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Theoretical Physics

Vice Magazine

» 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?
* Ph.D. Princeton s mjirm@sijtu.edu.cn
* Post-doc MIT « #15 - mjrm-china
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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

. Spin Crisis p1

Il. Deep inelastic leptoproduction
Ill. Spin Crisis p2

IV. Weak neutral currents

V. PV Electron scattering & strange quarks

VI. PVES & BSM Physics



I. The Spin Crisis p1



The Spin Crisis

Where does the Nucleon

Spin come from?
3=35AY + AG+Lg+ Lg VS

I

quark spin  gluon spin  orbital motion

J. Pretz, Hirschegg 2011



The Constituent Quark Model gives
a successful description

Proton
Up quark
+ Down quark
Q°P=2QY+ QP QY= 2/3

KP=QUKUP+QDKDP QD= '1/3



Il. Deep Inelastic Leptoproduction

Blackboard: see scanned notes



lll. The Spin Crisis p2
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Ellis-Jaffe Sum Rule

PHYSICAL REVIEW D VOLUME 9, NUMBER 5 1 MARCH 1974

Sum rule for deep-inelastic electroproduction from polarized protons*

John Ellist
Lauritsen Laboratory of Physics, California Institute of Technol asa
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

Robert Jaffe}
Laboratory for Nuclear Science and Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
and Stanford Linear Accelevator Center, Stanford University, Stanford, California 94305
' (Received 20 August 1973)

A sum rule is derived for the asymmetry in deep-inelastic scattering of polarized electrons
from polarized protons: foi dt g°? (£) ~0.15g,. The result follows from the quark light-cone
algebra and the assumption that strange quarks do not contribute to the asymmetry. The
latter is justified by conventional parton-model arguments.

Measurements of the asymmetry in the inelas- Conventional quark light-cone algebra® yields the
tic scattering of polarized electrons from polar- following expression for g,(£):
ized protons will begin soon.! Several years ago
Bjorken? derived a sum rule for the difference in
polarization asymmetry in deep inelastic scatter-
ing from protons and neutrons, The sum rule has
been rederived recently using the parton model®
and the quark light-cone algebra.*® Unfortunately,
testing the Bjorken sum rule would require data + (%,)”253(16'9)] ,
on scattering from polarized deuterons which will
be unavailable for some time. Here we derive a (1)
sum rule for the asymmetry in scattering from engpy. 1 (7 iExep

; g7 (0= [ drpre

polarized protons alone. We use the standard 4n J_,
quark light-cone algebra, the usual parton-model

£ 2@ = [ dtepretess

. 1
x [s-sg(x-pnm S3(x+p)

assumptions that the only isosinglet (A-type)
quarks in the proton are in the “sea” (Pomeran-
chukon) and that the spins of partons in the “sea”
are paired. These are discussed further later.

The structure functions for scattering polarized
electrons from polarized protons are defined as
follows:

1 . q)\nc 2
E(Wuu - Wuu)=zeuu)\a _Mz—cx(V; q?)

1c5 1
x [-gs,(x-pnm S3(x+p)

+<:—7)msz<x-p)],

where the S} (xp) are defined from the bilocal op-
erators:

(P,n l Sia(xl 0)'17’ n) ':2=o=nus§ (xep)+--+ )
where S (x|0) is the axial-vector bilocal which is

mmmmmmm adanfm e d o 4V . _& PPN .
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The Spin Crisis

Volume 206, number 2

A MEASUREMENT OF THE SPIN ASYMMETRY

AND DETERMINATION OF THE STRUCTURE FUNCTION g,

PHYSICS LETTERS B

IN DEEP INELASTIC MUON-PROTON SCATTERING

European Muon Collaboration

(S.>,=0.373+0.019+0.039 ,

(S.>a=—0.254+0.019+0.039 ,
(S.>=-0.113+0.019+0.039,
(8. usdss=0.006+0.058+0.117

'

Large negative strange sea
polarization & small AX

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

_fg{ (x) dx

[0.18

19 May 1988
do®* —da”
A= = =
do " +do
As =0

T

*1
F ELLIS-JAFFE sum rule

4
J o xg} (x]

0.15

0.2

0.09
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x [gb Ix)dx

4 0.06

4 0.10

7 0.08

x)

xg!

0.04

0.02

~ Quark contribution

[q;" (x)—4q; (x)]

to nucleon spin



The Quark Model vs. QCD\

Quantum
Chromodynamics

ez
—_——
_. Sea
quarks

Constituent quarks (QM) Current quarks (QCD)

Q", u” F75(x)



IV. Weak Neutral Currents
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We can uncover the sea with the Z°

Light QCD quarks: Heavy QCD quarks:
u m,~5MeV c m,~ 1500 MeV
d my~10MeV b m,~4500 MeV

< m, ~ 150 Me\> t m,~ 175,000 MeV
\ - S

7

g e

Lives only in the sea

15



Weak Neutral Current is a Probe

Nuclear Physics B310 (1988) 527-547
North-Holland, Amsterdam

STRANGE MATRIX ELEMENTS IN THE PROTON FROM
NEUTRAL-CURRENT EXPERIMENTS

David B KAPLAN!

Department of Physics, Harvard Unmwersity, Cambridge, MA 02138, USA \

Aneesh MANOHAR? g <

Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics,
Massachuseits Institute of Technology, Cambridge, MA 02139, USA

Received 19 May 1988

PHYSICS LETTERS B 16 March 1989

/ |
|
M / N
SENSITIVITY OF POLARIZED ELASTIC ELECTRON-PROTON SCATTERING
TO THE ANOMALOUS BARYON NUMBER MAGNETIC MOMENT

R.D. McKEOWN

W.K. Kellogg Radiation Laboratory, California Institute of Technology, Pasaden PHYSICAL REVIEW D VOLUME 39, NUMBER 11 1 JUNE 1989

Received 20 August 1988 o N o o
Strange-quark vector currents and parity-violating electron scattering

from the nucleon and from nuclei
The anomalous baryon number magnetic moment may be a useful quantity in

It is shown that this quantity can be determined quite precisely in the elastic D. H. Beck
protons at low momentum transfer. W.K. Kellogg Radiation Laboratory, California Instii of Technology, Pasad California 91125
(Received 3 January 1989)

M of the p plm,m), plv,v)/p(¥,%), and deep-inelastic p(ji,u) can be inter-
preted in a manner which requires a signifi strange-quark contribution to proton matrix ele-
ments. In this paper some imy of strange-quark contributi to proton vector currents
and their ife ion in parity-violating electrc ing experiments are examined. It is found
that strange-quark currents of plausible magnitude significantly affect the parity-violating elastic
electron scattering from the ! in certain ki ic regi It is also shown that, while the

effects in on-going parity-violating experiments on *Be and '*C are small, significant strange-quark
contributions might be exg d in experiments with nuclear targets at higher-momentum transfer.




Proceedings of the workshop held at the
California Institute of Technology

PARITY VIOLATION
1n
ELECTRON SCATTERING

California Institute of Technology
February 23 — 24, 1990

Editors
E. J. Beise
R. D. McKeown
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V. PV Electron Scattering &
Strange Quarks
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Symmetries Score Card

Force P C T

Gravity Yes Yes Yes

E.M. Yes Yes Yes

Strong Yes Yes Yes

Weak No No No
C. € «— € T t «— -t



Exploit Parity Symmetry

Mirror reflect

z
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Rotational invariance —>

Parity ~ mirror reflection




Fermion Electroweak Interactions & PV

Charged currents (CC)
Left-handed interactions only (PV)

Neutral currents (NC)

Physical force ‘

carriers
W + No PV

“‘Weak mixing angle” 6,

Weak interaction flavor basis:
“primordial” force carriers -



Parity-Violation: Scattering & Atoms
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Parity-Violation & Weak Charges

» P e e,p

e ,p e e_,p

Parity-Violating electron scattering  Sensitive to weak mixing
A, = ~ 107 () + F(Q ,0)]
N ' + N Mp ‘

Atomic parity-violation

EPV/B=ie Mx 10" a, )/B




Weak Mixing Depends on Energy Scale

0.245 RGE Running
a Particle Threshold
Measurements
' SLAC-E NuTeV
0.24f
— Particle
= ] Qwe thresholds
= 3 ARV N7 \
E edis }
§':>$ 0.235f N
=
w
P1
3 Tevatron c { LHC
02F  parity violation
- —_—
. MS bar scheme
0.225k — _ .
107* 10 107 107 1 10 10? 10 10*
Interaction energy M [GeV]

Marciano & Czarnecki “00
Erler & MURM ‘05
Erler & Ferro-Hernandez ‘18



Parity-Violation & Weak Charges
e e, p 5 Sz

Parity-Violating electron scattering

N —N
_n
N +N
T
“Weak Charge” ~ 0.1 in SM

Enhanced transparency to Nucleon internal structure:
beyond Standard Model physics strong interaction (QCD)

Small QCD uncertainties dynamics at low energy
(Marciano & Sirlin; Erler & R-M)




PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics
Parity-violating electron scattering has becomga precision tool
photocathodes, polarimetry, high power cryovtargétsw,wnanometer beam stability, gy
precision beam diagnostics, low noise electronics, radiation hard detectors Model
PVeS Experiment Summary T e L \
| Ploneering electron-quark PV DIS experiment SLAC E122 -
® Pioneering \@dp o do N g e e R A S S A R L S J
® Nuclear Studies (1998-2010)
10* = e S.M.Study (2003-2012) -\5'\0(\ > State-o f:the-art: ;
- ® Future 4 Z E12 et T |
558 i é\QgQ /’ .{1 AP » sub-part per billion statistical
@ 77 eI XM reach and systematic control
E \(\0 M -Be g o NS o = =
= sASPLE, H1 _{ 201D o S sub-1% normalization control
= 10 ;-St:d MOdeIN ; _1;(;0 ’g .»
< [&QCD 27 %W g% L7 z -
3 107[ % » g Physics Topics
P : #" BSM | eStrange Quark Form Factors
) ® Neutron skin of a heavy nucleus
2 S : :
; .’ MIT-Bates ® Indirect Searches for New Interactions
10° 5/ AU LiR) ® Novel Probes of Nucleon Structure
- @ L’ efferson Lab | e Electroweak Structure Functions at the EIC
10—10 1 < L /I'){“I“l EEERTTT R ETTT B ARt k) (“harg() Le}"ton Flavor Violation at the EI(“
10\ 1937 10° 10° 10* 10°
AT PV K. Kumar
L T P Gt s E e R msp e 4'-‘"‘——— ——— ’:’.’—.xhﬂm—{.‘r::-::—:'(‘f\':n—.:;ﬂ;'x:‘ﬂib-*)nﬂ-ﬂi
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PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool

) TR T VR VU 5 U U R Y VO Y0 Y0 T T TP TV T T

photocathodes, polarimetry, high power cryotargets, nanometer beam stability, .y
precision beam diagnostics, low noise electronics, radiation hard detectors

10°® 107 10° 10° 10* 10°
Apv K. Kumar

PVeS Experiment Summary (mmmmmmmmmmmmmmmmm e mm e

e Pioneering \@dp x do I\ ____________________________
Nuclear Studies (1998-2010)
| 10%E : S.M. Study (2003-2012) c-,\5'\0(\ > State-o f th e-art:
i - ® Future © N~
i \QQQ . El e N\ » sub-part per billion statistical
i 3 0@’06 o reach and systematic control
= ™ Mdinz-B o T
10° B Y SAMPLE oL o5 » sub-1% normalization control
i N ¢
< : o 9
3 107[ Physics Topics
F e * Strange Quark Form Factors
10°L " Pt * Neutron skin of a heavy nucleus
B MIT-Bates ® Indirect Searches for New Interactions
10°E e e Mainz ® Novel Probes of Nucleon Structure
F o)A R Jefferson Lab | e Flectroweak Structure Functions at the EIC
10—10 1l L1 (| Illllll =1 lIIlIII [ | Illllll 11 lIIlIII B (-"flarg‘) Le}"to"l Fla'z’or Violati‘)” at th‘) EI(“

D S Tty 4%'*"*‘ ——— s P D P ﬁ':-:r:—:?;ﬂ;"ﬁ.;"ﬂ)"‘“!fi""'i
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SLAC ‘77: PV Deep Inelastic Scattering

Glashow-Weingerg-Salam:

Standard Model \

(GeV/c)™
&

PARITY NON-CONSERVATION IN INELASTIC ELECTRON SCATTERING ¥

L
(e}

C.Y. PRESCOTT, W.B. ATWOOD, R.L.A. COTTRELL, H. DeSTAEBLER, Edward L. GARWIN,
A. GONIDEC !, R.H. MILLER, L.S. ROCHESTER, T. SATO 2, D.J. SHERDEN, C K. SINCLAIR,
S. STEIN and R.E. TAYLOR

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94305, USA

J.E. CLENDENIN, V.W. HUGHES, N. SASAO ® and K.P. SCHULER
Yale University, New Haven, CT 06520, USA

a Epr 9.9 GeV
a E°= 16.2 GeV
0 Eqr22.2 GeV

ymmetry 10°a/?
&

M.G. BORGHINI

CERN, Geneva, Switzerland ) Relative Energy Trsf
<-20 ! — 1 1

K. LUBELSMEYER o] 0.l 0.2 0.3 0.4

Technische Hochschule Aachen, Aachen, West Germany -

and

W JENTSCHKE Phys. Lett. B84, 524 (1979)

II. Institut fiir Experimentalphysik, Universitdt Hamburg, Hamburg, West Germany

Received 14 July 1978

- ity P — )
terium and hydrogen. For deuterium near 02 = 1.6 (GeV/c)? the asymmetry is (=9.5 X 107%)Q? with statistical and sys-
tematic uncertainties each about 10%.

Phys. Lett. B77, 347 (1977) 29



PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool

VR ) T VI VIR I U U VN N N 0 0 VN VN R D 00 VU O T P VT I T

photocathodes, polarimetry, high power cryotargets nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors

PVeS Experiment Summary

Ploneering electron-quark PV DIS experiment SLAC E122

e Pioneering @dp do
Nuclear Studies (1998-2010) y 9
| 10*E : S.M. Study (2003-2012) c-,\5'\0(\ > S tate— (0] f th e-da rt.' |
i - ® Future © Z EDN-
i ‘QQQ 7 \El , N\ » sub-part per billion statistical
107 > 77 o RPN :
= @& 7 D reach and systematic control
E N\ Migmiz-B. o = -
i A L 4 H-I ,/ oL o5 » sub-1% normalization control
~ 'O F St'd Modelyzf7ciunt” 5
R C 72 P 4, -H
« f & QCD » w345 - -
B 107[- % X Physics Topics
. aumma * Strange Quark Form Factors
) 0“(:’{ i * Neutron skin of a heavy nucleus
= S 4 / M . -
& 3 pead POIET MIT-Bates ® Indirect Searches for New Interactions
10°E e e Mainz ® Novel Probes of Nucleon Structure
F o)A R Jefferson Lab | e Electroweak Structure Functions at the EIC
10—10 1 L1 1 2 | Illllll L1 lIIlIII | Illllll 11 lIIlIII [ J (-"'larg‘) Le}1t0’1 Flaz’or Violati‘)” at th‘) EI(“

10°® 107 10° 10° 10* 10°
Apv K. Kumar
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Strange Quarks: Proton Magnetism &
Charge Distribution

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 ?

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

<o
s
J

e
—
|

<

<
W
|

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

-15 -1 =05 0 05 1 15 theoretical uncertainty
Strange magnetism

L=
'

=
Z

d
L

c
i3

Strange charge distribution

31
P. Souder & K. Paschke, Front Phys 11 (2016) 111301



VI. PVES & BSM Physics
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PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics
Parity-violating electron scattering has becomga precision tool
photocathodes, polarimetry, high power cryotargétsw,wnanometer beam stability,

precision beam diagnostics, low noise electronics, radiation hard detectors
PVeS Experiment Summary
- Ploneering electron-quark PV DIS experiment SLAC E122
e Pioneering @ do
Nuclear Studies (1998-2010) y QS
| 10%E : S.M. Study (2003-2012) -\5'\0(\ > State-o fthe-art: |
i - ® Future © 3
558 B é\QgQ . AEI 2% ﬁ\\“ » sub-part per billion statistical
«® v 4 gl reach and systematic control
C & Mafnz-B e \ =
-li \ L 4 L ﬁ) oY %« sub-1% normalization control
D = G0 yuSAY 4"
<§. - g /3 ,/'
z 107L 7 | Physics Topics
: ¢" BSM | eStrange Quark Form Factors
10°L % ® Neutron skin of a heavy nucleus
; 7 : MIT-Bates ® Indirect Searches for New Interactions
10° L LER) w ® Novel Probes of Nucleon Structure
E (7 MESKTLS L’ efferson Lab D\ e Flectroweak Structure Functions at the EIC
10—10 1 < L /I'){“I“l EEERTTT R ETTT B ARt k) (__‘harg‘) Le’]ton Flavvor Violation at th‘) EI(“
10\ 1937 10° 10° 10* 10°
AT PV K. Kumar
e L e R e S S P T e G e T o O R =
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Parity-Violation & Weak Charges

e_ >m\f\0M<e’p e' >Wym<€’1?
e e,p e e, p
Parity-Violating electron scattering

N,,-N 0\’
A,, =—1 ~1o6<> + F(Q,0
"N 0 Q0]
“Weak Charge” ~ 0.1 in SM / \

Enhanced transparency to BSM QCD effects (s-quarks):

physics measured (MIT-Bates,

Small QCD uncertainties Mainz, JLab)
(Marciano & Sirlin; Erler & R-M)




PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool

EE VY

photocathodes, polarimetry, high power cryotargets, nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors

PVeS Experiment Summary

RN AR AR

Ploneering electron-quark PV DIS experiment SLAC E122

L o Pioneering @dp
4| @ Nuclear Studies (1998-2010) Q y \Odp
107°E o s.m.Study (2003-2012) -\5'\0 State-o add fue. E
- ® Future © ED\R- * et r"'"m:f?”% e
B N « sub-part per X
I reach and sys
D 106 E \ add frve
: E cyomodules
5 C
oD i =
10 : J
E CLOTS
105 y nucleus
E b0 Interactions
1
oL \ n Structure
107 E { d - P ,
- (T . \ > Junctions at the EIC
10—10 111 = Lo L1 |1|||1|-8 [=]eq ||1|||‘5 Lol 1-.3.?.: @ (7’1arg‘) Ler’ton Flavor Violation at th‘, EI(“
10 107 10 10 10* 10
Apy K. Kumar
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Deviations: BSM ‘Footprints ”

SUSY Z' Bosons Leptoquarks
. N\\\ ,‘ --------------- \‘
¢ o X y f ‘l 'l e ’ : q
" + D Z / : LO e
O - >
e f —
e i I‘\~ _______________ ,’I € q
I\W< : /
X ~ 1
Y |
: Semi-leptonic only
|
Radiative Corrections | Doubly Charged Scalars
|
e bttt N
i [ Moller only .- )
| |
! N - :
7»1]1 }\‘1_]1 i : hee - hee :
i I
[ - _ I
1y € e ]
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wo-Loop EW Radiative Corrections

Closed fermion loops: gauge invariant

(a) (b)
>’ONOW< >/vv@ (e)
(c) (d)

PHYSICAL REVIEW LETTERS 126, 131801 (2021)

Parity-Violating Mgller Scattering at Next-to-Next-to-Leading Order:
Closed Fermion Loops

Yong Du M Ayres Freitas,”" Hiren H. Patel,** and Michael J. Rumsey-Musolf"lj‘§
'Ambherst Center for Fundamental Interactions, Physics Department, University of Massachusetts Amherst,
Ambherst, Massachusetts 01003 USA
2Pittsburgh Particle Physics Astrophysics and Cosmology Center (PITT-PACC), Department of Physics and Astronomy,
University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
3Department of Physics and Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, California 95064, USA
4T.mng—Dzm Lee Institute and School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
*Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125 USA

® (Received 17 January 2020; revised 22 July 2020; accepted 23 February 2021; published 29 March 2021) 37




Two-Loop EW Radiative Corrections

.5(Qew) + 2.1 % (stat,) £ 1.1 % (syst. ) i Exp’t precision (goal) M probe !
Quantity Contribution (x10~2) ‘ % shift *
1 — 4sin® Oy +74.4 i
AQ5y (1.1) —29.0 L -39%
AQw (1.,0) + 3.1 i + 4%
AQy o 2120 T e
AQw (2,1) + 1.65%5007 i '\__:__5_3_'_12‘1_=
AQW (2.0) + 0.18 (estimate) i | 1-04%; Safe!

—————————

/\ # of closed

Loop order

fermion loops

Du, Freitas, Patel, MJRM PRL 126 (2021)
131801 [1912.08220]

* Relative to preceding order
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