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Basics of Inclusive Electron Scattering

One-photon exchange (Born
approximation) for e-p scattering

Energy transfer: T datoctors
v=E_E ) e’ =(E’ k)
Momentum transfer: 4'

iT=k—FK
4-momentum transfer squared:

Q? = —¢*> =4EE sin?§
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Inclusive Electron Scattering at Fixed
Momentum (Q2)

“Elastic”: W=M; or M,

(form factors - fourier
transformation of the charge
distribution in the nucleon)

Elastic ,
A Deep Inelastic

WA

v=(E-FE) 2 2
Q— Q— + 300MeV
2m 2m
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Inclusive Electron Scattering at Fixed
Momentum (Q2)

“Resonance”:
1 <W< 2 GeV

A Deep Inelastic

WA

v=(E-FE) 2 2
Q— Q— + 300MeV
2m 2m

Elastic

Cross Section|




Inclusive Electron Scattering at Fixed
Momentum (Q2)

Cross Section|

“Deep Inelastic”:

W > 2 GeV,
(structure functions,
parton distribution

. functions)
Elastic ,
A Deep Inelastic
L//\/E*/\/
v=(E-FE) Q2 Q2

— —— + 300MeV
2m 2m




Parity-Violating Electron Scattering (PVES)
@ To study nucleon structure not accessible in the
electromagnetic interaction:

% elastic PVES: nucleon strange form factors
(SAMPLE@MIT/Bates,AA@MAINZ, HAPPEX, GO @
JLab); “neutron skin” in heavy nucleus (PREX@]Lab)

@ To test the electroweak Standard Model:
<% e-e (E158@SLAC)e
< PVDIS

-
v '"<

/ e
SY Z0

Interference causes parity-violating

asymmetry
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Parity Violation in the Standard Model

electron electron

o 9 - q R
gv gA » ,’."

quark L - quark

(left-handed) (right-handed)

8 |[n weak interaction, all elementary fermions behave differently
under parity transformation

v
s They have a preferred chiral state when coupling to the Z°




Parity Violation in the Standard Model

s Unlike electric charge, two charges (couplings) are
needed for the weak interaction: g, gr

or “vector” and “axial” weak charges: gy~(g.+9Rr), 9a~(9.-9Rr)
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Parity Violation in the Standard Model

s Unlike electric charge, two charges (couplings) are
needed for the weak interaction: g, gr

or “vector” and “axial” weak charges: g,,~(g,+9r), 9a~(9,-9r)
s PVES asymmetry comes from V(e) X A(targ) and A(e) X V(targ)

“electron-quark effective couplings”| C,.=2g,9y, C,,=2g, 9,

V-A —
I WY

VA @
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Effective Couplings and New Contact Interactions

s Unlike electric charge, two charges (couplings) are
needed for the weak interaction: g, gr

or “vector” and “axial” weak charges: 9v~(9.+9r), 9a~(9.-9Rr)

s PVDIS asymmetry comes from: “electron-quark effective
couplings” l

__eq __eq
Clq_gAV ’CZq_gVA

Erler and Su, Prog. Part.
Nucl. Phys. 71, 119 (2013)
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Accessing Cy g o¢

s Polarized electron beam on hadronic target,
compare scattering between left-handed electron
beam vs. right-handed.

s Flastic PVES:

— directly probes C,,, electrons’ parity-violating
property;

— quarks' parity-violation & nucleon axial form
factor G,, and extracting C,, from G, is model-

dependent

s Only in PVDIS, electron probes the quark and
PVDIS asymmetry depends on C,, directly.
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Formalism for Parity Violation in DIS

GFQ2 XEXBjorken yEl_E '/E
A= e CITY BN o gm0+ 00
q; (x)=q; (x)=q,(x)—q,(x)
For an isoscalar target
(?H), structure
functions largely
simplify:

3 0.6s" 3 u,+d

a<x)—1_0(2C1u_C1d) 1+ oy b<x):1_0(2C2u_C2d) uerdZ
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Formalism for Parity Violation in DIS

XEXBjorken yEl_E'/E

q;r (X)qu'(x>+§i(x)

q, <X>ZQY(X)EQI'(X)_61'(X)

For an isoscalar target
(?H), structure
functions largely

simplify:
3 %(’Itﬁs+ 3 U d
= (2C,,—C|[1+——== b(x)=—=(2C,,—C.,||——
10( 1 1d) ut +5f§) (x) 10( 2u Zd) u* +d¢..L
0

If neglecting sea quarks, asymmetry is no
longer sensitive to PDFs — “static limit”

1
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Projecting to Cy  vs C,, (e-q AV vs. VA couplings)

Elastic PVES + CS =—=lpp

SLAC E122

(AN
|II|||I|III|II||I

150 -125 -10 -075 -050
6 Cig
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Jeff;?son Lab

OThomas Jefferson National Accelerator Facility

SITE LOCATION
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@ Staff: ~700

@ User community: ~1300
* Beam first delivered in 10/95

* ~1/3 of US PhDs in Nuclear
Physics

* Energy: 6 GeV, 12 GeV
ongoing

* The first and largest
superconducting RF
accelerator in the world,
the highest polarized
luminosity. 16
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PVDIS at 6 GeV (JLab E08-011, ran in Oct-Dec. 2009)
+ Measured two DIS points: Q2=1.085 and 1.901 (GeV/c)?
* Collected 170 billion (E9) elctron_s In total )

Ty - i,

100uA, 90%
polarized electron
beam |

Resolution
deuterium Spctrometers
target at

+ Students: Xiaoyan Deng, Kai Pan, Diancheng Wang (PhD)
+ Postdoc: Ramesh Subedi .




From Measured to Physics Asymmetry

A" =—78.45+2.68+0.07 ppm

0’=1.085,x=0.241

A oot x—0205=—140.30=10.43+0.16 ppm(L)
A o1 x020s=—139.84%6.58+0.46 ppm(R)
*beam polarization *beam-normal asym
‘counting deadtime *Q2 determination
EM radiativ_e correction *pair production
*box correction ‘target impurity
-target aluminum endcap «charged pion background
—1_*beam depolarization

AP =-91.10+3.11+2.97 ppm

Q’=1.085,x=0.241

AP =—-160.80=+6.39+3.12 ppn

Q’=1.901,x=0.295
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Compare to Standard Model?

hys
AP i veoom = —91.10+3.11£2.97 ppm
A™=(1.156x10"")[(2C,,~C,,|+0.348(2C,,~C,,||=—87.7 ppm
hys
ALY o1 xe 0295 =—160.80+6.39+3.12 ppm
A™=(2.022x10"")/(2C,,~C,4|+0.594(2C,,~C,, )| =—158.9 ppm

19




Compare to Standard Model?

AP =-91.10+3.11+2.97 ppm

Q°=1.085, x=0.241

AM=(1.156x10"")

2C,,—C,y|+0.348(2C,, —C,||=—87.7 ppm
%

uncertainty due to PDF: 0.5% 5%
uncertainty due to HT: 0.5%/Q?2, 0.7ppm

AP =—160.80=+6.39+3.12 ppm

Q’=1.901, x=0.295

A™=(2.022x107")|

2C,,—C,4|+0.594(2C,,—C,,||=—158.9 ppm
N T

uncertainty due to PDF: 0.5% 5%

uncertainty due to HT: 0.5%/Q?Z, 1.2ppm
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ZCZU'CZd

Previous data: Elastic PVES + APV

150 -125 -10 -075 -050
6 Cig
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2Co,-Coq

Add Jlab 6 GeV PVDIS

0 fm kel
-09 -08 -0Z6-05 -04

125 10 -075 -050
2C14-Cy4
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2C5,-Coq

Best Fit

0.

-0.5=i

o -0.9

IR B RRNINN A TR T RO S N
-0.8 -0 © -05 -04

-1.50

-1.25

-1.0 0.7 -0.30

2Cy Wang et al., Nature 506, no. 7486, 67 (2014):
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Best Fit
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Best Fit

PARTICLE PHYSICS

Quarks are not
ambidextrous

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

Marciano., Nature 506, no. 7486, 43
(2014);
1

S | 0.2}
S L
1 04
E -015;_u||...|.||||.u
0t o -0.9Wa4
1 L | | | |

-1.50 -1.25 -1.0 -0.75 -0.50
2C1 Wang et al., Nature 506, no. 7486, 67 (2014);
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BSM Mass Limit on e-q VA contact interaction

Complementary " / \

to LHC results
on the mass 10
limit of electron-
quark contact
interactions

A (2C5,-C2q) (TeV)

15 TeV

Wang et al., Nature 506, no. 7486, 67 (2014);

15 10 5 0 + 10 15
A (2Cy-Crg) (TeV)




Resonance Background Data Coverage

08 T 12 T4 Te 18 2 22 24 26 28 "
W W
*Four settings covered the full resonance region;

+“Grouping” of lead glass blocks allowed a reasonable
study of the W-dependence;
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Resonance PV Asymmetry Results

A: Matsui, Sato, Lee, PRC72,025204(2005)
B: Gorchtein, Horowitz, Ramsey-Musolf, PRC84,015502(2011)
C: Hall, Blunden, Melnitchouk, Thomas, Young, PRD88, 013011 (2013)

A, (ppm) / Q(GeV?)

S

I
W
o

I
[
-
-
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I

e
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L PR T T B TR
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Wang et al., PRL 111, 082501 (2013)




Coherent PVDIS Program with SoLID @ 11 GeV

X e viewer-0 (OpenGLImmediateQt)

SoLID Physics topics:

@ PVDIS deuteron (180 days)
- Cy, sin’0,,, CSV, diquarks,

2 PVDIS proton (90 days) - d/u
- @ PV with 3HE>(LOI)
@ SIDIS
* )y
@ Presentations:
K. Allada, WG6, April 30, 11:10

Z. Ye, WG6+WG7, April 30,
8:30 29




Coherent PVDIS Program with SoLID @ 11 GeV

eu _ed
29 lav
{].5 E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE
E IIIIIIIIIIIIIII IIIIIIIE =
0.4E -0.06 = Qweak + APV
3 | I sLAC-E122
0.3F -0.08 = JLab-Hall A
3 | I 2!l published
0.2¢ -0.10 3 . SM
E = SolLID (proposal)
01f o : _—
0F 0.14 4 3 29™-9"ha
0.1F .0.16 =i
Goal on C,,:
02F .0.18 3 3 29
one order of
0.3F -0.20 d = :
magnitude
'0'45_ 02270.76 -0.74 -0.72 -0.70 -0.68 E Improvement
0.5 Bl Db, OPPIITH FOYPPYTIL FTPOTITOY FPTTION FRTOITH PO over 6 GeV
"1 09 -08 -07 -06 -05 -04 -03 0.2 -01 O

See Rakitha Beminiwattha's talk WG3+WG7 joint session
at 9:45 (April 29™") 30




Coherent PVDIS Program with SoLID @ 11 GeV

[29

el

ed,

]AU

30 TeV,

40 TeV,

50 Te

SLAC-E122
JLab-Hall A
SolLlD

eu ed
[2g -g ]VA
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Summary and Perspectives
The 6 GeV PVDIS from JLab:

@ Improved world data on the eq VA effective coupling term 2C,,-C»4
by factor of five

@ agrees with the SM

@ showed 2C,,-C541s 20 from zero - indicating a nonzero

contribution to PVDIS asymmetry due to quark's chirality
preference

@ BSM mass limits complimentary to collider experiments.

“New construction” experiments at JLab 12 GeV:

@ PVDIS @ 11 GeV (SoLID) will improve C,, by another order of

magnitude.
Subedi et al, NIM-A 724, 90 (2013); Wang et al., PRL 111, 082501 (2013);

Wang et al., Nature 506, no. 7486, 67 (2014); Wang et al., PRC91 (2015) 4, 045506.
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. 2
sin 0,,(1)

0.245

0.240

0.235

0.230

0.225

Running of Sin® q

10000

IIIII LI IIIIIII 1 IIIIIIII LI IIIIIII LI IIIIIII LI IIIIIII 1 LILBLBLAL
— SM
+ published T
e planned
NuTeV
Qw(p) .IQW(E)-- UL "gc)
Jlab_|LSLAC s
- &
ol Q
)
Q (Cs) S g
[ W eDIST \& T
1 JLab %
—-
1l  Tevatron\ IE_SEE1
a ‘
i W.{p) LHC
Mainz
fo,Ra)  EQue)  FsolD
KV JLab JLab
] IIIIIIII ] IIIIIIII ] ] IIIIIII ] IIIIIIII ] IIIIIIII ] IIIIIIII ] ] IIIIIII ] 11 111
0.001  0.01 0.1 1 10 100 1000
u [GeV]

34




E08-011 Kinematics

Kine#  HRS E, (GeV) 6p(deg) E'og(GeV) Ro(kHz) R;-/Re
DIS#1  Left 6.067 12.9 3.66 =210 =0.5
DIS#2  Left & Right 6.067 20.0 2.63 =18 =33
RES | Left 4.867 12.9 4.0 =300 < =0.25
RESII  Left 4.867 12.9 3.55 =600 <=0.25
RES Il Right 4.867 12.9 3.1 =400 <=04
RES IV  Left 6.067 15 3.66 =80 <=0.6

RES V Left 6.067 14 3.66 =130 < =0.7
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Data Quality

(pair-wise

asymmetry pull plots):

# of Helicity Pairs

~ DIS 1

\ Entries 1.02E7
\ Mean 4.09E—6
RMS 1.0017

IIIIIIIIl IIHIIII] AL

21

- | Dismo

Entries 2.52E+07
\ Mean —3.57E—-6
\ RMS 0.99965

I . \ . . L\

0 5

helicity—pair—wise asymmetry pull
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Scaler-Based Counting DAQ with online (hardware) PID

= DIS region, pions contaminate, can't use integrating DAQ.
- High event rate (~500KHz), exceeds Hall A regular DAQ's Limit (4kHz)

Preshower

Shower

P

> A

Gas Cherenkov -

Group
electron
trigger

S1&S2

segmented
(forming 6 or
8 groups)

Sas

Cherenkov

2nd VDC

FADCs (partial)

Lead Glass
Counter =

fastbus TDCs (all)

ADC spectrum from regular
DAQ, with PVDIS electron
trigger

I 40
2000

30

—20

1000

10

| | | | | | | | | | | |
1000 2000 3000 °




PID Performance - Single Run

(work of K. Pan)

Electron Detection Efficiency Pion Rejection Factor

I R~52
_ M 100 |
i Eu 1 |-
E~97% Mo
ﬁ o i
0'5_ : “. | |". " Ik [ -1;”'-.‘
i a0 1w MY . "E~"{
Lead GlaSS 20 Lead GlaSS
0 I-n.a 06 04 02 0 02 04 06 EEI.BI 7748 06 04 02 0 02 04 06 08
Vertical hit position [m] Vertical hit position [m]

Affects measured asymmetry (Q?) if it varies
over the acceptance or if there are “holes”

Combined with Cherenkov, pion contamination < 2x10-4
Detector efficiencies extracted from VDC-on runs, taken daily
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From Measured to Physics Asymmetry

+correcting for background f; with asymmetry A;:

1?3 _ZiAifi
Aph)’S: b
1_21- fi
S AI"CIW o
A"V IT;(1+ f)
Py
f=f1- P
i~ I Araw b
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From Measured to Physics Asymmetry

raw

=—78.45%x2.68x0.07 ppm

Q’=1.085,x=0241

B, 88.18%
APy +1.76%

1 -+ fdepol 1.0010
(syst.) 2 =

1 4+ fai 0.9999
(syst.) +0.0024
1+ fas 1.0147
(syst.) +0.0009

bt fe 1.015
(syst.) +0.020

14 b 0.998

1+ fﬁfﬂfﬁZbees —

(syst.) +0.002

Af_ £0.000%,

A Fousr +0.04%
Al +2.5%
AQ? +0.85%
rescatt bg < 0.2%
target impurity +0.06%
APEYS (pom) —01.10
(stat.) =nt MW
(syst.) +2.97
(total) +4.30
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From Measured to Physics Asymmetry

A oot xo029s=—140.30+10.43+0.16 ppm(LHRS))
A ot w0295 =—139.846.58=0.46 ppm (RHRS )
) ( Q 7207 | ]
APE ol e AT £0.006% | +0.003%
= s el f +0.4% +0.2%
1+ f 10021 A Jpair o il
e | £25% | £2.5%
— Sl - L0t | 2065
L+ fal 0.0000 | 0.0000 - A 5%
(syst.) £00024 | 00024 ~ rescattbe <0.2% | <02%
], 70040 0003 target impurity +0.06% +0.06%
(syst) +0.0004 | 40,0013 - -Asymmeir
1+ f. 1,010 APWE (ppm) —160.80
(syst.) +0.004 (stat.) +6.39
14 Bt 0.007 = (Systl-) +3.12
1+ FyyyZboxes . 1,005 LI i,
(syst.) 10.003 £0.005
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SLACE122vs. JLab E08-011

30-cm LD2, LH2 20-cm LD?2

Q2 1-1.9 GeV? 1.1 and 1.9 GeV?

sin,=0.20+£0. *0.86x10>(stat)*+5%(Pb)
resultsps +3.3%(beam)+2%(x
contamination)

+3%(radiative corrections)
A/Q?=(-9.7x2.7)x10> (GeV/c)?




DAQ Deadtime Correction

Deadtime correction to asymmetry:
= (1 - deadtime loss)

. - A
Deadtime Decomposition: measures = Py
~ Group Deadtime: proportional to group rate; narrow/wide.
~ Veto Deadtime: T1/GC rate; the same for all groups.
~ Final OR.
~ Overall Deadtime: ‘{/eto DT + Group DT + Final OR DT‘

’?06

1)
1))
¥
]
SnC

Fiels
DH

o

9,: L 20
[Ts 2]
DH

&l
L
3 Al
[ x R
—wFADC

=203—a.1

. Group Deadtlme
shEfE 22 N
::::a— Elil}lns J s [ﬁagger PS7<10 5%'?1 7
M e =2 e 0
B J pPs2[ |

EI> T pu_‘lser’/ { I—»Eg}é (Work Of D-

tageser
: 150113 a n g )
1 +

= 757
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Coherent PVDIS Program with SoLID @ 11 GeV

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

'H 12_—
0 DHB1 D63
b .58
- .53
B #5852 - pes e
E i}_mﬁﬂﬂ.ﬁﬂ
el #-55p 50
i i}.E-Fp'Eﬂ
ke ! o8
ol D57 e 8
& - a0
- .i“?
ol— fﬂiﬂ
oo g Ty [ goaon oo pee pollon jop gofbon gun pil jowey 358 poouon o
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
X
oal on C,,: one order of magnitude improvement over 6 GeV
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Pion Asymmetries

HRS, Kinematics Left DIS#1 Lett DIS#2 Right DIS#2

narrow path
Ameas 1 A A (tota]) (ppm) | —48.8 £14.0 | —22.0+21.4 | —20.3 +6.0
A £ AT (stat) (ppm) | —T85£2.7 | —140.3£10.4 | —139.846.6
fr/e £ ATy (fotal) (x10-7) | (1.07 £0.24) [ (197 £0.18) | (1.30£0.10)
(%-) 0.80 x 104 | 0.63x10~* | 0.27 x 10~

- wide path

Ameas A Ameas (tota]) (ppm) | —41.3 £12.8 | —23.7+214 | —20.3+6.0
AP £ AAPGEY (stat) (ppm) | —78.3+2.7 | —140.2+10.4 | —140.9+ 6.6
frje £ Afr/e (total) (x107%) | (0.7240.22) | (1.64+0.17) | (0.92+0.13)
= 0.54x 107 | 055x107* | 0.21 x 10~
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Pair Production Background

+Took reversed-polarity runs, mostly to determine e+/e-
ratio. Positron asymmetry from those runs have very large
error;

+*Assumed positron asymmetry to be similar to =-
asymmetry;

*Effect on the measurement is about 10 times larger than =-
background.
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Estimation of HT on the a, term

We could use HT results on F 3VZ from neutrino data in
0710.0124 (hep-ph) to correct the a, term:

FZ,T,B(X’QZ) :Fg,::ﬁ,g(X,Qz)‘F

isoscalar target

-0.6

| |
0.1 02 03 04 05 06 07 08
X

~aN for FYand F

for xF S

(not F.")

for any

target
Fi=2|d+s—ii—c|

for deuteron

Fy=2luy+d,+2s—2¢]
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Formalism for Parity Violation in DIS

B GFQZ XEXBjorken yEl_E'/E

Apy = —la)FY (WD o (=g )4q, (0

q, <X>ZQY(X)ECII'(X)_CL(X)

ng_l Zi C,Q;q; (x)

. Ffz 1 Zi CnQiq;r (x) _1
FY 2 2. Q/q (X

YFY 2 ) Qlq (x)

a(x):%g b(x)=gy

For an isoscalar target
(?H), structure

v functions largely v

. simplifies:
Cl(x):i(ZC —C )1-|— 065+ b(x)—i(zc —C ) u“.;‘:l_o.dV
10 1u 1d u+ +d+ _10 2u 2d u+ +&¢o.
0 X4

If neglecting sea quarks, asymmetry is no

longer sensitive to PDFs —» “static limit” 48




	Slide 1
	Slide 2
	Slide 3
	Electron-Proton Scattering at Fixed Momentum (Q2)
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48

