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T. D. Lee Institute / Shanghai Jiao Tong U.

A point of 
convergence 

of the 
world’s top 
scientists

A world 
famous 

source of 
original 

innovation

A launch 
pad for the 

early-
career 

scientists

Founded 2016

Particle & Nuclear 

Physics

Astronomy & 

Astrophysics

Quantum

Science

Dark Matter & 

Neutrino

Laboratory 

Astrophysics

Topological 

Quantum 

Computation

Theory & Experiment faculty members from 
17 countries and 
regions, with over 
40% of them foreign 
(non-Chinese) citizens

100+

https://tdli.sjtu.edu.cn/EN/

Director

Prof Jie 
Zhang

https://www.youtube.com/
watch?v=z0awD6q8FTI
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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

This talk

• Global effort: ~ 20 researchers 
• Foster scientific connections
• Science First ! 科学第一！ 
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Key Theme for This Talk
• Fundamental symmetry tests with nuclei & hadrons 

address compelling questions about the fundamental 
laws of nature both within and beyond the Standard 
Model

• Advances in experimental sensitivities challenge 
theory to push the state-of-the-art in Standard Model 
computations and delineate the broader implications of 
of these experiments for our understanding of the 
strong interaction and beyond Standard Model physics

• Theoretical developments are meeting this challenge 
head on, uncovering new puzzles, and pointing toward 
the next horizon in experimental sensitivity



Outline
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I. Context

II. Four Quests

A. Parity-violation with electrons
B. Lepton Number: 0nbb-Decay
C.  b-Decay: 65 years after Wu et al
D.  CP: Electric Dipole Moments & the Origin of Matter

III. Concluding Remarks

Today

Another 
time



I. Context
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Nuclear Physics Today

Hadron structure & 
dynamics: “cold QCD” Rare isotopes: nuclear 

structure & astrophysics

Fundamental symmetries & 
neutrinos: “Intensity Frontier”

Relativistic heavy ions: 
“hot & dense QCD”



Fundamental Questions
Matter, Energy & Mass
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Nucleon & Nuclear Structure

How does QCD build nucleons and 
nuclei with quarks & gluons ?

Beyond Standard Model

Within Standard ModelOrigin of  mf



Fundamental Symmetries

• Continuous: QED U(1), weak isospin SU(2)L , 
color SU(3)C , chiral, …

• Discrete: parity (P), charge conjugation (C), 
time-reversal (T),…

|µ⌫ |

µB

<⇠ 8⇥ 10�15

✓
�m⌫

1 eV

◆
1

|f |
(14)

~�n · ~kn ⇥
~J

⇣
~kn · ~J

⌘
(15)

C
ff

0

7
<⇠

✓
⇤TV PC

1 TeV

◆
⇥ 10�3 (16)

↵T =
hf | O

(8)
TV PC

|ii

hf | OQCD |ii
⇠ C

(8)
TVPC

✓
v

⇤TV PC

◆ ✓
p

⇤TV PC

◆3
<⇠ 10�15 (17)

↵T =
hf | O

(8)
TV PC

|ii

hf | OQCD |ii
⇠ C

(8)
TVPC

✓
v

⇤TV PC

◆ ✓
p

⇤TV PC

◆3
<⇠ 10�7 (18)

O
(8)
fWB = F̄�

µ⌫
⌧

a

2
HfR

fW a

µ↵
B

↵

⌫

O
(8)
fWW = F̄�

µ⌫
HfR

fW a

µ↵
W

a ↵

µ

O
(8)
fBB = F̄�

µ⌫
HfR

eBµ↵B
↵

⌫

O
(8)
f��

= F̄�
µ⌫

fR
eFµ↵F

↵

⌫
(19)

O
(8)
f�Z = F̄�

µ⌫
fR

eFµ↵Z
↵

⌫
(20)

v

⇤

1

⇤3
⌘ F

3 (21)

~x ! �~x (22)
~S ! ~S (23)

2

Parity: 

SU(N): 
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Standard Model
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SU(3)C x SU(2)L x U(1)Y : Strong, EM, & Weak 

V
q

q

V = g, g, W, Z

Weak force 
violates P, CP, T

q
qV
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Nuclei & Hadrons as Laboratories

EDM searches:

BSM CPV, Origin of Matter

0nbb decay searches:

Nature of neutrino, Lepton 
number violation, Origin of 
Matter

Electron & muon prop’s & 
interactions:

SM Precision Tests, BSM 
“diagnostic” probes

Radioactive decays & other 
tests

SM Precision Tests, BSM 
“diagnostic” probes

Lepton Number Violation

CP Violation

Parity Violation
Parity Violation

Today



Theoretical Challenges
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SU(3)C x SU(2)L x U(1)Y
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Low-Energy QCD Is Strong

Nuclei & 
hadrons

p

Nucleus

g Nucleon

g
q

q

Interaction 
strength

Interaction energy



Theoretical Challenges
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SU(3)C x SU(2)L x U(1)Y

“I am incomplete, 
but I need you” 

“I want you to better 
understand me” 

Electroweak probes

Nuclei as 
laboratories

BSM physics
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E
ne
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y 

S
ca

le BSM Scale

Weak Scale: 
246 GeV

theorist

Theoretical Challenges

BSM PhysicsEarly Universe

Experiments Theory
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Experiments

BSM Physics

Theoretical Challenges

Early Universe

Theory

theorist

Precision Electroweak Studies

• Perturbation theory
• Effective Field Theory
• Non-equilibrium QFT
• Dispersion Relations
• Collider simulations & 

phenomenology



Theoretical Challenges
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• How reliably can we interpret electroweak 
processes at the nuclear and hadronic 
scales in terms of 
• nucleon & nuclear structure ?
• beyond Standard Model physics ?

• What is the theoretical error bar ? 



IIA. Parity-Violation with Electrons
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Symmetries Score Card

C:   e+           e-    T:   t           -t  

Force

Gravity

E.M.

Strong

Weak

Yes              Yes       Yes       Yes

Yes              Yes       Yes       Yes

No               No        No       Yes

P C T CPT

Yes              Yes       Yes       Yes



Exploit Parity Symmetry

z

y

x

z

y

x

y

z

xx

Mirror reflect

1800

Rotational invariance

Parity ~ mirror reflection



Fermion Electroweak Interactions & PV

21

Z0 , g

W -

W +

Weak interaction flavor basis: 
“primordial” force carriers

Charged currents (CC)

Neutral currents (NC)

“Weak mixing angle” qW 

Left-handed interactions only (PV)

PV

No PV

W 0 B 0
Physical force 
carriers



Parity-Violation: Scattering & Atoms
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Parity-Violation & Weak Charges 
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Sensitive to weak mixing



Weak Charge & Weak Mixing 

€ 

sin2θW =
g(µ)Y

2

g(µ)2 + g(µ)Y
2

SU(2)L
U(1)Y

Weak mixing depends on scale

Near cancellation



Weak Mixing Depends on Energy Scale

MS bar scheme

Marciano & Czarnecki ’00 
Erler & MJRM  ‘05
Erler & Ferro-Hernandez ‘18

Particle 
thresholds

Parity violation

Interaction energy



Parity-Violation & Weak Charges 
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Parity-Violating electron scattering
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APV =
N↑↑ − N↑↓

N↑↑ + N↑↓

=
GFQ

2

4 2πα
QW + F(Q2,θ)[ ]

“Weak Charge” ~ 0.1 in SM
Enhanced transparency to 
beyond Standard Model  physics
Small QCD uncertainties 
(Marciano & Sirlin; Erler & R-M)

Nucleon internal structure: 
strong interaction (QCD) 
dynamics at low energy
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PV Electron Scattering
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Incre
asin

g precis
ion

St’d 
Model

St’d Model 
& QCD

K. Kumar

BSM

K. Kumar



PV Electron Scattering
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Incre
asin

g precis
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St’d 
Model

K. Kumar



SLAC ‘77: PV Deep Inelastic Scattering

Phys. Lett. B77, 347 (1977)

Phys. Lett. B84, 524 (1979)

29

A
sy

m
m

et
ry

Relative Energy Trsf

Glashow-Weingerg-Salam: 
Standard Model



PV Electron Scattering
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St’d Model 
& QCD

K. Kumar



The Spin Crisis

J. Pretz, Hirschegg 2011

quark spin gluon spin orbital motion

vs



The Spin Crisis

Dq

Large negative strange sea 
polarization & small DS

What about s-quarks & 
nucleon magnetic moment 
and charge distribution ? 
               

Ds = 0

~ Quark contribution 
to nucleon spin



The Constituent Quark Model gives 
a successful description 

Up quark

Down quark

QP = 2 QU + QD

kP = QU kUP + QD kDP 

QU =   2/3

QD =  -1/3

Proton



The Quark Model vs. QCD

QP , µP

Constituent quarks (QM) Current quarks (QCD)

FP2(x)

Quantum 
Chromodynamics

q

q
_

Sea 
quarks



We can uncover the sea with the Z0

Light QCD quarks:

u mu ~ 5 MeV

d md ~ 10 MeV

s ms ~ 150 MeV

Heavy QCD quarks:

c mc ~ 1500 MeV

b mb ~ 4500 MeV

t mt ~ 175,000 MeV

Lives only in the sea 

s
s g

35



Weak Neutral Current is a Probe

36

s
s g

Z
l

l
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Theoretical interpretation 38
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S
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le BSM Scale

Weak Scale

Experiments

BSM Physics

Theoretical Challenges

Early Universe

Theory

theorist

% Precision ~             %  
QCD probe

Theory: SM Weak 
Interaction



Electroweak Radiative Corrections
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e−

€ 

f
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Z 0
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γ
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e−
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f

q

q
_

g

Strong interaction

Strong interaction: 
inside proton 

“Quantum corrections”



Strange Quarks: GM
P

 & GE
P

Interpreting the asymmetry



Strange Magnetism vs   
Electroweak Radiative Corrections

Interpreting the asymmetry

Radiative correction

Non-perturbative 
strong interactions



Strange Quarks: Radiative Corrections

€ 

  r 
+ ⋅ ⋅ ⋅

“Anapole”

g

€ 

Hadronic Weak 
Interaction

+ ⋅ ⋅ ⋅
g

Hadronic Weak 
Interaction

Nucleons & pions
p

N

Quarks & gluons

“Chiral EFT”



EW Radiative Corrections & EFT
Chiral pert theory: 
“effective field theory” 
for low-energy QCD

Snowstorm !Hadronic Weak 
Interaction

Quantify theoretical uncertainty



at Q2=0.1 (GeV/c)2 

SAMPLE Results R. Hasty et al., Science 290, 2117 (2000).

• s-quarks contribute less 
than 5% (1s) to the 
proton’s magnetic moment.

E. Beise, U Maryland
Radiative corrections

• Problem with theory ?
• Experimental issue ?



at Q2=0.1 (GeV/c)2 

125 MeV:
no p background
similar sensitivity 
to GA

e(T=1)

SAMPLE Results R. Hasty et al., Science 290, 2117 (2000).

200 MeV update 2003:
Improved EM radiative corr.
Improved acceptance model
Correction for p background

• s-quarks contribute less 
than 5% (1s) to the 
proton’s magnetic moment.200 MeV data

Mar 2003

D2

H2

Zh
u,

 e
t a

l.

E. Beise, U Maryland
Radiative corrections



at Q2=0.1 (GeV/c)2 

125 MeV:
no p background
similar sensitivity 
to GA

e(T=1)

SAMPLE Results R. Hasty et al., Science 290, 2117 (2000).

200 MeV update 2003:
Improved EM radiative corr.
Improved acceptance model
Correction for p background

• s-quarks contribute less 
than 5% (1s) to the 
proton’s magnetic moment.200 MeV data

Mar 2003

D2

H2

Zh
u,

 e
t a

l.

E. Beise, U Maryland
Radiative corrections

Score one for nuclear theory !!



Strange Quarks: Proton Magnetism & 
Charge Distribution

48

If strange quarks – not part of the quark model 
picture – give a sizeable contribution to the nucleon 
spin and mass, what about their effects on 
electromagnetic properties ?  

P. Souder & K. Paschke, Front Phys 11 (2016) 111301

S
tra

ng
e 

ch
ar

ge
 d

is
tri

bu
tio

n

Strange magnetism

• Small s-quark effects on 
E.M. properties 

• We wouldn’t have known 
this w/o enormous exp’t 
effort and rigorous 
precision EW calculations 
& reliable statement of 
theoretical uncertainty

H, D, 4He



PV Electron Scattering
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K. Kumar



Parity-Violation & Weak Charges 

  

€ 

! e −€ 

e−

€ 

e−, p€ 

e−, p

€ 

Z 0

  

€ 

! e −€ 

e−

€ 

e−, p€ 

e−, p

€ 

γ

Parity-Violating electron scattering

€ 

APV =
N↑↑ − N↑↓

N↑↑ + N↑↓
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QW + F(Q2,θ)[ ]

“Weak Charge” ~ 0.1 in SM
Enhanced transparency to BSM 
physics
Small QCD uncertainties 
(Marciano & Sirlin; Erler & R-M)

QCD effects (s-quarks): 
measured (MIT-Bates, 
Mainz, JLab)
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BSM mass scale



Intensity Frontier: BSM Footprints

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

High energy searches: 
does the observed BSM 
“species” fit the footprints ?

Precision + pattern
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Higgs Boson: EW Precision + Direct Observation

2005 Z Pole EW precision 
measurements

2023 
PDG

Higgs boson direct 
measurement



Electroweak Radiative Corrections
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Strong interaction: 
inside proton 
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Deviations: BSM “Footprints”
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PV Electron Scattering: Diagnostic Tool
d 
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SUSY loops : light & 
compressed spectrum

Erler, Su ‘13
Kurylov, Su, R-M
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Moller (ee)

6 GeV

12 GeV

RPV: No c0 DM 
but Majorana n s

gµ-2
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PV Electron Scattering
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Deviations: BSM “Footprints”
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Two-Loop EW Radiative Corrections

Closed fermion loops: gauge invariant 
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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] 

62

δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) Exp’t precision (goal)

Must !

Safe !

BSM probe !
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III. Concluding Remarks
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Nuclei & Hadrons as Laboratories

EDM searches:

BSM CPV, Origin of Matter

0nbb decay searches:

Nature of neutrino, Lepton 
number violation, Origin of 
Matter

Electron & muon prop’s & 
interactions:

SM Precision Tests, BSM 
“diagnostic” probes

Radioactive decays & other 
tests

SM Precision Tests, BSM 
“diagnostic” probes

Lepton Number Violation

CP Violation

Parity Violation
Parity Violation

Powerful !
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Experiments

BSM Physics

Theoretical Challenges

Early Universe

Theory

theorist

Precision Electroweak Studies

• Perturbation theory
• Effective Field Theory
• Non-equilibrium QFT
• Dispersion Relations
• Collider simulations & 

phenomenology

Connecting physics 

at multiple scales 
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Theory & Exp’t: Close Collaboration

Career-long teamwork !
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Exciting Challenges Remain

Welcome to join !

Future Circular e+e- & pp

Electroweak precision calc’s

Electron-nucleus interaction

“Old School” 
theoretical physics

Atomic EDMs
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Fermion Electroweak Interactions & PV
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2
Bµ

!
 (35)

J
W

µ
=  ̄L�µ

⌧
a

2
 L (36)

J
B

µ
=  ̄�µ

Ŷ
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Electroweak Radiative Corrections
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Weak Mixing in the SM: Uncertainties

Full SU(2)L x U(1)Y    Renormalization Group

1. Relate running of sin2qW to running of a

2. Run a & sin2qW  to µ ~ mc

3. Bound s-quark contribution to a(mc ) -- 
relative to u and d contributions -- using 
symmetry limits: heavy quark and 
SU(3)f limits 

Erler & R-M

R = s (e+e- à had) / s (e+e- à µ+µ-) 
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Dispersion Relation
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Data !
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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)

What’s 
inside ?

Inter-frontier challenge



0nbb-Decay & PVES
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MLRM 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 



0nbb-Decay & PVES
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MLRM type II Seesaw: d - -

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

+

+

JLab: Moller

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

pp 
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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


