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Neutrinos & neutrino physics

* Neutrinos are the most mysterious particles in the SM

 QOpen questions in neutrino physics

® Normal or Inverted (sign of Am%,?)
® Leptonic CP Violation (& = ?)

® Octant of 0,; (> or < 45°7)

® Absolute Neutrino Masses (myjghcest = 07) u

muon

® Majorana or Dirac Nature (v=v¢ ?)

® Majorana CP-Violating Phases (how?)

® Extra Neutrino Species ® Origin of Neutrino Masses
® Exotic Neutrino Interactions ® Flavor Structure (Symmetry?)
® Various LNV & LFV Processes ® Quark-Lepton Connection

® Leptonic Unitarity Violation ® Relations to DM and/or BAU

credit: Shun Zhou



Majorana neutrinos

Mass origin and Majorana nature

* How do neutrinos get their masses?

* Are they Dirac or Majorana fermions?

Dirac mass: Majorana mass:
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Majorana neutrinos

Mass origin and Majorana nature
* How do neutrinos get their masses?

 Are they Dirac or Majorana fermions?

Majorana mass: OvpB[ decay:

Furry, Phys. Rev. 56 (1939) 1184



Neutrinoless double beta decay

 OvpBB decay in nuclei

An observation of Ovf3( decay undoubtedly implies the Majorana
nature of neutrinos

Schechter, Valle, Phys.Rev.
D25 (1982) 774

d

various AL = 2 v=vr
LNV interactions

OvB33 decay



Neutrinoless double beta decay

Experimental searches

KamLAND-Zen: 136Xe — 136Ba + ¢~ + e~ GERDA: 16Ge — 6Se + e+ e~

N\
'\\ Outer Balloon
_\, (diam. 13m)

Inner Balloon
(diam. 3.8m)

T?72(Xe) > 1.07 x 10° year T(1)72(Ge) > 1.8 x 10% year

Theoretical interpretation

) (Gp,:  phase space factor (atomic physics)
( 172) -1 GOVMOV2<mBB> My,: nuclear matrix element (nuclear physics)
(mgp): effective Majorana mass (particle physics)

What is <m33>7




Mechanisms of Ovf35 decay

Standard mechanism
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Mechanisms

Non-standard mechanisms
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Effective field theory approach

e A systematic and end-to-end description of AL = 2 LNV sources

standard
mechanism
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Effective field theory approach

Inverse half-life for 035 decay in the EFT approach

i
(TP}E) = gfﬁ{Gm (42 + |AR[?) — 2(Go1 — Goa)ReALAR + 4Gos | Ag|?

+2Gos [[Am, [* +Re (A7, (Ay + Ag))]
—2Gos Re[(Ay + AR) AL + 2Am. A%]

+Gog [ An|* + Gos Re [(A, — AR)Al/] } :

G. Prézeau, M. Ramsey-Musolf, P. Vogel, Phys. Rev. D 68, 034016 (2003)
V. Cirigliano et al, 1708.09390 (JHEP), 1806.027380 (JHEP)

Effective Majorana mass

(mgg) ~ > LEC x Wilson Coeff

* non-perturbative QCD

* low-energy constant (LEC) as the weight
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Effective field theory approach

LECs are ordered in powers of p/A, using chiral effective field theory
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Effective field theory approach

Dim-9 LEFT operators: al'id ul'2d el'ze”

e lepton bilinear

— C — C — C — C
el'se” = ere}, ,erer , ey, 75¢€

* quark biliners M. L. Graesser, 1606.04549 (JHEP)

O1r = Gt el ap'tray, Ol =@t ah i ay . )
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Os = @Y7 4t §§7“7+Q§ : @ » 1/p2 5
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_______________________________________________________ ~p2

Of = (qut™v"qr) (@7 ar) OL" = (qrm™v"qr) (Gr7"ar) ,
OF = (qut"t™"qr) (qut*t qr) , Of' = (qrt*tTv"qr) (qrt*tTqL) ,
Of = (@7 v*ar) (qGrm"aqw) O%" = (agrm"v"qr) (GL7"qr) .
O = (qrt*vv"qr) (qrt*t ) , Oh' = (grt*ttv"qr) (Gut*vqr) .
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UV completions

TeV scale LNV correlated with observed neutrino masses

Os = Sy, amtras  €res,eres

Both left- and right-handed charged currents, thus the most
manifest UV realization is the left-right symmetric model

Mohapatra and Senjanovic, Phys.Rev.Lett.
44 (1980) 912, Phys.Rev.D 23 (1981) 165
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UV completions

TeV scale LNV correlated with observed neutrino masses
8

- + a8 + 5 0C 7pe’
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Both left- and right-handed charged currents, thus the most
manifest UV realization is the left-right symmetric model
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UV completions

e TeV scale LNV correlated with observed neutrino masses
Os= 35y m dqoy rrqs  Eres,ere%
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GL, M. J. Ramsey-Musolf, J. C.
Vasquez, 2009.01257 (PRL)
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UV completions

e TeV scale LNV uncorrelated with observed neutrino masses

Os = Sy, amtras  €res,eres

e Contributions to Majorana masses of neutrinos are non-zero but negligible
* Possible if neutrino have different mass origins

e Other kinds of UV scenarios

16



UV completions

TeV scale LNV uncorrelated with observed neutrino masses
_ = + a=B_ u_+ 08 5 ,C 5 _,C
O4 = q7Vum q Y ' 77 qR €rer,ERrep

e Contributions to Majorana masses of neutrinos are non-zero but negligible
* Possible if neutrino have different mass origins

e Other kinds of UV scenarios

Two-step UV completions Li, Ni, Xiao, Yu, 2204.03660 (JHEP)

dim-7, 9 SMEFT UV models

\ 4

dim-9 LEFT

Lehman 2014; Liao & Ma 2016,
2020; Li et al, 2020
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UV completions

Step 1
Dim-7 SMEFT operator: Dim-9 SMEFT operators:
(959) = €Y (dR’y E’R) (¢ger)H;D,H, ,
O = (dpy"ug) (L$iD,L; O = é¥ (dgL;) (Liy'ur) H'' D, H
duLLD ~ € (R’YUR)('&%#J) 2 € (drL;) (Liv"ur) ks

O = € (dpytug) (L¢D,L;) HyH'™
0F) = e*(aHQ}) (L d3)(LiQLF) .

5 SMEFT operators up to dim-9 level are related

GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079
O. Scholer, J. de Vries, L. Graf, 2304.05415 (JHEP)
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UV completions

Step 2: tree or one-loop level

UV models:
operator leptoquark(s) vector-like fermions singlet scalar
O | Ry €(3,2,1/6) | Uy € (3,1,2/3) Urre€(L,2,-1/2) /
o |8 @1 —2/s%e BGa—1/8) E} € (1,1,-1) /
tree A 5 -
0 | Ry e (3,2,1/6) / Uy re(l,2-1/2) S e (1,1,0)
0 | Ry €(3,2,1/6) | S1 € (3,1,1/3) Wy € (1,2 —1/2) /
One—loop < Oc(iz)LLD ‘?2 € (3,2 = 1/6) / ‘DL,R € (1:2: _1/2)4 d:B.R € (3, 1: _1/3) Se (la 1,0)
dim-7: ~ 1/167% v®/A® i :
im-/. GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079

dim-9: ~ v®/A°
compable if A ~2—-3TeV
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Complementary searches

Indirect searches in Ovf3(5 decay experiments

operator leptoquark(s) vector-like fermions
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Complementary searches

Direct searches at the LHC
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Complementary searches

Direct searches at the LHC
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GL, Jiang-Hao Yu, Xiang Zhao, 2311.10079

Searches at the LHC and Ov(3 decay experiments are
very complementary to uncover the UV completions
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Summary

The Majorana nature of neutrino is the key to understanding the
origin of neutrino masses

OvB6 decay, which could undoubtedly assess the Majorana nature,
might receive contributions beyond the standard mechanisms

TeV scale LNV responsible for Ovf35 decay provides a good
opportunity for complementary searches at the LHC

We concentrate on a chirally enhanced contribution to Ov3(5 decay and
the related operators in the standard model effective field theory

The UV completions with leptoquarks strongly motivate experimental
searches for LNV at the HL-LHC and HE-LHC

Thanks for your attention!



