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MJRM: Scientist & “Ambassador”

TDLI / SJTU

ACFI / 

UMass

• Early universe QFT
• EW phase transition
• Collider pheno & Higgs

• Fundamental symmetries
• Baryogenesis
• EW precision tests
• Inter-frontier connections

Amherst
Shanghai

• Global effort: ~ 20 researchers 
• Foster scientific connections
• Science First ! 科学第一！

This talk: 
NP-HEP 
interfrace



4

Goals for this Talk: What I Won’t Do

• Give a comprehensive survey of BSM 
searches at the high energy frontier

• Chase anomalies: MW , (g-2)µ , …

• Make explicit reference to all previous 
BSM talks in this workshop 



5

Goals for this Talk: What I’ll Try to Do
• Contextualize the EIC electroweak and BSM 

program with respect to HEP BSM searches

• Illustrate inter-frontier connections between 
the HEP and NP programs

• Highlight developments, opportunities, and 
challenges in two areas: EW precision tests 
and searches for BSM lepton number 
violation

• Invite discussion, other ideas, and future 
explorations
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Disclaimer 

• Apologies for omissions of references to 
other important work

• Will not cover charged lepton flavor 
violation à see excellent talks this 
workshop
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Outline
I. Questions & Frontiers

II. Electroweak precision tests: what are the 
possible BSM “footprints” and what is the 
relevant BSM mass scale ?

III. What is the scale of lepton number violation ?

IV. Outlook

• Where is the CP-violation needed to explain 
the matter-antimatter asymmetry ?

• Was there an electroweak phase transition ?

Back up slides for another day…



8

I. Questions & Frontiers



Fundamental Questions
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MUST answer

Origin of mn
9



Experimental Probes: Energy Frontier

CMS

ATLAS

LHC

International Linear Collider

Future Circular e+e- & pp

Future Circular e+e- & pp
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Future Colliders: CEPC

Yuhui Li, CEPC 2023, Nanjing

q The idea of CEPC was proposed in Sep. 2012, and quickly gained the 
momentum in IHEP and in the world.

q The CEPC aims to start operation in 2030’s, as a Higgs (Z / W) factory in China. 
q To run at 𝑠 ~ 240 GeV, above the ZH production threshold for ≥1 M Higgs; at 

the Z pole for ~Tera Z;    at the W+W- pair and then 𝒕�̅� pair production thresholds.
q Higgs, EW, flavor physics & QCD, probes of physics BSM.
q Possible pp collider (SppC) of 𝑠 ~ 50–100 TeV in the far future.

TDR (2023), EDR(2026), 
start construction (2027-8)

15th FY

Experiments à
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Future Colliders: FCC

Frank Zimmermann, CEPC 2023, Nanjing

comprehensive long-term program maximizing physics opportunities

• stage 1: FCC-ee (Z, W, H, t ̅t) as Higgs factory, electroweak & top factory at highest luminosities
• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
• highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-

independent measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as 
“energy upgrade” of FCC-ee)

• common civil engineering and technical infrastructures, building on and reusing CERN’s existing 
infrastructure

• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-
LHC

2020 - 2040 2045 - 2063 2070 - 2095

FCC-ee FCC-hh

European Strategy for 
Particle Physics 2020

Feasibility 
study: 91 km 
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Future Colliders: ILC & CLIC

Junping Tian, CEPC 2023, Nanjing
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Future Colliders: Specs

Yuhui Li , Frank Zimmerman, Junping Tian, CEPC 2023, Nanjing

double ring e+e- collider,  with full-energy booster

2 or 4 interaction points

efficient L from Z to 𝒕�̅�
thanks to twin-aperture magnets, high-Q SRF, 
efficient RF power sources, top-up injection, etc.
>2.5 ab-1 / IP with ~0.5x106 H / IP (3y) 
>75 ab-1 / IP with ~2x1012 Z / IP (4y)

FCC-eeCEPC

ILC CLICLEP: 17 x 106 Z
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

HEP : H & Z factories

HEP : New (heavy) particles 

Li
fe

tim
e 

Fr
on

tie
r

V. Cirigliano, this workshop



A New LHC Emphasis: Lifetime Frontier
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Are we looking for BSM physics 

in the right places? 



A New HEP Emphasis: Lifetime Frontier
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Are we looking for BSM physics 

in the right places? 

More and more  



Why Should BSM LLP’s Exist ?
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Large scale hierarchies & broken symmetries 
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• Heavy (off shell) mediator:     
Hidden valley

• Compressed spectrum : 
Stealth SUSY

• Broken symmetry:     
RPV SUSY

• Scale ratio: NR , ZD

ct

ct

( ct )-1

MJRM, LLP Workshop, Trieste 2017



A New HEP Emphasis: Lifetime Frontier
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FASER 
SHiP (proposed)

MATHUSLA (proposed)

+ ATLAS, CMS, LHCb
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Energy Frontier: LHC

ATLAS: Heavy BSM (prompt)

SUSY

Non- SUSY

CMS: Heavy BSM (prompt)

CMS: LLP



21

Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

• Precision tests: 
muon g-2, PV ee…

• Fundamental 
symmetry tests (CP, 
Lepton number…)

• Neutrino properties
• Flavor physics

HEP + Nuc

HEP : New (heavy) particles 
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

• Precision tests: 
muon g-2, PV ee…

• Fundamental 
symmetry tests (CP, 
Lepton number…)

• Neutrino properties
• Flavor physics

HEP + Nuc • Atomic, Molecular, 
Optical

• Condensed Matter

HEP : New (heavy) particles 
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

• Precision tests: 
muon g-2, PV ee…

• Fundamental 
symmetry tests (CP, 
Lepton number…)

• Neutrino properties
• Flavor physics

HEP + Nuc • Atomic, Molecular, 
Optical

• Condensed Matter

HEP : New (heavy) particles 



Intensity Frontier: BSM Footprints

Fundamental symmetry & precsion
tests: draw inferences about BSM 
scenarios from a variety of 
measurements 

New particle searches: 
does the observed BSM 
“species” fit the footprints ?

DiscoveryDiscovery
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Precision ~ BSM Mass Scale

d NEW ~ C  ( MW / L )2

L ~ 10 TeV (tree)

L < 1 TeV (loop) Above example

Loop effect
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Nuclear Physics Connections

Fundamental symmetries & 
neutrinos: “Intensity Frontier”

0nbb 
Decay EDMs

Precision 
tests

Lepton 
number

CP & T

Muon g-2, PV 
ee, b decay…
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More Matter than Antimatter ?

Paradigmatic inter-frontier challenge



Ingredients for Baryogenesis

• B violation (sphalerons)

• C & CP violation 

• Out-of-equilibrium or 
CPT violation

Standard Model BSM

Scenarios: leptogenesis, 
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold 
baryogenesis, post-
sphaleron baryogenesis…

28
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Fermion Masses & Baryon Asymmetry

Partners

Partners

Higgs Mechanism

Electroweak baryogenesis: 
Baryon asymmetry & mf from 
EW symmetry breaking

Something else ?

Leptogenesis: Baryon 
asymmetry & mn from 
lepton number violation

Another dayThis talk
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Cosmic History

EWSB CMB (decoupl) & 
Recombination

Inflation Radiation Matter Vac

QGP-Had

BBN

Standard Thermal 
Leptogenesis

End of 
inflation + 
reheating

Electroweak 
Baryogenesis
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Frontiers

Historical artifact: US HEP 
vision à still useful mnemonic

• Precision tests: 
muon g-2, PV ee…

• Fundamental 
symmetry tests (CP, 
Lepton number…)

• Neutrino properties
• Flavor physics

HEP + Nuc • Atomic, Molecular, 
Optical

• Condensed Matter
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II. Electroweak Precision Tests
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High Energy EW Precision

ALEPH

DELPHI

L3 OPAL

LEP: 17 x 106 Z SLC: 0.6 x 106 Z
+ polariz

atio
n
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High Energy EW Precision

2005 Z Pole 2005 Z Pole

2023 PDG
2023 
PDG
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High Energy EW Precision

2023 PDG
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High Energy EW Precision

2023 PDG

LEP: 17 x 106 Z
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High Energy EW Precision

2023 PDG

LEP: 17 x 106 Z

MMIN : Barbieri & Strumia ‘00

SMEFT

à “Little Hierarchy Problem”

BSM physics @ M ~ 10 TeV ?
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High Energy EW Precision

2023 PDG

LEP: 17 x 106 Z

Future e+ e- :
few  x 1012 Z

~ 300 x better
stat precision



Low Energy: PV Electron Scattering

39

Inc
rea

sin
g p

rec
isio

n

K. Kumar

BSM

K. Kumar



Low Energy: PV Electron Scattering

40K. Kumar

Inc
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n

PV ee
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High Energy – Low Energy Interplay

2023 PDG

δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) 

Exp’t precision (goal)

MOLLER Experiment
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Deviations: BSM “Footprints”
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Two-Loop EW Radiative Corrections

Closed fermion loops: gauge invariant 

43



Two-Loop EW Radiative Corrections

Loop order
# of closed 
fermion loops

% shift

- 39%
+ 4%

- 4.4%
+ 3.4%

+/- 0.4%

*

* Relative to preceding order

Du, Freitas, Patel, MJRM PRL 126 (2021) 
131801 [1912.08220] 
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δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) Exp’t precision (goal)

Must !

Safe !

BSM probe !



PV Moller Scattering
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Type II Seesaw: H++Dark Sector: Z’

Search for additional neutral weak force that is 
inaccessible to the Large Hadron Collider

Dark Z’ Davoudiasl
et al (2012)

LR Symmetric Model

Dev, MJRM, Zhang 
PRD 98 (2018) 5

Update ahead 
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High Energy – Low Energy Interplay

2023 PDG

EIC Prospective

M. Nycz, this meeting
BSM “value added” ?
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The Competition : “Short Term”

K. Kumar, this meeting
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The Competition : Longer Term

2023 PDG

LEP: 17 x 106 Z

Future e+ e- :
few  x 1012 Z

~ 300 x better
stat precision

Caveat: SM theory challenge 
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The Competition : Longer Term

Shao-Feng Ge, MJRM, Zhuo-Ni Qian, Jia Zhou 
2024.NNNN [hep-ph]

Missing

Off Z-pole: 
future e+e-

hep-ex/0509008
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III. What is the LN Violation Mass Scale ?



SM: B+L Not Conserved
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SM B+L Violation & Sphalerons
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Sphaleron
Configuration D (B+L) / NFAnomaly
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SM B+L Violation & Sphalerons
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Sphaleron
Configuration D (B+L) / NFAnomaly
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Additional LN Violation: Questions

• Are there additional sources of LN violation at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn

n  Pheno
• 0nbb decay
• µn

Colliders



55

LNV Physics: Where Does it Live ?

M
as

s 
Sc

al
e

Coupling

EWS

BSM ? SUSY, see-saw, BSM 
Higgs sector…

BSM ?
Sterile n’s, axions, 
dark U(1)… 

LNV Dyn
am

ics

Is the BSM LNV scale (associated with mn ) far 
above EWS ?  Near EWS ? Well below EWS ?
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Lepton Number: n Mass Term? 
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0nbb-Decay: LNV? Mass Term? 
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LNV Physics

A(Z+2, N-2)A(Z, N)
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0nbb-Decay: LNV? Mass Term? 
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Impact of  observation

• Total lepton number not 
conserved at classical level

• New mass scale in nature, L

• Key ingredient for standard 
baryogenesis via leptogenesis

LNV Physics

A(Z+2, N-2)A(Z, N)
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0nbb-Decay: LNV? Mass Term? 
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Impact of  observation

• Total lepton number not 
conserved at classical level

• New mass scale in nature, L

• Key ingredient for standard 
baryogenesis via leptogenesis

LNV Physics

A(Z+2, N-2)A(Z, N)
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NLDBD Experimental Horizons

• Global effort to deply “ton scale” expt’s
à 100 x better lifetime sensitivity

• Top priority for U.S. nuclear science 

Thanks: J. Wilkerson
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0nbb-Decay: LNV? Mass Term? 
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• Total lepton number not 
conserved at classical level

• New mass scale in nature, L

• Key ingredient for standard 
baryogenesis via leptogenesis

LNV Physics

What’s 
inside ?

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

Inter-frontier challenge
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LNV Mass Scale & 0nbb-Decay

A(Z,N) ! ! A(Z+2, N-2) + e- e-Underlying 
Physics

• 3 light neutrinos only : source of neutrino 
mass at the very high see-saw scale 

• 3 light neutrinos with TeV scale LNV
• > 3 light neutrinos

How can we determine the 
underlying LNV physics?
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LNV Mass Scale & 0nbb-Decay

A(Z,N) ! ! A(Z+2, N-2) + e- e-Underlying 
Physics

• 3 light neutrinos only : source of neutrino 
mass at the very high see-saw scale

• 3 light neutrinos with TeV scale LNV
• > 3 light neutrinos 

The “Standard Mechanism”
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0nbb-Decay: LNV? Mass Term? 

“Standard” Mechanism
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• Light Majorana mass generated 
at the conventional see-saw 
scale: L ~ 1012 – 1015 GeV

• 3 light Majorana neutrinos 
mediate decay process

€ 

e−

€ 

e−

€ 

νM

€ 

W −

€ 

W −

A(Z+2, N-2)A(Z, N)
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0nbb-Decay: “Standard” Mechanism
Three active light neutrinos

Ef
fe

ct
iv

e 
D

BD
 n

eu
tri

no
 m

as
s 

(e
V)

Inverted Normal 

Lightest neutrino mass (eV) !

Heavy Majorana NR

KamLAND-Zen

Ton scale



Neutrinos and the Origin of Matter
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m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

4

• Heavy neutrinos decay out of equilibrium 
in early universe

• Majorana neutrinos can decay to particles 
and antiparticles

• Rates can be slightly different (CP violation)

• Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons
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LNV Mass Scale & 0nbb-Decay

A(Z,N) ! ! A(Z+2, N-2) + e- e-Underlying 
Physics

• 3 light neutrinos only: source of neutrino 
mass at the very high see-saw 

• 3 light neutrinos with TeV scale LNV
• > 3 light neutrinos 
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0nbb-Decay: LNV? Mass Term? 
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F

B B

• Majorana mass generated at 
the TeV scale

• Low-scale see-saw
• Radiative mn

• mMIN << 0.01 eV but 0nbb-signal 
accessible with tonne-scale 
exp’ts due to heavy Majorana
particle exchange

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



Low Scale LNV & Leptogenesis
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Electroweak symmetry breaking

Electroweak sphalerons

LNV
Fast DL = 2 int: erase L Deppisch et 

al ‘14, ‘15

The observation of TeV (and 
below) scale LNV could be fatal 
to the leptogenesis paradigm
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Leptogenesis & TeV Scale LNV: Example

S: (1, 2, ½)
F: (1, 0, 0) Majorana

The “O2 Model”: similar ingredients as in scotogenic neutrino mass models 
(but no Z2 symmetry)

YB-L washed out

YB-L survives J. Harz, MJRM, T. Shen, S. Urrutia-Quiroga ‘21

g2

g 1
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Low Scale LNV Probes

• New scalars (type II see saw)

• New LNV interactions (hadron collider)

• Heavy neutral leptons (sterile n…)
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders



LNV: Scalar Fields & mn

73

mLRSM type II Seesaw: d - -

0nbb Decay, PV e-e- à e-e- ,  e+e- à e+e- & pp collisions 

G. Li, MJRM, S. Urrutia-Quiroga, J.C. Vasquez

pp 
JLab: Moller

+

+CEPC



BSM LNV: 0nbb-Decay & pp Colliders

0nbb-Decay
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pp Collisions

LNV

d
u

d u
e e

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

e e

LNV

d u

d u
_

_P P

X X

LHC: SS Dilepton + Dijet

Numerous studies: another talk…
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TeV-Scale LNV: lepto, 0nbb-Decay & Colliders

S: (1, 2, ½)
F: (1, 0, 0) Majorana

The “O2 Model”: similar ingredients as in scotogenic neutrino mass models 
(but no Z2 symmetry)

YB-L washed out

YB-L survives J. Harz, MJRM, T. Shen, S. Urrutia-Quiroga ‘21

0nbb-decay

Collider

Comparing 0nbb-decay, collider, & cosmo

g2

g 1

LLP regime

Collider – 0nbb – overlap: < TeV
scale LNV “smoking gun”
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LLP Searches for LNV
Simplified Model

LHC long-lived 
particle searches

KamLand-Zen

ton-scale

G. Li, MJRM, S. Su, 
J.C. Vasquez ‘22

YB-L washed out

YB-L survives

g2

g 1

LLP regime
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders
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S mn from Cosmo: 0nbb-Decay Implications
Three active light neutrinos: 
conventional see-saw

Lightest neutrino mass (eV) !

Inverted 

Ton Scale

Current generation

Cosmo current

P. Vogel

Ton scale

Cosmo next gen

Ef
fe

ct
iv

e 
D

BD
 n

eu
tri

no
 m

as
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(e
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An important challenge for 

the high scale LNV paradigm



Minimal LR Symmetric Model: 0nbb-Decay
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Long range chiral enhancement

Thanks! Juan Carlos Vasquez



Minimal LR Symmetric Model: 0nbb-Decay

80

Long range chiral enhancement

Thanks! Juan Carlos Vasquez



TeV-Scale LNV: 0nbb-Decay & S mn

81

Short range only

~ Cosmo next gen

Minimal LR Symmetry
EFT: Long range



TeV-Scale LNV: 0nbb-Decay & S mn

82

Short range only

EFT: Long range

~ Cosmo next gen

Minimal LR Symmetry

Observation of 0nbb decay + NH from 
oscillations + tighter astro S mn bounds 
à TeV scale (and below) LNV



TeV-Scale LNV: 0nbb-Decay & S mn

83

Short range only

EFT: Long range

~ Cosmo next gen

Minimal LR Symmetry

Observation of 0nbb decay + NH from 
oscillations + tighter astro S mn bounds 
à TeV scale (and below) LNV

Collid
er L

LP probes
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More Than 3 Light Neutrinos: MeV-GeV
mLRSM Simplified Model

Current S mn

exclusion 

J. De Vries, G. Li, MJRM, 
J. C. Vasquez ‘22

G. Li, MJRM, J. C. 
Vasquez ‘21



TeV LNV:  LLP & S mn
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On-shell W à
N e à e e jj

LLP

HL-LHC 
ATLAS/CMS

0nbb current 

0nbb ton scale 
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6

G. Li, MJRM, J.C. Vasquez, ‘22

Improvement in efficiency à
extend beyond current DBD reach



Light n :  Lepton Collider Probes

86

AFB : vanish for Majorana N 

e+ e- à Z0 à N N       vs e+ e- à Z0 à N N 
_

Lepton FB Asymmetry
N Polarization

Dirac

Majorana

M. Drewes 2210.17110 (mini-review)
Blondel, de Gouvea, Kayser 2105.06576



Light n : Lepton Collider Probes
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LLP LNV Observability

e+ e- à Z0 à N N       vs e+ e- à Z0 à N N 
_

Displaced decays (LLPs)

Active-HNL Mixing

lNMajorana = 2 x lNDirac
Expt
exclusion

Light mn

incompatible

M. Drewes 2210.17110 (mini-review)
Blondel, de Gouvea, Kayser 2105.06576



W Pair Production

88

LNV + CPV 

mN = 15 GeV
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders
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Spontaneous LNV: Higgs, GW, Collider

Phase 
Transitions

Collider 
Signatures

GW 
Signals

The EW scale: BSM 
Higgs & more

LISA, Taiji, 
Tianqin

LHC + Higgs 
factories

Models
Complementary 
probes

Spontaneous LNV à
phase transition ?



Gravitational Waves
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A. Addazi, SPCS 2023

Taiji, Tianqin
similar



LNV Scalar Field & GW
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Example: Majoron models à
spontaneous LN violation & mn

A. Marciano: SPCS 2023 + refs

Phase transition associated with spontaneous 
LNV à non-astrophysical GW source



LNV Scalar Field & GW

93

EWPT laboratory for GW micro-physics: colliders can probe 
particle physics responsible for non-astro GW sources à test 
our framework for GW microphysics at other scales 

Example: Majoron models à
spontaneous LN violation & mn

A. Marciano: SPCS 2023 + refs

Another d
ay
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IV. Outlook - A

• There exists a rich complementarity involving 
the intensity, high energy, lifetime, and 
cosmic frontiers

• For EW precision BSM probes, it’s all about 
the error bars à challenge for EIC

• NP fundamental symmetry tests poised to 
discover BSM footprints, while BSM searches 
at the high energy, lifetime, and cosmic 
frontiers could discover the underlying 
dynamics (LNV as a “poster child” )
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IV. Outlook - B

What are the EIC implications ? 

• EIC EW precision tests as a BSM probe:  
may have limited impact

• EIC fundamental symmetry tests: 
competition for lepton number, baryon 
number, CP is tough but charged lepton 
flavor violation is a unique opportunity  

• Gonderinger, MJRM, JHEP 11 (2010) 045
• Cirigliano, Fuyuto, Lee, Mereghetti, Yan, JHEP 03 (2021) 256
• Talks in this workshop


