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@"Opening quiz"

#Parity Violation in Deep Inelastic Scattering (PVDIS) and the
Electroweak Standard Model

@JLab 6 GeV PVDIS results and mass limits on new contact
interactions

@JLab 12 GeV PVDIS with SoLID
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"Opening Quiz" - A typical Modern Physics homework
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Electron Scattering on Fixed Nuclear or Nucleon Targets
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Py

From cross section we extract
“elastic form factors"

"Resonance":
1<W<2GeV

"Deep Inelastic": W>2 GeV,
directly probes the quasi-free
& quarks inside the nucleon.
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Parity Violation in Electron Scattering

N to detector
beam ® -
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@ If parity symmetry were exact, then the physical law behind a
process is the same as the law behind its mirror process.
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Parity Violation in Electron Scattering_

to detector to detector
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Parity Violation in Electron Scattering

to detector
o e / slectron to detector
beam ® beam ./
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Parity Violation in Electron Scattering

to detector
o e / slectron to detector
beam ® beam ./

~o> <o=——{

2 L€

@ We can access parity violation by €
the count difference between
left- and right-handed beam
electrons.

@ Tn the electroweak Standard
Model, this is given by the
interference term between:
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Standard Model Predictions for PVES

s Unlike electric charge, need two charges (couplings) for weak

interactio

or "vector” and "axial" weak charges:
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Standard Model Predictions for PVES

s Unlike electric charge, need two charges (couplings) for weak
iInteraction: g , g,

or "vector” and "axial” weak charges: 9,~(9,%*9,) 9,~(9,-9,)
sPVES asymmetry comes from V(e)xA(targ) and A(e)xV(targ)

S
e\v_A/é e~V A,

ZO

&
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Standard Model Predictions for PVES

s Unlike electric charge, need two charges (couplings) for weak
interaction: g , g,

or "vector” and "axial” weak charges: 9,~(9,%*9,) 9,~(9,-9,)

sPVES asymmetry comes from: C,,=2959%, Cp=24 7}

'electron-quark

V-A -V-A
Z\/é = € effective couplings"

Z° and can be directly

related to sin®g,,
e A N E
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Physics Accessed in PVES

@ The first PVES (SLAC E122, 1978) measured sin?0,, for the
first time, established parity violation in neutral weak current

and the Weinber'g—Salqm-Glashow model. DEUTERIUM TARGET 0
7 —w-s - (8,
Q
KL N 5in29w
-2 J:\\\\ 0.307]

A /02 (Gev/c) 2

Prescott et al, Phys.
Lett. 778, 347 (1978)
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Physics Accessed in PVES

@ The first PVES (SLAC E122, 1978) measured sin?0,, for the
first time, established parity violation in neutral weak current

and the Weinberg-Salam-Glashow model. DEUTERTLN ”‘RGE(TEO)
o T W-S T T T \e /g

@ Nowadays, PVES is being used to test the E h, sin? B,
Standard Model, and to set limits on new BN 0.507

physics.

A /02 (Gev/c) 2

Prescott et al, Phys.
Lett. 778, 347 (1978)
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Physics Accessed in PVES

@ The first PVES (SLAC E122, 1978) measured sin?0,, for the
first time, established parity violation in neutral weak current

and the Weinberg-Salam-Glashow model. DEUTERTLN ”‘RGE(TEO)
o T W-S T T T \e /g

@ Nowadays, PVES is being used to test the E h, sin? B,
Standard Model, and to set limits on new BN 0.507

physics.
@ PVES in elastic scattering can access C,|
while PVDIS can access both €, and C, .

A /02 (Gev/c) 2

Prescott et al, Phys.
Lett. 778, 347 (1978)

X. Zheng, UVaq, at Hadron Physics with lepton and hadron beams, September 2017, Newport News, VA 14



Best Data on C,  (eq AV couplings) from elastic

elastic electric form
factor at Q=0 &
nucleon electric charge

elastic PVES asymmetry
at Q?=0 & nucleon weak
charge

C,,=2949v,
Cr=29v9,

C1u+C1d
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Androic et al., PRL 111, 141803 (2013);
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Best Data on C,  (eq AV couplings) from elastic

This picture will
soon change... in
fact, on this
Friday, o be exact
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Accessing C, in PVES /

'ElC(STiC PVESZ e

— Hadronic effects suppressed, directly probes C, ,
(as the proton weak charge)

— Hadronic parity violation shows up as the nucleon
axial form factor 6,, and extracting C, from 6, is

model dependent /
......... B
PV in Deep Inelastic Scattering (PVDIS): — 4 <
- 2 o
measure both C, and C, explicitly. o
°p0d
> g @

__eq __eq
Clq_gAV’CZq_gVA
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Formalism for PVDIS

_GrQ°

A =
V2

alx|+Y (y|blx]|

For an isoscalar target (2H):

a(x):_(zclu_cld) u+.+d+,

1+ O.GS+') b(X):i(ZC

X. Zheng, UVaq, at Hadron Physics with lepton and hadron beams, September 2017, Newport News, VA 18



Formalism for PVDIS

G 9

A=
SRR ) i

lalx]+Y (y]b(x)

For an isoscalar target (2H):

“static limit": O 1
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Formalism for PVDIS

G 9

A=
SRR ) i

lalx]+Y (y]b(x)

For an isoscalar target (2H):

3 Uy +
b(x):EPCZu_CZd) :/'+d:
“st¢jc limit“: O 1
3 10 . > 3 . 2
5t sin 0. ) 1—4sin"0,,
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C,, from E122 (before JLab)

2CZU_CZd

0 \
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2Clu-cld
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then zoom in
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PVDIS at 6 GeV (Jefferson Lab)
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+ 100uA, 90% polarized beam
on a 20cm liquid deuterium
Target

¥+ Measured two DIS points:
Q?=1.085 and 1.901
(GeV/c)?

+ Ran in Hall A in Nov-
Dec.2009, results
published in 2013-2015.
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v
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PVDIS at 6 GeV (JLab Hall A)

+ Results:

Ag”yslogsx 0 oqy =—91.10£3.11+2.97 ppm

compare to

A™M=(1.156x10"|[(2C,,—C,4]+0.348(2C,,—Cy

Ag’wlgm ) 295 =—160.80+6.39+3.12 ppm

compare to

A®M=(2.022x10" )[(zclu—cld)+0.594(ZCQU—Czd)]
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Compare to Standard Model?

AP =—-91.10+3.11+2.97 ppm

Q’=1.085,x=0.241

A™M=(1.156x10"")

2C,,—C4|+0.348(2C,,—C,,||=—87.7 ppm
'3

uncertainty due to PDF: 0.5% 5%

uncertainty due to HT: 0.5%/Q?, 0.7ppm

AP =—160.80+6.39+3.12 ppm

Q’=1.901,x=0.295
A™=(2.022x10"")|[2C,,—C ,|+0.594(2C,,~C,,||=—158.9 ppm
~ T
uncertainty due to PDF: 0.5% 5%
uncertainty due to HT: 0.5%/Q?, 1.2ppm
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On the e-q VA Previous data: E122, Elastic PVES + APV
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On the e-q VA

Add JLab 6 GeV PVDIS
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On the e-q VA best fit

Couplings Y

W\
J5t] | = T RNN

JESN—]
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ambidextrous

fit

By separately scattering right - and left-handed electrons off quarks in a
deuterium target, researchers have improved, by about a factor of five, ona
classic result of mirror-symmetry breaking from 35 years ago. SEE LETTER P.67

lllllllllll[

Marciano., Nature 506, no. 7486, 43 (2014);
( Quarks are like people, most prefer touse 44
their right hands, but some prefer left...) '

=)

O 2
QN

lll|lll|ll

I

I

[

0.0

-0.2
7

-0.3

INNIIIII]IIINIIIIN

The value of 2C, -C, is 26 from zero -
clearly identified parity-violating

| ‘ = ia] ‘ |
contribution from quarks’ parity-violating m4

property

i) "Measurement of parity violation in

-1.50

125 electron-quark scattering”

2C Wang et al., Nature 506, no. 7486, 67 (2014);
. ol : : : . ,

u 1Q
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Answer to the Opening Quiz

size in atoms and in meters Sx Sp= /[ binding
2 5x energy
1 10"
electrons in an atom 10-9m ~ keV eV

nucleons in the nucleus| 10¢14-P)m | 2#10°MeV [*#10!MeV
ﬁ:; 1{::-'14

quarks in nucleons 10-m x2102MeV (*102MeV)

100,000 preons in quarks 101018y | ¥ 10°6eV | oy
1 and leptons: -TeV
% -18
100,000,000 @
“preons"?
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Answer to the Opening Quiz

size in atoms and in meters __h binding
i OX P725x | energy
1 10
electrons in an atom 109m & keV x eV
1 hucleons in the nucleus| 10t14-Dm | 210°MeV  [#10!MeV
14
10
10,000 . 15 , ,
quarks in nucleons 10-m x2102MeV (*102MeV)
1 15 ,
100,000 ' preons in quarks 101918y | * 10°GeV xTeV
and leptons: -TeV
1 e_ 1{]-13
100,000,000 il . .
“55= If preons exist, they must interact through a new
@ interaction, with an energy scale at the TeV level.
“preons”?
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Effective Couplings and New Contact Interactions

Below the energy scale A: such new physics will manifest itself as
new llgg-type 4-fermion contact interactions, that modify the values
of €, and C, from their Standard Model predictions.

/
e\v;A/'e e A e e\ v-a / €
ﬁl-A\A “V-A V-A
“g——q_
d q q

Erler&Su, Prog. Part. Nucl. Phys. 71, 119 (2013)
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Effective Couplings and New Contact Interactions

Below the energy scale A: such new physics will manifest itself as
new llgg-type 4-fermion contact interactions, that modify the values
of €, and C, from their Standard Model predictions.

1/2

A= 857
-V
18(2C,,=Cr)p |

/

e\v;A/'e e LA e e\ v-a /€

ﬁl-A\A “V-A V-A
“g———q|

| q q

Erler&Su, Prog. Part. Nucl. Phys. 71, 119 (2013)
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Chiral Structure of Such New Contact Interactions

'f’w z(gz/zﬁz)[m L‘FL 'J”WLJL}’MZPL T T]RRQ’TRV]U (\URJR'}"U‘IJR +27}RL$R?’;1¢R$L?H¢L]-

VV=+LL+LR+RL+RR
VA=—LL+LR—RL+RR
AV=—LL—-LR+RL+RR
AA=+LL—LR—RL+RR
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Limit on new eq VA contact interactions

2 / /

ali new physics excluded
10 from the red region

8571
(6(2C2U_C2d)

A=v

Q2=0)

15
15 10 5 0 5 10 15
A (2C,-C.) (TeV)
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Running weak mixing angle

results and prospects

0.245
: EERNEERES
¢ proposed
0.240
3
=
~C 0.235
£
7]
Tevatron LEP 1 ILHC
0.230 SLC
MOLLER = e
: — T
Mainz-P2 L SoLID ™ LHC 300/fb
Mainz-C I IQweak (final) = LHC 3/ab
0.225
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
u [GeV]

Figure from Jens
Erler, WIN2017
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Contact Interaction Limits from LHC (PDG)

Dijets

+
A (V-A)
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Contact Interaction Scale Limit [TeV]
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We have made the qualifier, but the final is
still a distance away
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Coherent PVDIS Program with SoLID @ 12 GeV

Planned for Hall A, SoLID
Physics topics include:

@ PVDIS
@ SIDIS
aDVCS
oJ/vy

ile;///home/zwz @ pvdis 01 07 p ) = ) 10:38 PM,
¢ W .10 [

ile://] fZW =
ile;///home/zw> & Resource - Calo® EBMySQL Workbe i
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Coherent PVDIS Program with SoLID @ 11 GeV

Asymmetry Uncertainty (%) vs. x (60 days at each energy, P=85%)

8 12_—

101~ D61 P63
- .58
- 53

8~ d}ﬂ# ﬂpl.ﬁs""wiIr
- 4"“4}.41‘]'52

| #-55p 50
i 41.51"]'5“
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2l P 248 &5
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X

Goal on C;¢: one order of maghitude improvement over 6 GeV
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Coherent PVDIS Program with SoLID @ JLab 12 GeV

au ed
[29 -9 ]ay

0-5 = lllllllllIlllll[llllll]llllllllllllllllllllllllllllllllllllllllllll;

E ] II[IIIIIIIII[II IIIIIIIE =
0.4 = -0.06 3 Qweak + APV

2 1 | M SLAC-E122
i 2 -0.08 = JLab-Hall A

B 3 | B all published
0.2F -0.10 = z o

3 : B SollD (proposal)
0.1 -0.12 4 L

o

0F -0.14 3 4 299" La

-0.1F -0.16 4 S

order of
0.3F -0.20 4 = ,

maghitude
-0.4F -0.22 i i

= 0.76 -0.74 -0.72 -0.70 -0.68 3 Improvement
_0-5 EIIIIIIIIIIIIIIIIIIIIIIIIII II IIIIllllIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIlllllIIIIIIIIIIlIIIIIIIIE Over‘ 6 Gev
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Coherent PVDIS Program with SoLID @ 11 GeV
2 &~ 9%,y

SLAC-E122
JLab-Hall A
- — = - SoLID

[2 geU_ ged]VA
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SoLID in the 2015 US Nuclear Science Long Range Plan

...... Finally, the proposed multipurpose SoLID detector (see
Figure 2.6) would realize the full potential of the upgraded
CEBAF.

i
>

SoLID boasts large acceptance detection with operability S @
at extremely high luminosities and of fers unprecedented MO i BB
opportunities to provide precision 3D imaging of the  LONG RANGE PLAN
motion of valence quarks in the nucleon and to probe the e
Standard Model. on

While the currently envisioned program includes both high rate capability and
large acceptance devices, there is no single device that is capable of handling
high luminosity (10%¢-10°° cms™) over a large acceptance as needed to fully
exploit the 12-GeV Upgrade. The SoLID (Solenoidal Large Intensity Device)
program is designed to fulfill this need. SoLID is made possible by
developments in both detector technology as well as simulation accuracy and
detail that were not available in the early stages of planning for the 12-GeV
program. The spectrometer is designed with a unique capability for
reconfiguration in order to optimize capabilities for either PVDIS or semi-
inclusive deep inelastic scattering (SIDIS) and threshold production of the
J/¥ meson.
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SoLID in the 2015 US Nuclear Science Long Range Plan

Because of quantum corrections, A varies with the energy scale of the
reaction and could be influenced sensitively by non-Standard-Model physics.
New projects, SoLID at JLab and P2 at Mainz, Germany, are planned to limit
or discover such contributions in a manner complementary to MOLLER and
collider experiments. SoLID, whose designh also enables a multi-faceted
hadron physics program, will measure the variation of 6W in a regime where a
previous experiment, NuTeV, found an unexpected discrepancy. SoLID has
unique sensitivity to new quark-quark neutral weak forces in an energy regime
that is challenging to isolate in other PVES and collider experiments. Indeed,
model independent considerations show that the projected sensitivity of all
three PVES proposals match, and in some cases exceed, the direct reach of
the next phase of the LHC, besides being mutually complementary.
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Summary

size in atoms and in meters _ R binding
Ox = T ox energy
1 10"
electrons in an atom 10%m x keV % eV
1 hucleons in the nucleus| 10C14-¥9m | 2102MeV |210'MeV
14
10
10,000 . 15 ) )
quarks in nucleons 10-m 210°MeV (*102MeV)
1 15 )
100,000 ' preons in quarks 101918y | * 10°GeV xTeV
1 ( and leptons: -TeV

A 8
100.000.000 & ...

Precision PVES study and SoLID as one of the mid-
scale new construction projects, have become central
to the US 2015 Nuclear Science Long Range Plan. We

are now venturing into a hew era of Standard Model

study using tools from nuclear physics with lepton
beams.

“preons"?
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On Writing the Nature Paper

* Experiment ran in Oct-Dec. 2009

¥ Preliminary results released in April 2012

*In early 2013, had a PRL draft ready, should be “easy”. However,
should we try Science or Nature?

* April 2013, pre-submission inquiry submitted, fwo days later
received a positive answer.

# The six-month journey:
+ v0.1 (May): "textbook physics”, "boring"
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On Writing the Nature Paper

* Experiment ran in Oct-Dec. 2009
¥ Preliminary results released in April 2012
+In early 2013, had a PRL draft ready, should be “easy”. However,
should we try Science or Nature?
* April 2013, pre-submission inquiry submitted, two days later
received a positive answer.
# The six-month journey:
+ v0.1 (May): "textbook physics”, "boring"
+ v0.2 (July): "just wrong"!
¥ (with great help from co-authors): v0.3, v0.4, v0.5, v0.60, v0.61,
v0.62, v0.64, v0.65, v0.66, v0.7, v0.71, vO.72, vO.73, vO.74, vO.8,
v0.81, v0.82, v0.83 (Sept-Nov)
+ v1.0 - submitted to Nature on Oct. 28, 2013; Accepted two
months later
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On Writing the Nature Paper

* Experiment ran in Oct-Dec. 2009

¥ Preliminary results released in April 2012

*In early 2013, had a PRL draft ready, should be “easy”. However,
should we try Science or Nature?

* April 2013, pre-submission inquiry submitted, two days later
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Our everyday life is so complicated that we keep
searching for simplicity. Symmetry fulfills this
strong desire.
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Mass Limits on eq A
and VA BSM Physics

Complementary
to LHC results
onh the mass
limit of eq
contact

teractions

SLAC-E122
JLab-Hall A
SoLID
PVES (p)

PVES (C)
APV (Cs)
.......... APV (Ra)
---------- APV (isotope ratiOf)

[ + 2 6,

[2 ¢ —g™,,

Figure from: J. Erler, C.J.
Horowitz, S. Mantry, P.A.
Souder, arxiv/1401.6199,
Annual Review of Nucl and
Part. Science, 64 (2014)
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Parity-Violating Electron Scattering - Past, Present, and Future

- e Generationl . :
105 o Generation I Coming Next:
- o Generation lll
- e Generation IV “ SolLID (PVDIS)
10° and Moller have
= both been
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