é1r < My /My, < 1073

72X 2 AX 25X 72X 20X 25X
1 2mN M4
Hnp = GEVR2. | W . Jteges
F e m mQAR MWR4 RuY R R
NpedE Y =V A suppressed
ERNE = HiER A e 2l m,,/mAsz el

Gauge contribution dominant




NP contribution and the LHC Tello, MN, Nesti, Senjanovi¢ *11
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LR signal of 0v25 testable

%* Triplet contribution covered by LHC




* Type I

A direct probe of neutrino mass origin

D E Chun, Lee, Park ‘03, Garayoa, Schwetz 06
' ' Kadastik, Raidal, Rebane 07

Hard to probe LNV at colliders

% needs both Y and va  Han, Fileviez-Perez, Huang, Li, Wang ’08
Ov23 due to neutrino mass only

Pair-production at LHC Azuelos et al. ’05, Akeroyd, Aoki ’05

_ CMS-HIG-12-005
Searches at colliders ATLAS-CONEF-2011-127




FProduction
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* History of searches
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Han, Fileviez-Perez, Huang, Li, Wang '08

Decays Mel;‘o, MN, Nesti, S,enjanovié,,Zhang Tel

VL*m VYL]L
Leptons [ s = % small va
VA
’ITLSA’UQA = —4
Gauge bosons  T'a_,yy ox —=; AN e 4
(Y
Am>
Cascades Tasary 06 —= % non-zero Am
U

% Mass splits crucial to determine the final state
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Melfo, MN, Nesti, Senjanovi¢, Zhang '11




% Caveat for setting of limits two-parametrical bound
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Melfo, MN, Nesti, Senjanovi¢, Zhang '11




Mlﬂlmal SU(5) Georgi, Glashow '74

% Original mode beautiful, but wrong

Lack of unification, neutrinos massless

e % Higgs sector 15y Fileviez-Perez, Dorsner 06
Minimal 99
extensions  Fermionic sector 245 Bajc, Senjanovic¢ *06
type | type Il
X X X X
b B e e
: : 1 :




Unification

Matter states in 24 and scalars in 24y

24p = (37 2):|:5/6 2 (87 1)0 i (17 3)0 ol (17 1)0
S e
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SU(5) remnant at LHC

EW pair-production

e pRe
ey S ol

% Majorana
nature & LNV

Mass split radiative & small Amp ~ 170 MeV

Decays always through yr in the minimal model




Arhrib, Bajc, Ghosh, Han, Huang, Puljak, Senjanovi¢ '09
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Possibly long-lived, measure lifetime




N 2 1y, ] v,
Neutrino mass simple : % = ° (yT L ysys) g

2m
Yy’ = a (VZQ My COS z = V;3+/ M5 SIN z) NH
(V)
Ambiguous, unknown parameter z € C et Eos 100

Possible to probe z and ¢
T o< (ly7] + lyil® + |y7]*) ™ ~ mm
Bre oc [y7]* 7, Bry oc yf|* 7

Kamenik, MN 09
Im 2z bounded by LFV / washout of L Aristizabal, Kamenik. MN '09




Conclusions

* Neutrino mass origin explorable at LHC
Pheno motivation, e.g. 0v25 & cosmology
GUT predicted remnant SU(5)
* Majorana mass and LNV can be seen directly

Left-Right theory

Type Il scenario

% Contemporary low energy experiments

LNV 023
LFV pu—e, £ — by, £ — 3¢




Thank you.




Scales In LR

particle final state limit collaboration
Wr 77 1.5 TeV CMS
Wr e/u—+ N 2.5 TeV CMS
Wr 0057 < 2.5 TeV ATLAS, CMS
ZILR ete  /utp” ~ 2 TeV ATLAS
ZrR ete™ ~ 3 TeV LEP
ATT 0t ~ 100 — 460 GeV CMS
A Fr+ ~ 70 — 90 GeV LEP
AY / 45 GeV LEP
AET oot 113 — 251 GeV | ATLAS, CDF

T AR T




Warm DM In LR

%* DM might be a particle. What about N in LRSM?

Standard picture: thermal production

: My,
F:GFMW2 Tf:4OOMeV(

R

Se e
Problem: overabundance

M >4/3

YN, mpn, S my 70
e :3.3( 1)( >>>.229:
= Pc keV 9*(Tf1)

Solution: dilution via long-lived N 3

% Result: spectrum fixed, window for My,

=04




* Spectrum

¢

% wdm MmN, keV

O =0l
. My, =~ My + M ko R ]
% diluters 2
my; = Mg T Me IS
* Window 040 v S
S \ my,=0.5 keV
035 T "
030" U <
. 025 A
=
= 020]
0.15
: Tn,,>1.5 sec
0-10 - disfavored by BBN
T TR
MWR (TGV)
—l ——

MN, Senjanovic, Zhang ’12




| R contributions to 0v205

LR mixing small é1r < My /My, < 1073

72X 2 AX 25X 72X 20X 25X
1 2mN M4
Hnp = GEVR2. | W . Jteges
F e m mQAR MWR4 RuY R R
NpedE Y =V A suppressed
ERNE = HiER A e 2l m,,/mAsz el

Gauge contribution dominant




