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Lepton number

Conserved quantum number in the SM:

e In 1953, Konopinski and Mahmoud introduced the concept of
lepton number, which must be conserved in reactions

* In 1959, Pontecorvo proposed that the lepton numbers of electrons
and muons should be treated separately, which sucessfully explained
the absence of ;1 — e in experiments he conducted

Eoin Conserved | Lepton Anti- | Conserved | Lepton
P Quantity | Number | |Lepton| Quantity | Number
e +1 et -1
Le e Le
v, +1 v, -1
T +1 pt -1
L, - L,
¥ +1 Vo -1
T L +1 Tt L -1
v, ’ +1 v, 5 -1
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Lepton number violation

e Majorana neutrino mass

Cr /- - 5
ol oG () e ane
d = 5 Weinberg operator S. Weinberg 1979

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

 Baryon Asymmetry in the Universe via leptogenesis

Fukugita, Yanagida, 1986



Neutrinoless double beta decay

OvpBB decay and Majorana nature of neutrinos

M. Goeppert-Mayer, Phys.Rev. 48 (1935) 512
W.H. Furry, Phys. Rev. 56 (1939) 1184

* Global experimental efforts: KamLAND-Zen, PandaX, CDEX, ...
« Current limit: T7/,(Xe) > 3.8 X 10°° year ~KamLAND-Zen, 2406.11438

* Future prospects: T}, Z 10°® year M. Agostini et al., Rev.Mod.Phys. 95
(2023) 2, 025002



Neutrinoless double beta decay

The most sensitive low-energy probe to date

—1
(T0%) = Gou M3, (mss)?

In standard mechanism:

(mag) =Y _ mUZ|

neutrino oscillation data as inputs

(;OV:
MOI/:

phase space factor

nuclear matrix element

(mgp): effective Majorana mass

Parameter space vs. mass of lightest v:
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Collider opportunities

* OvB3 decay would undoubtedly imply the Majorana nature of
neutrinos, irrespective of the origins of AL =2 LNV interations

Schechter, Valle, Phys.Rev. D25 (1982) 774
e Complementary searches:

Ovpp-Decay pp Collisions
e e
) LNV 1

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

credit: M. Ramsey-Musolf

« smoking-gun signature e¢*¢*jj, low SM backgrounds
* enhanced cross section from kinematics (resonance, VBS)
* more options of lepton flavors

VBS = vector boson scattering



LHC searches

Probing Weinberg operator

VBS:

LHCb 13 TeV (300 fb™) [LHCB-PUB-2018-009]

Exp. upper limit at 95%

—_
oS o
= —
=} W

NA-62 (2017) - Obs. upper limit at 90% CL [PLB 797 (2019) 134794]

—_

o
—
i

—_

=)
—
o

=

2

=

_E

g 10°

2 10f

8 gF

‘= 107k NO

= 107 B

g 107 e

S 0L ' e —— ‘
5 mt & 107 10 1072 10" 1

~ GE e K Lightest neutrino mass [eV]

CMS : Im,,| <10.8 GeV  CMS, 2206.08956 (PRL)

LHC Run 2
ATLAS : |my,| < 16.7 GeV  ATLAS, 2305.14931 (EPJC)

low sensitivity due to large ¢?



LHC searches

Searching for sterile neutrino

138 fb~' (13 TeV

L ] T T 7 -

VBS:
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increased sensitivity due to large my CMS, 2206.08956 (PRL)



LHC searches

Searching for sterile neutrino

Resonance:

increased sensitivity for
my < myy

Observed 95% CL Limits on |V,n|?

ATLAS t-channel
this work
£=140fb~?!
ATLAS s-channel
JHEP 10 (2019) 265
£=359fb!
ATLAS s-channel
JHEP 07 (2015) 162
V5 =8TeV
£=20.3fb"1
ATLAS displaced
arXiv:2204.11988
£=139fb~!
CMS t-channel
arXiv:2206.08956
£=139fb"1
CMS schannel
JHEP 01 (2019) 122
r£=359fb!
CMS displaced

q JHEP 07 (2021) 081
T I £=139fb"1

10 10 10 10 10*
my [GeV]

PoS LHCP2024 (2025) 032



EFT approach to LNV

EFT

LNV
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LNV interactions

e LNV interactions have odd mass dimension

dis even +— |AB —AL|=0,4,8,12, ...
disodd +— |AB—-AL|=2,6,10,14,...
A. Kobach, 1604.05726 (PLB)

* Neutrino masses: (AB,AL)=(0,%2)

d = 5 Weinberg operator: (LH)(LH) d =7 operator: LLHH(H'H)

H ‘\\ /,' H " H\\ % H
~ . L
b » /\\
H- . H H- . H % _ Py TSaH
. Iy 1A . G S :
\\ X: /’ ! \\ X //
L L L L L L ¥ L
Minkowski, 1977; Konetschny, Kummer, 1977; Babu, Nandi, Tavartkiladze,
Foot, Lew, He, Joshi, 1989 0905.2710 (PRD)
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d="7SMEFT

Operators with (AB,AL) = (0, +2)

Type O ... Qperator ______
w2H o ' eemn (DG LT ) HOH™ (HH)
VEH?D | OfLenp €ijémn (L yuer) H? (H™iD" H")
wepepe | Ofpy | | €senn(T5D,L L) (H™ D H") |
OFups | | €imein(L5DuLi) (H™ D H") |
g | s | Senn (GG om LY OB
Ofuw | 9'€ii(e7!) L5 oy L) HI HI W IR
viD ors. . i ei; (dpyuur ) (LEHDHLY) E
OgE}fLH €ij€mn (@L ;) (L_ij LG) H"
TLert i (dpLy) (uge) H
i Ofrqum €ij€mn (dp L) (Q57 L") H™
O{;é i €im€in (dpLt) (QS? L) H™
onst cis (Qpur) (TELY) Y
L. Lehman, 1410.4193 (PRD);
Y. Liao and X.-D. Ma, 1607.07309 (JHEP)

two DH

one DH
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Operators with (AB,AL)

d=9 SMEFT

= (0, +2)

Oprys = €ixej( LS L)) H HY (HTH)?

imcomplete list here

384 for one generation

L2H4H*2
e?H'D* Ocerrip2 = €ijeri(eCe)(H D, HI)(H*D*H')
Orryip21 = €ixej(HT D, H) (LS DFLI)HRH!
Oprusprs = €ineji(HT D, H) (LS L)) H* DHHY
L2H3H* D2 Orrmipzs = €nei(H H) (D, LiDFLI)H*H'

OpLuip2s = ez (HTH)(LSD, L7) H* D* H!

(
(
(
Oppip2y = €ine(HTH)(LSD, L) DFH*H!
(
(

Oy Lmip2s = €xeji(HT D, H)(LS o LI) D, H*H!

ud*L2HH*D

Oururmzp1 = €ij(dL) (uCy, L) (HiD*H)

OQururm?p2 = €i€ji(dL) (uCy, LI) H* D* H

Oururr2ps = €ij (EL??)(E%LJ)[(Z'D”H)TH]

Oururmzps = €ikeji(dL?)(uy, L7)(iD* H)* H!

Ogurrazp = €ix€t(dyuu) (LS4 D, LI)H*H

two DH

one DH

H.-L. Li, Z. Ren, M.-L. Xiao, J.-H. Yu, Y.-H. Zheng, 2007.07899 (PRD)
Y. Liao, X.-D. Ma, 2007.08125 (JHEP)

13



EFTs at the LHC

SMEFT paradigm:

Direct

production  SMEFT

__________

.
e,
-------

For the searches for LNV signals, there is almost no SM background
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EFTs at the LHC

Operators with two covariant derivatives

d=17,9

Operators with one or zero covariant derivative

P

W+

P
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EFTs at the LHC

Operators with two covariant derivatives:

7
ci7)

3
ALNV

(LeDuLe) (ATDMH) + He.

(G URW F W TH
9
c')
5
LNV

Tty (1 DNH)Q

At the HL-LH
t the ¢, M. Aoki, K. Enomoto, S. Kanemura, 2002.12265 (PRD)

* pPp— U H+jj
A(7) > 1.8 TeV A(g) > 0.71 TeV
LNV ~ — ’ LNV ~ Y

* pp—epTgj
AN, >23Tev, A, >0.82 Tev
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EFTs at the LHC
Operators with one covariant derivatives:

ng:thD = €ij (dpuur) (L_EZD ML‘Z)

a(pp — jjr*€*) [pb]

S A A future
i — — - Operator | {70 7 V7IH) 0) 1 sy A
LHC FCC [TeV] | [TeV]
Ogurry | 24x1074 0.11 1.4 5.4
1075k Oirorm2 | 1.5 x 1075 4.3 % 1073 0.90 3.1
Oirorm | 6.9 x107° 0.030 1. 4.3
OQaurro 1 Odpyenr_ | 57 x107° | __ 0035 __1__ L1 _|_45 |
] \
10-15¢ — Oquwwn — Oun ' Odurr 0.64 210 5.0 9 |
— Oitgun — Oumi 00 |27 %1072 | 171079 | o075 | 008 |
— OQuoun — Oep OLup 1.9 x 1075 0.061 1.1 4.9
—— LHC Vs =13TeV  — 0,1 — Oy :
10-25 . ) ) . . Orerp 1.2 x 10~8 3.1 %1078 0.21* 0.44
g k= .10 0.50 1 2 10 Oru 1.5x107% | 2.0x1076 0.35* 0.87

C3/A [TeV

K. Fridell, L. Graf, J. Harz, C. Hati, 2306.08709 (JHEP)
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UV completions at the LHC

UVs for operators with two derivatives:

G2 7

type-l seesaw

New channels:

dg

Wi,
V2g2ur

Wt

dy, Ur
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UV completions at the LHC
UVs for operators with zero derivative:
dr Up dr UR
- -
Vei _ Wr R
€r
Nk \/EQQ‘UR - he.
] on
v o W ]
)
- L -
dp UR dp UR

left-right symmetric models

New channels:




UV completions at the LHC

UVs for operators with zero derivative:

uz e e uz q’
_____ J_J template: SUSY
S F S
q
dr dr
14— £=100fb™" /
1.9f== £=300fb"' z
s £=3000fb™" _ —
1.0 7 S
; 5
() e
£ 0.8} 4 oot &
[e)} , =]
0.6} OP\ ’,f’
?)$ s
0.4} CL — MATHUStA—
02 2 — KamLAND-Zen
; = -5 — ATLAS/CMS
BB s 5 gy L L = - o ton-scale
b 1 2 3 4 y e+ searc
50 100 150 200 250 300
N (TeV) e [GeV]

T. Peng, M. J. Ramsey-Musolf,
P. Winslow, 1508.04444 (PRD)

GL, M. J. Ramsey-Musolf, S. Su,
J. C. Vasquez, 2109.08172 (PRD)
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UV completions at the LHC

UVs for d = 7 operator with one derivative:

ngsLtLD — €ij (d_p%»“r) (L_EiD“Li)

It must originate from a UV-completion containing a fermion mediator:

acint 1 D2 + lX ,,,O’”‘V .": int
L — 2°% + 2° 1 +...| P+m L
P (m?l, my (1P ¥) ov

K. Fridell, L. Graf, J. Harz, C. Hati,

: 2412.14268 (JHEP
* No tree-level UV completion ( )

 Example for one-loop UV completion:

w

™

GL, J.-H. Yu, X. Zhao,
2311.10079 (PRD)
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UV completions at the LHC

UVs for d = 9 operator with one derivative:

Oild_)e?H?D = ¢ (E?'VMGT) (usaCep)H; D) H;

H.-L. Li, et al., 2007.07899 (PRD)

e ()= (5562 ()

Wf%: sin¢  cos(
50 7 —
o e'e’ +j
= Lin= 3000 fb™!
401 | | il
l'| _ 200 e

A=

GL, M. J. Ramsey-Musolf, J. C. Vasquez,
2202.01789 (PRD)

10 15 20
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UV completions at the LHC

UVs for d = 9 operator with one derivative:

OSJL?H?D =¥ (E?’Yﬂer) (usaCep)H; D, H,;

H.-L. Li, et al., 2007.07899 (PRD)

Leptoquark model:

LD )\ed(JR’yueR)Ul” + )\u\pRSfLCR\IJR

it _ template: SUSY
-+ )\DHUl RQE(ZDMH) + fweVWrHer + H.c.

leptoquarks:
Ry €(3,2,1/6), U, €(3,1,2/3)

vector-like fermions:

Ny, Ngr
\Ij — \Ij =
g (EL)’ r (ER)

GL, J.-H. Yu, X. Zhao, 2311.10079 (PRD)
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UV completions at the LHC

Leptoquark pair production 5
20
g /R%J _
> 10
o <
& 5
g R
2
1100 200 500 1000 2000
mq [GeV]
0.5
. (a)
sin8=0.05, A;q=0.2
04 mg=2 TeV, my=1.8 TeV
e Sensitive to the leptoquark mass
0.3{[%
x| s e LHC searches for TeV scale LNV are
~ Y .
0.2 T~ complementary to Ov(35 decay searches
GL, J.-H. Yu, X. Zhao, 2311.10079 (PRD)
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A light doubly-charged scalar

Charged lepton flavor violation:

At % AEE ¢ €
: A :
- = P e Sescuueiees e — e
% € 2
T A +4 e
2k > 65 TeV or > 208 TeV
\/’Zﬁ (fL)LE (fL)eE \/‘(fL)ie (fL>e,u,

In the type-ll seesaw model, the Yukawa couplings are correlated with
the neutrino masses and mixings:

so= (B A )

NN ING my = V2fru, = Ui U"

A7 can be O(1) TeV only if all Yukawa couplings f£ <1073
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A light doubly-charged scalar

In the minimal left-right symmetric model

fr = fr (parity) fr = f}; (charge conjugation)

* If neutrinos obtain masses via the type-Il seesaw mechanism, A%
can be O(1) TeV only if all Yukawa couplings f& <1073

. . . . ++
* If neutrinos obtain masses via the type-lI seesaw mechanism, A7 p

can be O(1) TeV if f; r are diagonal
m, = —MDM]glMg, MR = \/§va]{

’fu,u

H\\ I,H 10
AY s

0.8 s

/\ VR X VR ,\ 56 /é

0.4 #

(
type-Il "¥--="0z 04 06 0.8 T i



A light doubly-charged scalar

In left-right symmetric model with D-parity breaking

SU2), ®SUR)r@U(1)p_r, ® P = SU(2), ® SUR)r @ U(1)p_r,

Chang, Mohapatra, Parida, Phys.Rev.Lett. 52
mass spectra: (1984) 1072; Phys.Rev.D 30 (1984) 1052

Ha, = Ha + M) + A (n)’

~

PA, = HAL=M (n) + Aa(n)?

AT' is at the D-parity breaking scale,

while Aiﬁ can be much lighter, and the 10-20 [ 2:5x101 sec
Yukawa coupling matrix fp is arbitrary

1000 105 107 10°

E. Akhmedov, et al., 2401.15145 (PLB)
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LNV at lepton colliders

CEPC/FCC-ee, MOLLER
et - . 2 3 e
|
1 AR
|
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i
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E l\\&%\‘ ’:‘15
P T
1072 /,:ﬁi’:;’-"- of
7 = LL‘! parlty v101at1ng case
0:5 1 I 5 10
[TeV]

P. S. Bhupal Dev, M. J. Ramsey-Musolf,
Y. Zhang, 1806.08499 (PRD)

|{fR)ee|

N
v

v

Vs =11 GeV

Non-zero W; — Wg mixing: { = 8.22 x 10‘5, My, =7 TeV (NH)

10° N ..
ff%-;_:‘-’-mokt“ ______ +10'
10 ERESEE - f I et
P PO S0 e e o 1900
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pe e e ' 410"
10 k= .
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10°°F £
o La -4
5 oF j
1068 re}
: D5
10-? A I ) L L L [ R R | L
0.5 1 5 10 50
Mss: [TeV]

GL, M. J. Ramsey-Musolf, S. Urrutia
Quiroga, J. C. Vasquez, 2408.06306

My, [TeV]
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LNV at lepton colliders

e uTRISTAN

11" beam obtained from ultra-cold muon technology developed for
the muon g — 2 experiment at J-PARC is accelerated up to 1 TeV

Y. Hamada, et al., Prog. 2201.06664 (PTEP)

1
H H e H = = ”
bt - ? :
A} A
|
- - Ag'
I
R ik " er 1 € > + > et
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o

1
VO
o
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LNV at lepton colliders

Low- and high-energy probes of diagonal couplings
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GL, Jin Sun, 2510.xxxxx
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Summary

Colliders provide unique opportunities for probing lepton-number-violating
new physics

EFTs help to identify optimal LNV interactions, which are constructed using
covariant derivatives

UV completions for SMEFT with 0, 1, 2 covariant derivatives are discussed
We investigate the sensitivity of lepton colliders to a specific LNV scenario:

a light doubly-charged scalar

ab=1al &RV all
!ﬂ {\:JL 11 “\m&% \TAW LA

YV W LA
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