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Motivation

4

We want to understand the origin  
of B and L violation to explain :  

- The origin of neutrino masses   
- The origin of the matter-antimatter asymmetry 
 in the Universe   

  
- The origin of the SM-EFT 

  
-New Exotic BLV processes

[see Plenary talks by P. Fileviez Perez and A. Pocar] 2



B and L Violating Processes
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[Heeck & Takhistov, 1910.07647 (PRD ’20)]

Collider signals – This talk will focus on L violation.

For B violation searches, see Wednesday talk by J. P. Ochoa-Ricoux and whitepaper 2203.08771.
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Collider signals – This talk will focus on L violation.

For B violation searches, see Wednesday talk by J. P. Ochoa-Ricoux and whitepaper 2203.08771.
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Neutrino Mass
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neutrinos

Perhaps something beyond the standard Higgs mechanism...

New fermions, gauge bosons, and/or scalars – messengers of neutrino mass.

Rich phenomenology. [Drewes (IJMPE ’13); Deppisch, BD, Pilaftsis (NJP ’15); Cai, Han, Li, Ruiz (Front. Phys. ’18)]

For messenger scale . O(few TeV), accessible at collider and/or low-energy experiments.

Connection to other puzzles (e.g. baryogenesis, dark matter, anomalies, NSI).

Relevant to multiple frontiers (EF, NF, RF, CF, TF).
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SM-singlet Fermions
(aka sterile neutrinos/heavy neutrinos/RHNs/HNLs)

Originally motivated by Type-I seesaw
[Minkowski (PLB ’77); Mohapatra, Senjanović (PRL ’80); Yanagida ’79; Gell-Mann, Ramond, Slansky ’79; Glashow ’80]

Snowmass Whitepaper 2203.08039
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https://arxiv.org/pdf/2203.08039.pdf
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[Slide from M. Drewes (PHENO ’17 plenary talk)] 6



Golden Channels at the LHC

Same-sign dilepton plus jets (without /ET )

[Keung, Senjanović (PRL ’83); Datta, Guchait, Pilaftsis (PRD

’94); Han, Zhang (PRL ’06); del Aguila, Aguilar-Saavedra,

Pittau (JHEP ’07); BD, Pilaftsis, Yang (PRL ’13); Alva, Han,

Ruiz (JHEP ’15); Das, Okada (PRD ’16); ...]

2 1 Introduction

where j runs over heavy neutrino flavour states. However, the neutrinoless double beta decay
experiments can only set limits on mixing with first generation leptons. Collider experiments
on the other hand can also search for mixing with second and third generation fermions. If VeNj

saturates Wee in Eq. (2), the limit on VeN from neutrinoless double beta decay can be satisfied
either by demanding that mN is beyond the TeV scale, or that there are cancellations among
the different terms in Eq. (3), as may happen in certain models [27]. Other models with heavy
neutrinos have also been examined. The ATLAS and CMS collaborations at the LHC have
reported limits on heavy Majorana neutrino production in the context of the Left-Right Sym-
metric Model [28, 29]. The ATLAS experiment also set limits based on an effective Lagrangian
approach [28].

Because of the Majorana nature of the heavy neutrino considered here, both opposite- and
same-sign lepton pairs can be produced. This search concentrates on the same-sign dilepton
signatures since these final states have very low SM backgrounds. In addition to these leptons,
the Majorana neutrino also produces an accompanying W boson when it decays. We search for
W decays to two jets, as this allows reconstruction of the mass of the heavy neutrino without
missing any transverse momentum associated with SM neutrinos.

The dominant production mode of the heavy neutrino under consideration is shown in Fig. 1.
In this process the heavy Majorana neutrino is produced by s-channel production of a W boson,

q'

q

N
W +

 +

 +

W 
q
q

V N 

V N 

'

Figure 1: The Feynman diagram for resonant production of a Majorana neutrino (N). The
charge-conjugate diagram results in a `�`�qq0 final state.

which decays via W+ ! N`+. The N can decay via N ! W�`+ with W� ! qq 0, resulting in a
`+`+qq 0 final state. The charge-conjugate decay chain also contributes and results in a `�`�qq0

final state. In the this analysis, only ` = e or µ is considered. In a previous publication [30]
by the CMS Collaboration a search for heavy neutrinos in events with a dimuon final state
was reported. In the present paper the search is expanded to include events with e±e±qq 0

and e±µ±qq 0 final states. These decay modes are referred to as the dielectron and electron-
muon channels, respectively. The lowest order parton subprocess cross section ŝ(ŝ) for qq 0 !
(W±)⇤ ! N`± at a parton center-of-mass energy

p
ŝ is given by is given [31] by:

ŝ(ŝ) =
pa2

W

72ŝ2
⇥
ŝ � (mW � i

2 GW)2
⇤ |V`N|2(ŝ � m2

N)2(2ŝ + m2
N), (4)

where aW is the weak coupling constant, and mW and GW are the W boson mass and width,
respectively.

Observation of a `�`(0)�qq 0 signature would constitute direct evidence of lepton number vi-
olation. The study of this process in different dilepton channels brings greater likelihood for
the discovery of a Majorana neutrino, and constrains the mixing elements. The dielectron and

Trilepton plus /ET

[del Aguila, Aguilar-Saavedra (PLB ’09; NPB ’09); Chen, BD

(PRD ’12); Das, BD, Okada (PLB ’14); Izaguirre, Shuve (PRD

’15); Dib, Kim (PRD ’15); Dib, Kim, Wang (PRD ’17; CPC

’17); Dube, Gadkari, Thalapillil (PRD ’17); ...]
q

q̄′
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l+

N
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[CMS 1911.04968]
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https://arxiv.org/abs/1911.04968


0νββ Analog at the LHC

[EXO-21-003-pas] 8

https://cds.cern.ch/record/2803671/files/EXO-21-003-pas.pdf


Current Status and Future Prospects

Figure 2 – As Fig. 1, but showing the projected sensitivities of future searches (open curves), including 0⌫��
decay, over the existing constraints (shaded regions). The 0⌫�� decay sensitivities are for a sterile Majorana
neutrino (red) and Quasi-Dirac neutrino

2.3 Beta Decays Nuclear Processes

2.4 Active-Sterile Neutrino Oscillations

2.5 Electroweak Precision Data and Indirect Laboratory Constraints

2.6 Cosmological and Astrophysical Constraints

2.7 Neutrinoless Double Beta Decay

The most sensitive probe of the Majorana nature of the light active neutrinos is neutrinoless
double beta (0⌫��) decay, see Ref. 3 for a recent review. Observing this rare nuclear decay
in select isotopes such as 76Ge ! 76Se + e�e�, only allowed if total electron number is
violated, would require that the light active neutrinos are Majorana fermions 4,5, though,
possibly, of a quasi-Dirac nature. In addition, 0⌫�� decay is sensitive to other BSM sources
of lepton number violation, typically at or below the O(10) TeV scale6,7,8,9,10. Such scenarios
involving HNLs were discussed in Sec. 2, with the exchange of a sterile neutrino N coupling
through a SM charged-current interaction as the most prominent example.

As 0⌫�� decay involves a virtual HNL, it should be considered an indirect probe, and
it is not the focus of this white paper. Taken in isolation, 0⌫�� decay is highly sensitive to
heavy Majorana neutrinos, with the decay half-life T 0⌫

1/2 approximately given by

1028 yr

T 0⌫
1/2

⇡
✓ |UeN |2

10�9
· 1 GeV

mN

◆2

, (3)

for mN & 100 MeV and

1028 yr

T 0⌫
1/2

⇡
✓ |UeN |2

10�9
· mN

15 MeV

◆2

, (4)

for mN . 100 MeV, using a nuclear matrix element for the isotope 76Ge calculated in Ref.10.
The behaviour changes at around mN ⇡ 100 MeV as this is the nuclear scale of 0⌫��
decay, and at the crossover the momentum dependence must be carefully accounted for 11,12.
Current best limits on the 0⌫�� decay half life are set by KamLAND-Zen, T 0⌫

1/2(
136Xe) >

1.1 ⇥ 1026 yr 13 and GERDA, T 0⌫
1/2(

76Ge) > 1.8 ⇥ 1026 yr 14, at 90% CL. There is a host of

proposed experiments3 with projected sensitivities reaching T 0⌫
1/2(

76Ge) ⇡ 1028 yr (LEGEND-

1000, 15), driven by the goal to probe the full light neutrino parameter space for an inverted
mass ordering. Thus, future 0⌫�� experiments can reach sensitivities |UeN |2 ⇡ 2⇥ 10�10 to

[Bolton, Deppisch, BD, 1912.03058 (JHEP ’20); see http://sterile-neutrino.org for regular updates]
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Leptogenesis

• Resonant Leptogenesis
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Importance of self-energy effects (when |mN1 − mN2| ≪ mN1,2)
[J. Liu, G. Segré, PRD48 (1993) 4609;

M. Flanz, E. Paschos, U. Sarkar, PLB345 (1995) 248;
L. Covi, E. Roulet, F. Vissani, PLB384 (1996) 169;

...

J. R. Ellis, M. Raidal, T. Yanagida, PLB546 (2002) 228.]

Importance of the heavy-neutrino width effects: ΓNα

[A.P., PRD56 (1997) 5431; A.P. and T. Underwood, NPB692 (2004) 303.]

Warsaw, 22–27 June 2014 Flavour Covariance in Leptogenesis A. Pilaftsis

[Fukugita, Yanagida (PLB ’86); Pilaftsis, Underwood (NPB

’03); BD, Millington, Pilaftsis, Teresi (NPB ’14); Fileviez Perez,

Murgui, Plascencia (PRD ’21); ...]

[Akhmedov, Rubakov, Smirnov (PRL ’98); Canetti, Drewes,

Frossard, Shaposhnikov (PRD ’13); Shuve, Yavin (PRD ’14); ...]

[Klarić, Shaposhnikov, Timiryasov (PRL ’21); Drewes, Georis, Klarić, 2106.16226 (PRL ’22)] 10

https://arxiv.org/abs/2106.16226


SU(2)L-Triplet Fermions
Type-III seesaw [Foot, Lew, He, Joshi (ZPC ’89); Franceschini, Hambye, Strumia (PRD ’08); Fileviez Perez (JHEP ’09); Biggio,

Bonnet (EPJC ’12); Ruiz (JHEP ’15)]

[ATLAS 2202.02039] 11

https://arxiv.org/pdf/2202.02039.pdf


New Gauge Bosons
(W ′, Z′)

12



U(1)X Extension
[Buchmüller, Greub (NPB ’91); Huitu, Khalil, Okada, Rai (PRL ’08); Basso, Belyaev, Moretti, Shepherd-Themistocleous (PRD ’09); Fileviez

Perez, Han, Li (PRD ’09); Deppisch, Desai, Valle (PRD ’14); Kang, Ko, Li (PRD ’15); BD, Mohapatra, Zhang (JHEP ’17); Das, Okada, Raut

(EPJC ’18); Cox, Han, Yanagida (JHEP ’18); Fileviez Perez, Plascencia (PRD ’20);...] 2

within the standard minimal seesaw sector by choosing
specific flavour textures in the mass matrix of the type-I
seesaw, see for example [12–14].

For definiteness here we focus on LFV in the electron-
muon sector induced by the mixing between isodoublet
and isosinglet neutrinos, via the corresponding Yukawa
couplings. As a result, the heavy neutrinos couple to
charged leptons via their small isodoublet components
✓e,µ, which we treat as free parameters. It is convenient
to write these couplings in terms of an overall mixing
strength, ✓ ⌘

p
✓e✓µ and the ratio of mixing strengths,

reµ ⌘ ✓e/✓µ. These parameters are unrestricted by
the smallness of neutrino masses; however they are con-
strained by weak universality precision measurements to
be ✓e,µ . 10�2 [15]. We do not take into account possi-
ble constraints on ✓ from neutrinoless double beta decay
searches. Although highly stringent for a heavy Majo-
rana neutrino, they are avoided in the presence of can-
cellations, such as in the quasi-Dirac neutrino case.

Z0 MODELS

Various physics scenarios beyond the Standard Model
predict di↵erent types of TeV-scale Z 0 gauge bosons as-
sociated with an extra U(1) that could arise, say, from
unified SO(10) or E(6) extensions. An introduction and
extensive list of references can be found in Ref. [16]. Elec-
troweak precision measurements restrict the mass and
couplings of a Z 0 boson. For example, lepton universal-
ity at the Z peak places lower limits on the Z 0 boson
mass of the order O(1) TeV [17] depending on hyper-
charge assignments. From the same data, the mixing
angle between Z 0 and the SM Z is constrained to be
⇣Z < O(10�4). For a discussion of direct limits on Z 0

masses see [15]. Recent limits from searches at the LHC
will be discussed in more detail below.

In the following we work in a simplified U(1)0 scenario
with only a Z 0 and N present beyond the SM. For the
mechanism described here to work, it is crucial that there
are no other particles present through which the heavy
neutrino can decay unsuppressed. For definiteness we
assume two reference model cases: the SO(10) derived
U(1)0 coupling strength with the charge assignments of
the model described in [6], and a leptophobic variant
where the U(1)0 charges of SM leptons are set to zero.

Z
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q
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d
u

W
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W
−

'

FIG. 1: Feynman diagram for heavy Majorana neutrino pro-
duction through the Z0 portal at the LHC.

LOW ENERGY LEPTON FLAVOUR VIOLATION

In the scenario considered here, the LFV branching
ratio for the process µ ! e� can be expressed as [18]

Br(µ ! e�) = 3.6 ⇥ 10�3G2
�

✓
m2

N

m2
W

◆
⇥ ✓4, (3)

with G� = �2x3 + 5x2 � x

4(1 � x)3
� 3x3

2(1 � x)4
log(x),

where the loop function G�(x) is of order one with the
limits G� ! 1/8 for mN ! mW and G� ! 1/2 for
mN � mW . This prediction should be compared with
the current experimental limit [1],

BrMEG(µ ! e�) < 5.7 ⇥ 10�13 (90% C.L.), (4)

from the MEG experiment which aims at a final sensitiv-
ity of Br(µ ! e�) ⇡ 10�13. The expression (3) therefore
results in a current upper limit on the mixing parame-
ter ✓ . 0.5 ⇥ 10�2 for mN = 1 TeV. In contrast, the
mixing strength ✓ ⇡ 10�7 expected in the standard high-
scale type-I seesaw mechanism Eq. (1) would lead to an
unobservable LFV rate with Br(µ ! e�) ⇡ 10�31.

If the photonic dipole operator responsible for µ ! e�
and also contributing to µ ! eee and µ� e conversion in
nuclei is dominant, searches for the latter two processes
do not provide competitive bounds on the LFV scenario
at the moment. Depending on the breaking of the ad-
ditional U(1)0 symmetry, non-decoupling e↵ects may ap-
pear which can boost the e↵ective Z 0eµ vertex contribut-
ing to µ ! eee and µ � e conversion in nuclei [19].

HEAVY NEUTRINOS FROM THE Z0 PORTAL

The process under consideration is depicted in Fig-
ure 1. As shown, we will focus on the channel where the
heavy neutrinos decay into SM W bosons which in turn

[Chauhan, BD, 2112.09710]
13

https://arxiv.org/pdf/2112.09710.pdf


Left-Right Symmetric Extension
[Keung, Senjanović (PRL ’83); Ferrari et al (PRD ’00); Nemevsek, Nesti, Senjanović, Zhang (PRD ’11); Das, Deppisch, Kittel, Valle (PRD

’12); Chen, BD, Mohapatra (PRD ’13); BD, Kim, Mohapatra (JHEP ’16); Mitra, Ruiz, Scott, Spannowsky (PRD ’16);...]
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

discovering the RH gauge boson WR in connection with
the RH neutrino N is the so called Keung-Senjanović
(KS) process [16], pp ! WR ! `N ! ``jj. The con-
straints from direct searches [37, 38], from flavour chang-
ing processes [11, 14] and model perturbativity [12] point
to a scale of the new RH interaction which is now at the
fringe of the LHC reach, so the residual kinematically
accessible range will be probed in the next year of two.

In this work we reconsidered this process and addressed
the regime of light N (mN . 100 GeV) which leads [30]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classified the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) a standard region where the final state
is ``jj, with half of the cases featuring same-sign lep-

tons, testifying the lepton number violation. 2) a merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton, resulting in a lepton and
a so called neutrino jet `jN . 3) a displaced region, for
mN ⇠ 10 � 100 GeV, in which the merged jet jN is
originated from the N decay at some appreciable dis-
placement from the primary vertex, typically from mm
to 30 cm where the silicon tracking ends and detection
of displaced tracks becomes unfeasible. 4) an invisible
region, for mN . 40 GeV, in which N can decay outside
the tracking chambers of even the full detector, leading
thus to a signature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning
the mN , MWR

parameter space, up to O(10) TeV. For
WR masses beyond ⇠ 5 TeV the process is dominated by
the off-shell W ⇤

R production, and we noted that, by this
mechanism, for mN . 500 GeV the final cross section

[Nemevsek, Nesti, Popara (PRD ’18)] 14



CP Violation in the RHN Sector(
Ne
Nµ

)
=

(
cos θR sin θRe−iδR

− sin θReiδR cos θR

) (
N1

N2

)
.

Aαβ ≡
N (`+

α `
+
β )−N (`−α `−β )

N (`+
α `

+
β ) +N (`−α `−β )

; R(`)
CP ≡

σ(pp→W+
R
→`+`+jj)

σ(pp→W+
R
→e+µ+jj)

− σ(pp→W−
R
→`−`−jj)

σ(pp→W−
R
→e−µ−jj)

σ(pp→W+
R
→`+`+jj)

σ(pp→W+
R
→e+µ+jj)

+ σ(pp→W−
R
→`−`−jj)

σ(pp→W−
R
→e−µ−jj)

.

5 10 15 20 25 30

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

WR mass [TeV]


α
β

FCC-hh

cu
rr
en
tL
H
C
li
m
it

w/o C
PV [ee, μ

μ& e
μ]

w/ CPV
[ee]

w/ CPV [μμ]

w/ C
PV [eμ]

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

θR/
π

2

δ
R
/π

ee @ FCC-hh [WR = 15 TeV]

0.8

0.6

0.4

0.2 0

leptogenesis

leptogenesis

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

θR/(π/2)

δ
R
/π

ℛCP
(e)

[BRy = 1/2]

-0.6-0.4-0.2

0

0.60.40.2

leptogenesis

leptogenesis

[BD, Mohapatra, Zhang, 1904.04787 (JHEP ’19)]

A direct test of CP Violation in the RHN Sector
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New Scalars
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SU(2)L-Triplet Scalar

Type-II seesaw [Magg, Wetterich (PLB ’80); Schechter, Valle (PRD ’80); Lazarides, Shafi, Wetterich (NPB ’81); Mohapatra,

Senjanovic (PRD ’81)]

Collider signatures depend on the triplet VEV. [Fileviez Perez, Han, Huang, Li, Wang (PRD ’08); Melfo,

Nemevsek, Nesti, Senjanovic, Zhang (PRD ’12); BD, Zhang (JHEP ’18); Du, Dunbrack, Ramsey-Musolf, Yu (JHEP ’19); ...]
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SU(2)L-Triplet Scalar (Small v∆)

References 17

 Mass (GeV)±±Φ 
0 100 200 300 400 500 600 700 800 900 1000

 

Benchmark 4

Benchmark 3

Benchmark 2

Benchmark 1

±τ±τ → ±±Φ100% 

±τ±µ → ±±Φ100% 

±τ± e→ ±±Φ100% 

±µ±µ → ±±Φ100% 

±µ± e→ ±±Φ100% 

±e± e→ ±±Φ100% 

Observed exclusion 95% CL

Expected exclusion 95% CL

Associated Production

Pair Production

Combined

 (13 TeV)-112.9 fbCMSPreliminary

Figure 9: Summary of expected and observed limits for each production mode and the com-
bined limit. The shaded region represents the excluded mass points and the thick solid line
represents the expected exclusion with the hashed region indicating the direction.

[CMS-PAS-HIG-16-036]
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SU(2)L-Triplet Scalar (Large v∆)

[ATLAS, 2101.11961 (JHEP ’21)]

Small window remains unexplored below 200 GeV.

[Heeck, 2204.10274]

19

https://arxiv.org/abs/2101.11961
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SU(2)L-Triplet Scalar (Large v∆)

[ATLAS, 2101.11961 (JHEP ’21)]

Small window remains unexplored below 200 GeV.
[Heeck, 2204.10274]
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SM-singlet Neutral Scalar

E.g., Neutral component of the SU(2)R-triplet in LRSM.

If hadrophobic, allowed to be light (down to sub-GeV scale) by current constraints.

Suppressed coupling to SM particles (either loop-level or small mixing).

Necessarily long-lived at the LHC, with displaced vertex signals.

Clean LFV signals at future lepton colliders.
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FIG. 3. Prospects of probing LFV couplings h↵� (↵ 6= �) from searches of e+e� ! `±
↵ `

⌥
� H at CEPC (red,

p
s = 240 GeV and

L = 5 ab�1) and ILC (blue, 1 TeV and 1 ab�1). Here we have assumed 10 LFV signal events and a BR of 1% (long-dashed)
10% (short-dashed) or 100% (solid) from H decay to be visible. In the left panel, the region shaded in orange, pink and purple
and respectively excluded by muonium oscillation, (g� 2)e and ee ! µµ data; in the middle panel, the pink and purple regions
are excluded by (g � 2)e and ee ! ⌧⌧ data; in the right panel the gray region is disfavored by the (g � 2)µ data at the 5�
confidence level. In the left and right panels, the brown line could fit the central value of �aµ, and the green and yellow bands
cover the 1� and 2� ranges of �aµ.

TABLE II. Benchmark configurations of future lepton collid-
ers CEPC and ILC and the expected total cross sections of
the on-shell and o↵-shell production of H, up to the LFV cou-
plings squared, in the light H limit. The values in parentheses
are for mH = 100 GeV.

collider CEPC ILCp
s 240 GeV 1 TeV

luminosity 5 ab�1 1 ab�1

cuts pT (`) > 10 GeV, |⌘(`)| < 2.5

�(eµ + H3)/|heµ|2 8.9 ⇥ 104 (390) fb 1.1 ⇥ 105 (2800) fb

�(e⌧ + H3)/|he⌧ |2 5.3 ⇥ 104 (650) fb 6.6 ⇥ 104 (1700) fb

�(µ⌧ + H3)/|hµ⌧ |2 2100 (5.0) fb 5700 (3.5) fb

�(e⌧)/|h†
eehe⌧ |2 4.8 ⇥ 105 fb 2.8 ⇥ 104 fb

�(µ⌧)/|h†
eehµ⌧ |2 1.6 ⇥ 105 fb 9300 fb

�(µ⌧)/|h†
eµhe⌧ |2 1.6 ⇥ 105 fb 9300 fb

easily distinguished from the backgrounds, as exemplified
in Fig. 2, with mH = 50 GeV and heµ = 0.003 at CEPC,
and with mH = 300 GeV and heµ = 0.01 at ILC. Re-
moving the Z-resonance peak, the LFV signal is almost
background free. Summing all the bins o↵ the Z-peak,
the signal (S) to background (B) significance S/

p
S + B

for the examples in Fig. 2 are respectively 55 and 61.

After being produced, H could decay back into the
charged lepton pairs or other SM particles. Reconstruct-
ing the H peak from the decay products could improve
further the significance of the LFV signals, which are
however rather model-dependent. To work in a model-
independent way, we consider three benchmark values,
where 1%, 10% or 100% of the decay products of H are
visible and can be reconstructed. The corresponding LFV
prospects are shown in the left panel of Fig. 3, where we
have assumed a minimum of 10 signal events at both
CEPC and ILC. It is clear from Fig. 3 that with a BR
of & 10%, a large region of mH and |heµ| can be probed
in future lepton colliders, which extends the limits well
beyond what is currently available.

e�⌧ coupling: Turning now to the coupling he⌧ , the
most stringent limit comes from the electron g�2, which
is similar to the case of heµ except for the enhancement
by the ⌧ mass [cf. Eq. (S13)], as shown by the pink
region in the middle panel of Fig. 3. The LEP e+e� !
⌧+⌧� limit is slightly stronger than the muon case [28],
as shown by the shaded purple region in Fig. 3. The
reconstruction of ⌧ lepton is more challenging than µ,
and thus the prospects of he⌧ are somewhat weaker than
heµ, but there is still ample parameter space to probe
at both CEPC and ILC, as long as the e↵ective BR is
& 10%.

µ � ⌧ coupling: Turning now to the coupling hµ⌧ ,
there are currently no experimental limits, except for the
muon g�2 discrepancy. This could be explained in pres-
ence of H when it couples to muon and tau, as shown
by the brown line and the green and yellow bands in the
right panel of Fig. 3, while the shaded region is excluded
by the current muon g � 2 data at the 5� level. As µ⌧
can only be produced in e+e� collider in the s-channel in
Fig. 1, the production cross section is smaller than those
of eµ and e⌧ . From Eq. (S13) (with the couplings and
lepton masses changed accordingly), the (g�2)µ anomaly
can be directly tested at CEPC up to a scalar mass of
' 100 GeV, as shown in Fig. 3, as long as there is a siz-
able BR of H into visible states. With a larger luminosity
being planned [17], FCC-ee could do even better.

O↵-shell (& resonant) LFV.– The LFV signals
could also be produced from an o↵-shell H, i.e. e+e� !
`±↵ `

⌥
� ,as shown in Fig. 1 (bottom panel). This could oc-

cur in both the s and t channels; in the s-channel H is
on-shell if the colliding energy

p
s ' mH (resonance).

Di↵erent from the on-shell case, the o↵-shell production
amplitudes have a quadratic dependence on the Yukawa
couplings (some of them might be flavor conserving), and
thus largely complementary to the on-shell LFV searches.

The amplitude e+e� ! e±µ⌥ is proportional to
h†

eeheµ. This is tightly constrained by the µ ! eee data
in Table I, leaving no hope to see any signal in this chan-

[BD, Mohapatra, Zhang (PRD ’17; NPB ’17)] [BD, Mohapatra, Zhang (PRL ’18; PRD ’18)]
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SM-singlet Charged Scalar

Appears in radiative neutrino mass models, e.g., Zee model [Zee (PLB ’80)].
Can be as light as 100 GeV. [Babu, BD, Jana, Thapa, 1907.09498 (JHEP ’20)]

Potentially observable non-standard neutrino interactions. [Babu, BD, Jana, 2202.06975]

⟨H0
1⟩

H+
2η+

να ℓγ ℓcγ νβ

Collider constraints on h± mass

Direct searches: One can put bounds on h+ mass by looking at
final states (leptons + missing energy)

Some supersymmetirc searches (like Stau, Selectron, ..) can be
used to set limits on h+ mass.
Dominant production mechanisms in LEP are:
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Leptoquarks

Also appear in radiative neutrino mass models, e.g., colored Zee model and RPV SUSY.
SU(3)c triplets =⇒ Strong limits from the LHC.
Three types: pair-production, single-production and indirect dilepton limits.

[Doršner, Greljo, 1801.07641 (JHEP ’18)]

[Angelescu, Bečirević, Faroughy, Jaffredo, Sumensari, 2103.12504 (PRD ’21)]
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RPV SUSY
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Distinct collider tests of the B-
anomalies and the muon g − 2.
[BD, Soni, Xu, 2106.15647]
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Conclusion

Discovery of B − L Violation would be a clear BSM signal.

Deep connection to neutrino mass physics and baryogenesis.

Current and future colliders provide a ripe testing ground for low-scale B − L breaking
effects.

Can probe the seesaw messengers (new fermions/gauge bosons/scalars) in a wide range of
parameter space.

Healthy complementarity at the intensity frontier.

Potentially observable non-standard neutrino interactions.

Might explain some of the current experimental anomalies.
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