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Michael Ramsey-Musolf

Theoretical Physics

• Why does the Universe contain more 
matter than antimatter ?

• What are the laws of nature beyond 
those of the Standard Model & General 
Relativity ?

• How do quantum field theories work ? 
How do they apply to processes in the 
early Universe ?

• How can experiments test our theoretical 
ideas?

Vice Magazine

T.D. Lee Chair Professor, TDLI & Chair Professor, SJTU

• Ph.D. Princeton
• Post-doc MIT
• 美国  à  中国  2019

• mjrm@sjtu.edu.cn
• 微信 ： mjrm-china

2

mailto:mjrm@sjtu.edu.cn
mailto:mjrm@sjtu.edu.cn


3
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17 countries and 
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Director
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Key Ideas for This Talk

• Deep inelastic scattering & partons

• Valence vs. sea quarks & gluons

• Views of the nucleon: partons vs. constituent quarks

• The “Spin Crisis”

• Ellis-Jaffe sum rule & strange quarks

• Weak neutral currents 

• PV Electron scattering & nucleon structure

• The Caltech history

• The future: PVES & BSM physics



Outline

5

I. Spin Crisis p1

II. Deep inelastic leptoproduction

III. Spin Crisis p2

IV. Weak neutral currents

V. PV Electron scattering & strange quarks

VI. PVES & BSM Physics



I. The Spin Crisis p1
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The Spin Crisis

J. Pretz, Hirschegg 2011

quark spin gluon spin orbital motion

vs



The Constituent Quark Model gives 
a successful description 

Up quark

Down quark

QP = 2 QU + QD

kP = QU kU
P + QD kD

P 

QU =   2/3

QD =  -1/3

Proton



II. Deep Inelastic Leptoproduction

9

Blackboard: see scanned notes



III. The Spin Crisis p2
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Ellis-Jaffe Sum Rule
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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 Quark Model vs. QCD

QP , µP

Constituent quarks (QM) Current quarks (QCD)

FP
2(x)

Quantum 
Chromodynamics

q

q
_

Sea 
quarks



IV. Weak Neutral Currents
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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
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Weak Neutral Current is a Probe
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Theoretical interpretation 18



V. PV Electron Scattering & 
Strange Quarks
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Symmetries Score Card

Force

Gravity

E.M.

Strong

Weak

Yes              Yes       Yes

Yes              Yes       Yes

Yes              Yes       Yes

No               No        No

P C T

C:   e+           e-    T:   t           -t  



Exploit Parity Symmetry
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Mirror reflect

1800

Rotational invariance

Parity ~ mirror reflection



Fermion Electroweak Interactions & PV
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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 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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“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

⇠ 10
�6

✓
Q

Mp

◆2

(1)

I(T ) = g
2

Z
d
3
p

(2⇡)3
fB(E, T )

1

(p2 +m2)n
(2)

fB(E, T ) �!
T

m
(3)

I(T ) �!
g
2
T

m

Z

I.R.

d
3
p

(2⇡)3

1

(p2 +m2)n
(4)

m
2
(', T ) ⇠ C1 g

2
'
2
+ C2 g

2
T

2
⌘ m

2

T
(') (5)

Esph(T = 0) =
4⇡v

g
B(�/g

2
) (6)
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PV Electron Scattering
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PV Electron Scattering

28

Incre
asin

g precis
ion

St’d 
Model

K. Kumar



SLAC ‘77: PV Deep Inelastic Scattering

Phys. Lett. B77, 347 (1977)

Phys. Lett. B84, 524 (1979)
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Glashow-Weingerg-Salam: 
Standard Model



PV Electron Scattering
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Strange Quarks: Proton Magnetism & 
Charge Distribution
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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
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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



VI. PVES & BSM Physics
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PV Electron Scattering
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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 BSM 
physics
Small QCD uncertainties 
(Marciano & Sirlin; Erler & R-M)

QCD effects (s-quarks): 
measured (MIT-Bates, 
Mainz, JLab)
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PV Electron Scattering
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Deviations: BSM “Footprints”
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PV Moller scattering



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

Must !

Safe !

BSM probe !
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