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Outline

Neutrinos and lepton number violation (LNV)
LNV: Ov35 decay and collider searches

Effective field theory (EFT) approach to Ovf5 decay

Two case studies in the framework of simplified models:
e chirally enhanced Ov3/3 decay and displaced searches

e chirally suppressed Ov(33 decay and prompt searches



Neutrinos: what we know

Neutrinos in the SM are massless
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Neutrinos: what we do not know

 Mass origin and Majorana nature:

e How do neutrinos get their masses?
* Are they Dirac or Majorana fermions?

Dirac mass:
X(H)
[ v
(H)% YV ‘

ED = —(YVI_/HVR + hC)

very small coupling

Majorana mass:
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“Weinberg operator”

Ly = %(Zcﬁ*)(ﬁﬁL) +h.c.

(very) large scale

a la eg. type-l, Il, lll seesaw



Neutrinos and lepton number violation

e How can we test if neutrinos are Dirac or Majorana fermions?

Dirac mass: Majorana mass:
T 05 TCerrk\/ 17t
Lp=—(YYLHvg +h.c.) Ly = K(L H*)(H'L) + h.c.
-1 +1 +1 +1

Lepton number is violated by two units AL = 2 if
there exists Majorana neutrino mass term




Neutrinoless double beta decay

* Why search for Ov3( decay?

If neutrino is Majorana fermion, Ov3( decay process
is induced

Majorana mass: OvB3 decay:

(A, Z) 5 (A, Z+2)+e +e

Furry, Phys. Rev. 56 (1939) 1184



Neutrinoless double beta decay

* Why search for Ov3( decay?

An observation of 0v53 decay implies LNV AL =2
and Majorana neutrino mass

OvB6 decay: Majorana mass:

“Black box theorem”

e

Schechter, Valle, Phys.Rev.
(A, Z2) = (A, Z+2)+e +e” D25 (1982) 774

Solid theoretical motivations for studying Ov(33 decay



Ov33 decay and neutrino masses

e (Caveat:

_ —28 M. Duerr, M. Lindner, A. Merle, 1105.0901 (JHEP)
om, = O(1077 V) J.-H. Liu, J. Zhang, S. Zhou, 1606.04886 (PLB)

OvfB( decay operators only give a tiny contribution to the
observed neutrino masses



Ov33 decay and neutrino masses

 Way out:

1) Observed neutrino masses are generated at lower loop order or even

tree level

GL, Ramsey-Musolf, Su, Vasquez, 2109.08172 (PRD)
GL, Michael J. Ramsey-Musolf, Juan Carlos Vasquez, 2009.01257 (PRL); 2202.01789 (PRD)

2) LNV responsible for Ov33 decay partially contributes to the observed

neutrino masses

Graesser, GL, Ramsey-Musolf, Shen, Urrutia-Quiroga, 2202.01237 (JHEP)

OvfB( decay and observed neutrino masses may or may not be correlated



Ov33 decay mechanisms

Standard mechanism: Non-standard mechanisms:
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Contributions from non-standard mechanisms and standard
mechanism are comparable if ¢ ~ O(1),A ~ O(TeV)
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Ov33 decay and collider searches

What's the relation with LHC?

* By itself, an observation of Ovf35 decay would not point to
the underlying mechanism

* We need complementary probes:

Ovpp-Decay pp Collisions
e e
> LNV ‘

A(Z, N) A(Z+2,N-2)

M. Ramsey-Musolf
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EFT approach to Ov53 decay

Describe all AL =2 LNV sources systematically and consistently
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~ = -

LNV BSM models

integrate out
BSM fields

integrate out
heavy SM fields

lattice QCD input

construct two-nucleon
Ov([3-decay operators

(A, Z) > (A, Z+2)+e +e

nuclear matrix elements
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EFT approach to Ov53 decay

Below the EW scale, SU(3)c X U(1)em invariant operators

d

Lims =5 30| (el cifencd) o0+ o fuamcdor

scalar operators /

O1 = @yrhed Gonytrtel, O = qmﬁ a3 Ty T,

O, = garted gortel O = girte® @ity
O3 = @ ta; TorTas, 0% =g ey @i %

Os = @t af T rHan |
Os = @2vutds G773,

OgZ(QTWQL)( L7 qR) . Of" = (grm"v"qr) (@r7"aL) .
Of = (qrt"t"v"qr) (qrt*vqr) | OF' = (qrt"T " qr) (qrt*v qr) |
Of = (@7 v"qr) (GrmraL) OL' = (Grty*qr) (@t ar) .
O = (qrt*t"vq1) (qrt*vraL) , Of" = (qrt*tty*qr) (qLt*vqr) .

G. Prezeau, M. Ramsey-Musolf, P. Vogel, Phys.Rev.D 68 (2003)
034016; M. Graesser JHEP 08 (2017) 099; V. Cirigliano, W. Dekens,
J. de Vries, M. L. Graesser, E. Mereghetti 1806.02780 (JHEP)
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EFT approach to Ov53 decay

At A, ~ 1 GeV scale, match quark operators to hadronic operators
using chiral effective field theory

scalar operators n p
Or = qtvr et G'm7al, O =g ag BTy ' < )
O = q&77at a7 dy Oy = a3 @, dp _ ¢
O3 = @&mrq] Tnrtad, Of =877 ds Tortal . ’
Os = @t af T rHan | ' ’
Os = GT%WMT+Q§ §g7“7+q?%v B LNV interaction

Based on chiral transformation property:

ro.
02345, Oy3: TTee

Oy, O} : O,mdmee
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EFT approach to Ov53 decay

At A, ~ 1 GeV scale, match quark operators to hadronic operators
using chiral effective field theory

scalar operators n p P
_ _ _ 1/p? i e
Or = qtvr et G'm7al, O =g ag BTy <
Oy = g7 af a4 rds . Oy =aqprral air v} 1/p? | g
O3 = @& d; dprrad, O = @¢rrds &% - 'p )
Os = @vurtad Tty
_ s + B B pu_+, « p ~ 200 MeV
Os = Gy 45 Gg7"' 7" 4R
In chiral power counting: chirally enhanced/suppressed
= 2
Oa345, Oyt mmee Aovsp ~p~° A 25
=) =
Oy, O} : O,mdmee Aowss ~ p° p
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EFT approach to Ov53 decay

At A, ~ 1 GeV scale, match quark operators to hadronic operators
using chiral effective field theory

scalar operators

O1 = @vurhad Toyrrtel,  Of = @@yurteg doyirr el
0, = q&rted dorta], Oy =q8rrel @7 ay
O3 = @& d; dprrad, O = @¢rrds &%
Os = Byt ad Ty Ty,
Os = ¢y,mhd; detrhad,
In chiral power counting: chirally suppressed
n n p
€ 0
. Aovps ~ p
pO
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EFT approach to Ov53 decay

At A, ~ 1 GeV scale, match quark operators to hadronic operators
using chiral effective field theory

vector operators

0§ = (aL7"q1) (a7 qr) , Ot = (grm*"qr) (Grm"ar) .
0% = (qut*t™y"qr) (qut*t qr) | Oé“ = (qrt*v""qr) (q taT+QL) :
05 = (@7™"qr) (Gr7"ar) = (grm™"qr) (@7 ar)
Of = (qut*v"y"qr) (qrt"t qr) , 05 "= (qrt"T"qr) (qLt*Tqr) .

chirally suppressed

Aoy ~ p°
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A case study
Simplified model that induces chirally enhanced 0v35 decay

1 _
L=(8,8)10"8 —m35'S + SFe(i —mp)F . . _
ur,

+90QrSdr + g LSF + h.c. ‘ ‘

doublet scalar S: (1,2);/, -- slepton & F 4
dR dR
Majorana fermion F: (1,1), -- neutralino
n P P
scalar operators 1/p2 < .
O = g% 3yt 1/p? | d
n p p

O,: 7mee = Ayps~p >
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A case study

Simplified model that induces chirally enhanced 0v35 decay

1 _
L=(9,8)T0"S —m38'S + —F(iJ — mp)F

2 uy, er, er” Uy,

+90QrSdr + g LSF + h.c. ‘ ‘

Lepton number is violated by
the mass term of F dr dn

neutrino mass at one-loop level: L HC searches:

)‘HS%O

q
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A case study

Simplified model that induces chirally enhanced 0v35 decay

1 —
L=(8,8)10"8 —m35'S + S —mp)F

+ 90QrSdg + gL LSF +h.c.

Lepton number is violated by
the mass term of F

neutrino mass at one-loop level: L HC searches:
)‘HS — 0
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A case study

LNV in different regimes
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F'is a long-lived particle
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A case study

Ovp33 decay and displaced searches at the LHC for LNV

me=30 GeV, go=1072

— MATHUSLA
/ __ ATLASICMS
— e+MET search
— KamLAND-Zen
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GL, M. J. Ramsey-Musolf, S. Su, J. C.
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Ov33 decay for vector operators

The contributions of vector operators to Ovf33 decay are chirally
suppressed respect to the scalar operators (except for 0,0} )

However, we find that the ratio of amplitudes also depends on the NMEs

Mp.q/Mpg s 6(e 829 130T 136
Avector ~ m?‘l’}(MP,SdW P, d/ PS, d c e e e
Ascalar — |my Mps QRPA 78 78 83 85
scalar ,S
al ™\ Shell 73 76 76 7.8
/ IBM 6.3

chiral power counting

~ 1/25 M. L. Graesser, GL, M. J. Ramsey-Musolf, T. Shen, S. Urrutia-Quiroga,

2202.01237 (JHEP)
M. Agostini, G. Benato, J. A. Detwiler, J. Menéndez, F. Vissani, 2202.01787 (JHEP)
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Yet another case study
Simplified model that induces chirally suppressed 0v55 decay

Ling = yquSdR + yquﬂRST‘c—Q 'y ye\DéRST\PL
+ )\edI_/GR*dR 1 )\ulII\IIRRu% + AdlIlE‘i’LR*dR )

B C Uf dp
+y’eq,\I’LHeR + h.c., [ ‘ [
scalar S € (1,2)1/2, leptoquark R € (372>1/6

dr(Q)
Dirac fermion ¥ € (1,2)_; 5 )

vector operators neutrino mass at three-loop level:
O” (GrT""qr) (qr71ar) v i,
(" 2 an) Gt ) Oy |
OM/ ( 7_ ~y QR) ( qLT ) . T :\I/L > ! — ? - - :
wt 3—2 () WS
Oy (QRt Ty QR) (QLt T QR) : 27% r
. y;vvv\/\/vw

Lepton number is violated by the

leptoquark interactions
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Yet another case study

Simplified model that induces chirally suppressed 0v55 decay

Eint — yquSdR + yquﬂRSTeQ T ye\DéRST\PL
+ )\edI_/GR*dR + Auw @RRU% + /\d\pe‘I’LR*dR €R Up

o Q (ug) dp
+y.yVrHer + hc., >

scalar S € (1,2)1 /2, leptoquark R € (3,2)16
Dirac fermion ¥ € (1,2)_; 5
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OvfB6 decay can probe the LNV scale

tonne-scale

A<45—6TeV

KamLAND-Zen which is in the reach of LHC

A [TeV] 25



Yet another case study
Simplified model that induces chirally suppressed 0v55 decay

Ling = yquSdR + yquﬂRST‘c—Q 'y ye\DéRST\PL
+ )\edI_/GR*dR 1 )\ulII\IIRRu% + AdlIlE‘i’LR*dR )

B C Uf dp
+y’eq,\I’LHeR + h.c., [ ‘ [
scalar S € (1,2)1/2, leptoquark R € (372>1/6

dp(Q)
Dirac fermion ¥ € (1,2)_; 5 }

L HC searches:

ane®
"
----

e same-sign dilepton search

tonne-scale .
e dijet search

KamLAND-Zen
* leptoquark search
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Yet another case study

Ovp3B decay and LHC searches
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mpr = 2.0 TeV;
mpr = 2.0 TeV.

M. L. Graesser, GL, M. J. Ramsey-Musolf, T. Shen, S. Urrutia-
Quiroga, 2202.01237 (JHEP)
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Summary

LNV AL = 2 is of great interest from both theoretical and
experimental aspects

OvB3 decay can be induced by effective operators, which may be
uncorrelated with observed neutrino masses

LHC searches can help to uncover the underlying mechanisms of
Ovf3 decay and may point to possible physics beyond the SM



