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Two issues In neutrino
‘L mass physics

= New Scale for neutrino mass physics

= Why are the neutrino mixing patterns so
different from quark mixings?u. c. chen tak)



Where does neutrino mass
come from ?

= Charged fermion masses come from the Higgs vev:

my = hpvwr vyp =< h’ >
* Discovery of the 125 GeV Higgs 4 confirms this.

s For neutrinos, if we add IV g to SM (new physics) and
then use Higgs to get nu mass like other fermions, we

get too large a mass unless h, < 10712 Il
= This implies nhew physics as source of neutrino mass
beyond just adding VR!




Weinberg Effective operator
as a Clue to the new physics

= Add effective operator to SM: \ALH
—

U
k
7o =AG

= A~ 1; M big >y < M # naturally !
« What is the Physics of M?

= T0 explore this, seek UV completion of
Weinberg operator




Seesaw as first step to UV
mpletion of Weinberg Op.

m + RH neutrinos VR but with heavy
Majorana mass (Breaks B-L)
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Minkowski’77; Mohapatra,Senjanovic;Gell-Mann,Ramond, Slansky; Yanagida; Glashow'79

= My~ m,> M, ~ TeV Testable physics!



BONUS OF SEESAW UV
@MPLETlonz ORIGIN OF MATTE

- Fukugita and Yanagida (1986) RH neutrino is its own anti-particle:
so it can decay to both leptons and anti-leptons:

s Proposal: Heavy vp decays:

UR—>£-|-H R=(1+€)
I/R—>L--H R=(1—€)

= Generates lepton asymmetry: AL (Leptogenesis)

= Sphalerons convert leptons to baryons

(Kuzmin, Rubakov,Schaposnikov’'83)



Weinberg operator, simplest
but not the only way ?

t could be other higher dim operators e.g.
O, = L"'LjL""eCH‘eijeM
Oy = {L'I’Q*d°H'e;jers, L'L'QFd°H'eie;r}
Oy = {L'LQuicH*e;,, L'LiQuucH*e;;}
......................... . (Babu, Leung’01; de Gouvea, Jenkins'07)
Examples of models: zeeso, cheng, Lig0; Babu'ss; Babu, Nandi, Tavartkhiladze..

Also leads to low scale neutrino mass but not clear, if
they lead to simple understanding of origin of matter



This talk:

= TeV scale left-right symmetric
model of neutrino mass and
origin of matter



Why is Left-right symmetry
?compelling for nu mass?
= 1h

eory of relativity=> massive
fermions must have two helicities:




Belief was that

. ermions participating in Strong, E&M, forces
have mass (2 helicity states)—> explaining
possibly why these forces are parity invariant.

s On the other hand, neutrino was believed to be
massless and participated exclusively in weak
interactions; that was considered as explaining
why weak interactions violate parity.



i Neutrino mass and parity

= Now that neutrinos are known to have
mass, could it imply that weak interactions
are really parity invariant like other

forces? n

= This is the basis for a simple extension of
SM to make it parity symmetric and
understand neutrino mass !



é Left-Right Model Basics

uge group: SU(2), ®SU(2), ®U(1),_,

U, P (u . ) Vi P (v,
had =
dL dR €, €
c7 1 1p T oup
L=5[JL WM+JR WMR]
= Parity a spontaneously MWR P MWL
broken Sym metry: (Mohapatra, Pati, Senjanovic'74-75)

s Fermions




Why these models are
# attractive ?

ew way to understand parity violation:
= A more physical electric charge formula
Q) = I31 + I3Rr b~
2 (RNM, Marshak’79,80)
= Explains small neutrino masses via seesaw:
= L-violation> A B = 2 (neutron-anti-neutron osc.)
= Can explain the origin of matter (see later)




New Higgs fields and

* Yukawa couplings
= LR bidoublet: ¢=(¢1° ¢2+)
% 9
= Break B-L to generate seesaw: (%N A
A = O .
Y =R,

Ly = hLoR+ hLoR+ fRRAR + h.c.

A O O (K O
< R>=(VR O) ¢_(O K")



Seesaw scale is SU(2),
breaking Scale
(2)L X SU(Z)R X U(l)B_L
SU(Q)L X U(l)y ;
‘ K I:> My, = ( hOﬁ; fth )
U(1)em e

m,, =2 —
i’ Mn

o If hk ~m,., VR~ TeV, m, ~eV
m==) L-violation is TeV scale and hence testable



Type I and type 1I seesaw

* formula for neutrino masses
= . In general, the neutrino mass matrix in LR is:

~( fvr hk
MI/.N — ( B va >
m Type 11 Type 1

v |

M, = ~v(Mw, /vr)*Mgrr — meMprmy g

s Models where either one dominates



Other arguments for TeV
seesaw

= GUT seesaw attractive but very hard to test !

= With SUSY, possible LFV signal 4t — € +— 7
for lower slepton masses — where is susy ?

= SUSY hinders leptogenesis—=> Gravitino problem
BBN 9 MN < T t < 106 GeV (Kawasaki, Kohri, Moroi, Yatsuyanagi)

rehea
» Naturalness of Higgs: f_/____(”l\\) _____ e
Mg < 7 x 107 GeV N~

(Vissani'97; Clarke,Foot, Volkas'15)



LR seesaw: How light can
W, Be?

ew interactions of quarks with W affects low
energy observables e.g. K -Ks ¢, €, BB, bar,

> My > 2.5 TeV

(Zhang, An, Ji, RNM; Maiezza, Nemevsek,Nesti, Senjanovic; Blanke, Buras,Gemmler,Hiedsieck)

= LHC searches: Wy, Ng, AT ,Z,
e \/ 2050w, (model test)
cos20w

2

= Myr > 2.8 TeV depending on N-mass



* W, N search at LHC
= Golden channel: ) <{

q e g

Wgr =007

(Both like and unlike sign di-leptons) (keung, senjanovics2)

» Other channels: Wgr — 43

Wgr — W4, W h



% Current LHC data
= Current W5 limits from cms. ATLAS using ¢;4;, 77
3 ool CMS adee et > 22/ CMS - f:’(:z:/-




Another aspect of seesaw:
N- I/ mixing:
resent limits

Future possibilities

arXiv:1601.01658

= (Atre, Han, Pascoli,Zhang)

(Deppisch, Dev and Pilaftsis)



Neutron edm and
# constraints on M.

.~-Wg mixing phase leads to two kinds of
operators: expect larger edm compared to SM

- 2G pmge
e S, Wi Hip = V2 :1; d CLRUO 1 Y5 U™
V{;é Hir ~ 3GrcLr [(Wysu) (dd) — (Tu) (dysd) ]
R

ctr = Im (Viya VRwa )
= Long distance contribution Lo
from 4-quark op. dominates oty Eh e g . (chpt)
- MWR > 3 TeV; (vaiezza,Nemevsek'14; xu,An, 310)



A crucial seesaw prediction:
ﬁ Majorana neutrinos

redicts neutrinoless double beta decay:

= Generic neutrino mass contribution (SM seesaw)
+New contributions from new physics
= (33, as a key barometer of new physics



Neutrino mass contributions
5501/ decay without LR

= Depends on mass ordering: inverted vs normal

1741

2
AmnZE Am3

L
> Am%
1241

V3

Normal Spectrum Inverted Spectrum

] Tlo/”z(Ge76) > 3.0 X 1025 Y GERDA T{)/”z(Xel36) > 1.1 X 1026 Yr  Kamland-Zen
= T7/(Xel36) > 1.1 x 10*yrs Exo Future >1028 yrs



*Bredictions (pure nu mass)

GERDA

0.100 -
;‘ L
Q,
¥ 0D10;
fi i

0.001 -

1074

1074 o

ma4 - [eV1



New contributions to 3,
2| in LR seesaw
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Current expectations for
M=M= 1TeV

mechanism amplitude current limit
o2
light neutrino exchange (\A,) q—,f U? z| 0.36 eV
S2.
heavy neutrino exchange (A%,.) G% A;' 7.4 %107 GeV™!
V*2
heavy neutrino exchange (AY )  Gimy, M'rc:z y 1.7 x 10716 GeV~°
iMy,
V2 M,
Higgs triplet exchange (As;)  Grmiy, |—5=—; 1.7 x 1076 GeV~?°
mi_-Miy,
miy |Ue T
A-mechanism (A,) GL—TL|—=etl 88 x 1071 GeV
¢ | my,

n-mechanism (A,)

1
G%5|tan£ > Uei | 3.0 x 107°

Barry, Rodejohann’13



Predictions for a specific
odel with type II seesaw
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(Ge, Lindner, Patra’2015; Dev, Goswami, Mitra, Rodejohann’2013; Awasthi,Dasgupta,Mitra’16)



é Some Important lessons

servation of 35y, at the level of 20 to
30 meV does not mean inverse hierarchy-
could be W, effect.

= Suppose long base line-> NH, any signal
of 53,4t this level would imply new
particle effect e.g. WR.

= Must find ways to disentangle heavy
particle effects from nu exchange



Lepton Flavor violation
ﬁ signals of WR

mall neutrino mass in SM (without LR)—>

) m | BR(t — e7) negligible as are

un— 3e, u— e BR
= LR model-> new graphs:

.,
’ S ’ AT+
“ ’{.‘ | I~ || 1‘ It A I'{ ’,J




Correlated predictions
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Hewett, Rizzo, deBlas, Reuter’16; Bora, Dasgupta’l6



Muonium-anti-muonium

* oscillation
= A'Signature of doubly charged Higgs boson A™*

H + = — +
M poe —pe

\

s Limits from PSI: Gry_ir <3-GF- 10_3(Wi|lmann et al'98)
s TeV ATT, expectations are at that level.



Leptogenesis constraints
i on WR scale via N-decay

Inal baryon asymmetry "B ~ 1072
Ty

ECPReff

I'p/T's

2
1+I'p/T's

—4
FS X MWR
= Given Y, Washout increases as M,y decreases:
= Generic small Y-models: Mz >18 TeV (e rambye

Vertongen’09)

| In LR, Iieff X

Larger Y with nu ﬁtS:MWR > 10 TeV (Dev, Lee, RNM."14)



From L-violation to B-
i violation via B-L

mbed SU(3)xU(1)z,>SU(4). ; unifies quarks
leptons: lead to observable neutron oscillation

u’ d
u \\Tv%°°zL g 1
dc>{bb:°° W uRdeRuR dR dR
<A e e

(RNM, Marshak’80)

= Observable for TeV scale seesaw



Why searching for nnbar
i important?

= If NNbar is observed, then
leptogenesis cannot work since NNbar
interactions will be in equilibrium and
erase all baryons !!



iree neutron oscillation probe

Ine free oscillation timer,,; = 7
5mnﬁ
= Probability of transition in vacuum: |, z( t )

= Figure of merit: # of 77 = flux of 77, P,,5 (running time)

= Current direct search limit ILL 7>8 6x10’ sec

(Baldo-ceolin et al'94)

> OMmys < 7 X 10733 GeV ; ESS plan for a new search



iv Summary
= eV scale Left-Right theory-a compelling model

for neutrino mass with testable collider signals
(WRI Z’l NI AE_I_)

s observable LFV, 880, and NEDM

= Leptogenesis bound on Wy> M,,> 10 TeV

= Evidence for W, < 10 TeV or neutron
oscillation will rule out leptogenesis scenario.

= Should provides new impetus to search for
n—mn



+

Thank you for your attention !




Plan for a new expt at ESS

s Layout: horizontal cold neutron beam

Cold Magnetic Vacuum
~Neutron shield tube -
/ Moderator R
*
/;upermirror D~4m
‘/focusm S ~factor of 500 in
N g
reflector Annihilation
~—_ " target * rate over ILL
- >
L~200m

s < Flux>~ 101> n/cm? sec.
= V,~700m/s

= arXiv:1410.1100 (Phys. Reports’2016)




Leptogenesis and lepton edm

= Leptogenesis needs leptonic CP violation:

= Testable in long base line nu-oscillation searches
(DUNE) 10-27

i Allowed  +
i TN v0B83. hound, srmmeen
EDM currént bound e
. EIeCtron edm for 10729 | EDM Future Sgcnsitivity ....................... |
INVEISE SEESaW CasSe 10
, i 10731 L
(Abada, Toma‘l6) - x "
<
10—33 B
10734 |
10—35 B
10—36

104 & 101




!L SHIP Experiment- light N

Helo, Hirsch,Kovalenko

10 ) arXiv:1509.00423v1
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WR and N mass reach

sch, Dev, Pilaftsis)




