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Origin of neutrino mass =
door to new physics
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hadronte colliders (LHC?) -
could open that door

probing origin. of mass =
probing Higgs mechanism




Charged fermions - origin of mass  \veinberg ‘o7
mass from Yukawa couplings
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SM: crux = maximal parity violation
Lee, Yang ‘56

* wu et al ‘56

V-A Marshak, Swdarshan ‘57

“V-A was the Rey”
weilnberg ‘09

Gawge ew theory

ur,
< dy, ) UR dR
\ 4

fermions (and gauge bosons) massless
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need a Higgs doublet gives mass to all :
-and Lt suffices w, Z, charged fermions

diagowaL L the Phgsloal,

basis of mass eLgenstates

v

Natural Flavor Conservation
(NFC)
L neutral currents (GIM)

fermion mass ~\W mass
(or smaller)




case (1)
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(T) = vdiag(1, —1)
%
T e T 2 e iy e A

NFC = M and Y diagonal simuLtaweousLa

%

M, and M, diagonal simuLtaweoung

%
more T'’s = the same -

rotate Lw one vev directlon Verum =1 also M, =0

needs more Higgs all predictions gone
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LR asymmetry a blessing -
but a curse too
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LR asymmetry o wmassless neutrino
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Catch 22
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need Left-Right symmetry for neutrino

5

need maximal asymmetry for charged fermions

v

break pari’qd (LR) spontaneously




Theory of neutrino mass =
L-R symmetry hidden

neutrino mass Long before CXPCV'LVM.CWC Patl, Salam "F4
Mohapatra, PatL ‘74

Mohapatra, Gs "F5
GS 79
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GLR = SU(Q)L X SU(Z)R X U(l)B_L

B —L
Q =131 +Tsr + >

Mohapatra, Gs 79,81
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b = [ﬁ _gb%: ] (2,2,0) bi-doublet -
- : EW scale

L and R triplets
fie e A+/\@ AT+ L
, APl A 2) - LR scale

(A%) =0, - Wk and N mass

mass of Higgs triplets;
mass of second doublet




Neutrino mass

Ly=10YsDPlr+lrY] 0]
e A N e e

Ez(y) % (AR) =g
€

MN X MWR

v

DLrac mass Mp =Ys <(I)>
nwaLve expectatiow mp >~ Me

=~H neutrino = heavy
Majora na neutral Lep’cow N

Ny :Cﬁg;

Majorana mass NTCN
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LR symmetry?

gaungpe SHMMC’CV&: fL,R o UL,R fL,R

(L) Parity (P) Jie i p d— Pl AV A"

Yo = Y4 Yi=YF
(it) charge conjugation (C)
T = O e P ® - dF A A

¥
Ve = e N =
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Seesaw Minkowskl “F7#
Mohapatra, Gs 79
Yanagioa "#9
Glashow "7#9
Gell-Manwn et al "+

% ( 0 M} ) 1 9

M, = M} —M
N Mp Mpy * : 2 M N v

it - N meass matrix Majorawa neutrino

neutrino mass related to
amount of P violation

v

New phgsics:

N - gawge interactions - WR




Seesaw - also type li

tnouceed vev -
hierarchy of weak
Lsos]siw breaking

for stmplicity and clarity
- Lgnore type U
- no loss of generality

3
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Origin of neutrino mass

nu - N mixLing © = Mp/My
&
N decays N > WT
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determine MD -
function of neutrino and N masses

¢

; Iy,
analog of SM - charged fermions Y75 =5 -

- oscillations ...

- colliders (LHC?)




Forget LR - keep seesaw

aod hea\% N to SM

MD:YD'U *

|
M, = M} —Mp
VLN

O =Mp/My & 0;j <1 = definition of seesaw

determines N Productiow

and decags: N =W

WNE == 07 N — vh




Trouble

. canwnot determine Mp

Pad TSy | 7
A{V ol j\fé) & 1?\/[]_) * MD o \/MNO\/MV casas, (barra ‘01

V] N

O =l arbitrary complex orthogonal matrix

. pmduae N through © = Mp/My ‘

weeds Large O (no upper Limit on the elements)

v

neutrino Lightwness accidental -
not reaLng seesaw % backto LR




Effective d=5 operator

only SM degrees of freedom S e

My

Pplil; ]
s '} M”:(zij
i M

Majom Wi MLASS

S M_gml/

= Moy negligible

no new observable ph 5s£os,
all suppressed bgj /M ~ i mass




Nature of neutrino mass Majorana ‘37
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¥ seesaw -> Majorana

Lepton. Number violation

o neutrinoless double beta Furry '28

e hadvronte colliders - LHC Keung, GS ‘83

talk -> connection between the two
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Neutrinoless double-beta decay
Mohapatra, GS 79, 1

Tello et al 11
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s ee
GEms

p2

Al e (p >~ 100 MeV)

Tov2s =, 10%°yr = m, S 1leV

Probe 0‘(: MQJOVQ na mass? LHC OOWWCOtLDV\/?




* normal hiemrohg not
observable -would
need new phgsios

“+ . Inverted

" normal _ @

* ¢ comes out RH - would
need new ph 3sios

cosmology

o o
10-*  0.001 0.01 0.1 1
lightest neutrino mass in eV

A — T

Faessleret al 11

untangle with different Lsotopes

Ge, Lindwer, Patra ‘45

Gerda, Exo, Majorana, Cuore =Heart...
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tLlustrate: type (l seesaw

Right

inverted

MWR =3.5TeV

: largest my =0.5TeV

04

1074 0.001 0.01 0.1 1
lightest neutrino mass in eV

S — E—— ——

Huang, Lopez 14
Ge, Lindwer, Patra ‘15

Awasthi, Dasgupta, Mitra ‘16

Ve =V, my X My

Tello, NemevserR, Nestl, S, Vissanl ‘10

Left + Right

lightest my in GeV
100 400

normal

T

» inverted
0.1:~§Q%$

Myp=35TeV .

- largest my =0.5TeV -

1078

10~* 0.001 0.01 0.1 1
lightest neutrino mass in eV

Das, Peppisch, Kittel, valle ‘12

Chakraborrty, Devi, Goswami, Patra '12

Helo, Kovalenwko, Hirsch 142




Effective interaction

Low energy LNV

1 y :
G nnppee w we g =G G LHC energles

Tov28 2, 1()25y7“

COMPAre with BNV

1
72 499¢ & AZ10%GeV

T 1034yr
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L-R scale? Beall, Bander, Sont ‘€1

Mohapatra, Gs, Tran '3

Y 'c" ;‘—l' ‘viliro'u T -wm..'b

K meson mLxLng

needed LHC




LNV @ colliders = same sign leptons
Keung, §.s. '83
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moreover, LFV
i =ee s N CCe

probe of Majorana
nature of N

proton

e 1 — i
50% Le‘ptow N
50 % athLeptows

RSN

Ferrarl et al ‘00

NemevseR, Nestl, §S, Zhang 11
vasgquez ‘14

Nemevsek, Nestt, Popara ‘18
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Lepton flavour violation

Cirigliano, Kurylov, Ramseg—Mu.soLf, Vogel ‘04
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Tello Php thesis 12
1B S < OS SINDRUM

N Light or degenerate

~ charm quark Light
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* MU - comverslom: mutx ->e + X  B,,.<T7x10713 SINDRUM

Y 'c" ;‘—l' ‘viliro'u T -wm..'b

Comet @ )-Parc; Mue@Fermitlab - 4 orders of magwnitude?

Bl Sl

N(uX —eX) ~T'(u— ey)

discussed wioeLg LW Tello PhD thesis 12




ATLAS hep-ex 1904.12679

neutrinos (NVr). A search for WR boson and Nr neutrino production in a final state co f
charged leptons and two jets (€€ j) with € = e, u is presented here. The exact process of
the Keung—Senjanovic (KS) process [10], shown in Figure 1. When the W boson is hg

ATLAS 1910.0844F

—e— Observed 95% CL |
Expected 95% CL 3
------- : 1 0 .

Q
2
c
m
x
<
x
@)

_ ; W', inclusive

- Vs=13TeV, 139 b

. - ATLAS

Figure 1: The KS process, for (a) the my, > mpy, case and (b) the mpy, > myy, case. Al b 1T
2 3 4 5 6

m,,. [TeV]

< ,
Mg >5Tev for my S My, di-let Mg > 4 Tev
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c RuUark sector: ana Lgtic determination of vV
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(®) = vdiag(cos B, — sin fe™**)

. (VL)ik(nguVL)kj
SR e N
W= PE

GS, Tello 1408.23835 (hep-ph)
W €= s4tag GS, Tello 1502.05704 (hep-ph)

Try
~ —Satas—— 82351355 >
Mg Long th’corg

™t 11 , ,
_SatQB 4 S$12813Ss ZJ’IOIVL@, AV\/,JL, Mol’\a'PatVa 07'

mMp MMy

My Mg cows]aimcg) of small

—Sal2p 51252355 43 :
AR MLXLWGS SUPPresslon
Justifies quoted Limits on

- assume same L § R mixings
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K

LR = charge conjugation

NemevseR, GS, Tello 1211.2387 (hep—pln

1 1
M = —M,
(v e = i

central result

1 -
MD:MN\/M—NMI/ O:\/MN\/MR,lMV\/Myl

tllustrate vy =v;

Mp = Viym,myV,] o T'(N; = W) o V2

analog of SM for charged fermions
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a plethora of other processes in the scalar sector -
all depend on MN and/or MD
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cross checks

GS, Tello 1812.035790 (hep-ph)
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Gas, Tello 1612.05502 (hep-ph)

Ggs, Tello 1812.03790 (hep-ph)

ik SRR AR e

1 1 , 1
=y M —Xxx* witth x-= Mp
VMy —VMpy VvV Mpy

*

symmetric XX*=050" O = orthogownal

. (when S = real)
X =0VSOf

all fixed as tn the case of C




P: slightly wmore subtle
S = diagonal, but can be complex - with the form
S = diag(s, sp,s™)
X = ovSEot with SgT=EvS  E = Et

real — E=1

compLex — E(
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K

Mp = Vi/mymy vg mawifestLg oroer seesaw

talk bg vasquez, 21/5

case of small P breaking in the Dirac sector
- Leave for questions




standard + displaced |
KS (eejj+ej) LHC Yea Oh
reach ]
standard KS (eejj) (L=300/fb)
exclusion, 20 CL

(CMS)

Nemevsek, Nestt, Popara 1801.05813 (hep-ph)

Dijet exclusion
(ATLAS)

2()()”'!"['-"]"l L LA L L
- mN - I\dw‘l
d : 95% CLs Exclusion

' uut Channel

ey 4
FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded ‘A‘TL'A‘S ObSkn Cd

areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour O SV 9N 2 -1 1 [' |’ 'l' \ ) d.b b X. ecte J
represents the enhancement obtained by considering jet displacement. b T‘-\ ’ A-U - fb J J l ( L

«— 14 TeV, | ab” (Ex pected)

100 TeV collider reach

e et L ") 4—14|TeV 1I()() th! I(Fxpected) | |
ULz 3. ED- I B R L Ll Coa
7 2Nk 10 15 20 25 30 35 40
My, [TeV]




Summary
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LRSM: self-contained § predictive theory of neutrino mass

SM - Higgs mechanism probe
’ £ 2
of charged fermions mass L'(h — ff) o< mpmy

N

7

LRSM - Higgs mechanism probe ['(N; = Wt;) < Vim,, 7,

of neutrino mass

link between LHC and Low energy: double beta, LFV,...
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K Higgs sector: P&Vturbatﬁ\/itg Lﬁmits Matezza, Nemevsek, Nestl ‘4.5

s ik & 4G A ARG I e

Chakraborrty, qupta,, Jelinek, Srivastava ‘16
Pev, Mohapatra, Zhang 1é

Maitezza, GS, Vasquez ‘16

potential probleme: heavy doublet H violates flavor

Lo — d HOCZL nguVR dr + ... M o Z 15T eV
QMWCQB 5

2
mH =
OK for M > 5 Tev (still @LHC)

* Strong CP phase computable Beg, Tsao 78
E m, Mohapatra, GS ‘F8&
0~ce— @ eS107H

2my, Maiezza, NemevsekR ‘14




nwo ana Lgtic solution for My Newmevsek, S, Tello - struggling

instead, a perturbative approach = use small
epsilon which measures spontaneous P breaking

+ e =tan2f sina < 1072 GS, Tello PRL 2017

tan 8 = v /v1

S, Tello to appear in PRD

Mﬁ ~ e(mg—l—Mg)

-~
o

o itk S0 A ADR e




new physics (besides N decays) that depends on My (H)

* doubly charged scalars from Higgs triplets

B = B0 s,

(O e

* heavy neutral scalar (from the heavy doublet)

I’(HO s Ei@-) X |(Mg +sin 23 mg)ij\Q

2
My,

different decays corrvelated among themselves
ano with the seesaw







Dark Matter

Bezrukov, Hettmansperger, Lindner ‘09

NemevseR, 6S, Zhang ‘12

il S R AR S e B

spectrium and mixings completely determined

mpy, =~ keV taw Park Matter

M. +m WLULOW .
5 & diluters

My + Me electron

wo LNV at colliders

neutrinoless double beta deca Y LML EIAL




Schechter-Valle “theorem?”:

0v26 tmplies neutrino Majorana mass

v %4
A 7 | W Schecter, valle ‘€2

effectively = o

0v25 - probe 0-(: neutrino (Majorawa) mass

puerr, Lindwner, Merle ‘ 11
Planck scale seesaw

S I
om, ~ 107 %* eV my, = 10" el




