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Unified View of Nucleon Structure
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Access TMDs through Hard Processes
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Generalized Parton Distribution (GPD)
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General Compton Process accessing GPD
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General Compton Process accessing GPD
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TCS

Real (imaginary) part of the Compton amplitude can be obtained from
photoproduction of lepton pairs using unpolarized (circularly polarized) photo
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Deep Exclusive Meson Production

A spedial kinemetiic regimeissppodleddnrDDBMPwhibarelib éniitibhhdesare st Cpragg pait.

A GPDE not related to an already knopartondistribution.
A Experimental information orE can provide new nucleon structure info unlikely to be
available from any other source.
A The most sensitive observable to prpbe is the transverse §mglasymmetry in
exclusive” production
dsp 2p e dd L= exclusive ~ cross section
aﬂjb N~ o for longitudinal o*

AL _ Co db ) d b - b =angle between transversely
& dsP © polarized target vector and the
adbo— - o reaction plane.
co db -

: Reaction Plane
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A, 92 expected to display precocious”
factorization at moderate Q°~2-4 GeV?

Refs: A.V. Belitsky, D. MuellBEIRX2001) 349
L.L. Frankfurt, et al., FRMD999) 014101




SoLID (SdenoidallL argel ntensityDevice)
Full exploitation ofJLab12 GeV upgrade with broad physics program

Lumi ~1€/cmé/s (open geometry) Lumi ~1e%cmé/s (baffled geometry)
u 3D hadronstructure o Standard Model test arhdron
¢ TMD (SIDIS on both neutron and structure
proton) ¢ PVDIS on both deuterium and
¢ GPD(TCS, DEMB hydrogen
U Gluon and nucleon mass

¢ Ik production at threshold | HIgh Luminosity

Large Acceptance

SoLID (SIDIS He3)




SoLID Subsystems Magnet

CLEO-II magnet,
3m diameter, 3.5m long,
field ~1.5T

moved toJlabin 2016

/ SIDIS » Polarized He target
' /| center 145 cm from pivot




SoLID Subsystems GEM

122.88 cm

trackers with
multi-layers and
large area

Largest GEM built and ran in experimeRRadJune 2016
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SoLID Subsystems Cherenkov

m u H12700C Quantum Efficiency with WLS

Light gas (Cp . ' |
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SoLID Subsystems MRPC
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SoLID Subsystems ECAL

shashlikcalorimeter
, good resolution and
radiation hardness




SoLID Subsystemd Target

polarized®He target

luminosity >=10%%cn¥/s (world record)
High in-beam polarization~ 60%

f /1 Diode Laser

f |Z| Diode Laser
f |Z| Diode Laser

Photo—-Diode for EPR

Pickup Coils
Cell: L=40cm
windows: ~100u m

=_e_———=

15

Helmholtz Coils

polarized NH target

luminosity >=10%/cn¥/s
High in-beam polarization~ 70%
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AE12-10-006: Single Spin Asymmetry on
transversely polarizetHe, 90 daystated A
SO LI D H 63 Setu p AE12-11-007: Single and Double Spin

Asymmetries on longitudinally polarizétie, 35

days,rated A
RGN Mihadronprocessas run group
R Detection
G AN O R Ae- at forward angle with EC and Cerenkov
T | Wl to rejectpions
Ae- above 3GeV detected at large angle

with EC to rejecpions
.= Apionsdetected at forward angle with TOF
—_—— . W and Cerenkov to suppress kaons
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AAzimuthalangle: full 090 15 20 25 30 35 °
AMom: 0.87GeV vertex 0 (deg)
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SoLID NH3 Setu D A E1210-008: Single Spin Asymmet

on transversely polarized proton (B
120 daysrated A

" SoLID (SIDIS NH3) |

EM Calorimeter
(forward angle)

Detection is similar to He3 setup

) 73 By Coverage is similar to He3 setup except

some distortion from the target field
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SoLID SIDIS Kinematic Coverage

0.05<x<0.6
1GeV < @ < 8GeV
0.3<z<0.7
0<Pr<1.6GeV

~ 2000 bins for n
~ 1000 bins for p
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large acceptance and high luminosity enable wide coverage in all 4
kinematic bins with well controlleglystematics
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SoLID Impact on Sivers

World vs. SolLID

0.04 -
Fit SIDIS Sivers asymmetries data 0.02
from HERMES, COMPASS and Jlab =,

6 GeV & 0.00

Monte Carlo method with nested —0.023

sampling algorithm is applied

~0.04 1
TMD evolution is not included A u

2 80 sz
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SoLID Impact on Transversity

. . . . : Worid vs. SO:LID
Fit Collins asymmetries in SIDIS and 03] . fncluding systematics
e*e annihilation 0.2 :
SIDIS data from HERMES, = 01 |
COMPASS and JLab GeV = 00K ;
—0.1} |
ete data from BELLE and BABAR | % — 2.4 GeV?
—0.2} | | f
TMD evolution is included : :
5 W} }
Both statistical and systematic § br |
uncertainties are included 10}
About one order of magnitude 5 5l o
Improvement

0.0 02 04 06 08 o
Z.Yeetal Phys.Lett. B 767, 91 (2017)20 KPSY 15: Z:B. Kanget al, PR D 93, 014009 (2016).



SoLID Impact on Tensor Charge

Definition

(P, S|wgict 1, | P, S) = dpqu(P, S)ic" u(P, S) drq = /1 hi(x) — hi(x)] da

A fundamental QCD quantity. Matrix element of local operators.
Moment of transversity distribution. Valence quark dominant.
Calculable in lattice QCD.

| e Pitschmametal (2015) |
- DSE <+  Gockeler et al (2005)
1 O rd er . —— Aokiet al (2010)
= Lattice <+  Green et al (2012)
. == Models ——  Bhattacharya et al (2013)
Im prove- ~  Global Analysis nE Guplt?ﬁal (2014)
. - ali et al (2015)
~  SoLID Projection —s—  DBhattacharya et al (2016)
He, Ji (1995)
e  Schweitzer et al (2001)
e  Pasquini et al (2007)
e  Wakamatsu (2007)
o  Wakamatsu (2007)
Gamberg, Goldstein (2001)
Anselmino et al (2013)

: Goldstein et al (2014
Including both oldstein ok 2 (o
systematic Kang et al (2015)

- - - - SoL.ID
and statistical truncated  full
L L L |
gr = ou—aod
Z. Yeet al, Phys.Lett. B 767, 91 (2017)

21 KPSY 15: Z-B. Kanget al, PR D 93, 014009 (2016).



SoLID Constraint on Quark EDMs with Tensor Charge
Tensor charge and EDMd, = g7 dy + g7 dy + gy d;  €iiatice caloutato

d, upper limit d4 upper limit

Currentg; + current EDMs 1.27Rv Fi*ecm 1.17Pm Ji*e cm
SoLIOy + current EDMs 6.72°v Ficecm 1.07Pv Fi*ecm
SoLIDy; + future EDMs 1.20Pv fi’lecm 7.18Pv Fiecm

Include 10%sospinsymmetry breaking uncertainty

® currentg + currentd,

® future g, + current d,

e future g + future d,

d,/10* ecm
d, /10" ecm

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

d,/10%* ecm d,/10% ecm

T. Liu, Z.W. Zhao andH. Gao,
PRD 97, 074018 (2018)



SoLID TCS Setup

'SoLID (J/ and TCS)

EM Calorimeter

EM Calorimeter,

I (large angle)
G e

Target
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lumi ~1e’/cn¥é/s

Cut on missing variables to ensure
exclusivity

Target 15cm LH

Detection
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Enough data for kinematic binning
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SOL|D TCS Projection Michel Guidaland Marie Boer

TCS circular beam asymmetry helps
constrainim{H} in fitting

(o,Aory)| (0,Acrpr) (o,Aory) | (0,Aopy) | (0, Aopy)
DVCS 5%| DVCS 5% | DVCS 5% | DVCS 5% | DVCS 5%
+ TCS, 15%|+ TCS,. 15%|+ TCS, 5% |+ TCS. 5%

oT(Re{H})| +1.21 +0.92 +0.80 +0.54 +0.55

o (Re{H}) -0.84 -0.79 -0.83 -0.44 -0.45

ot (Im{H})|| +0.23 +0.20 4+0.15 +0.11 +0.12

o~ (Im{H}) -0.50 -0.40 -0.21 -0.27 -0.19

!

Go through ' (o, Aorrr)
SoLID 9; DVCS
simulation to 8— L TCS,
get & f >
acceptance % 3 oT(Re{H})| +0.82
and counts o 6 o~ (Re{H})| -0.77
for 50 days of i ot(Im{H})| +0.16
running, then ‘6 A!!' o~ (Im{H})| -0.40
fitit A_o 05 0.1 0.15 02 025 03 035 04

~—J



SoLID DEMP Setup

[EM[Calorimeter;
)

(large angle
|

SoLID (SIDIS He3)

Light;Gas!

EM Calorimeter

Beamline

Heavy.Gas

Cherenkov) (Cherenkov

Polarizedumi ~1e%%/cn¥é/s

0.008

0.006]

0.004

Rate (Hz)

0.002

0.000

[ He(eemp+op),,

Jﬁe’(e,e‘fr p+X

He(e. TA+HpP),,
v

el H 5 1 1
0.6 0.8 10 12 14
Recoil Proton Missing Mass (GeV)

1
1.6

A Run group with SIDIS He3 11GeV

A
A

A

Proton PID offline, not in trigger
Complete azimuthal and large
polar angle coverage

The measurement is valuable
as it is the only practical way to
obtain A "-4) over a wide
kinematic range.

A We will also measure A ;") and

A

its companion moments, as was
done by HERMES.

Provides vital GPD information
not easily available in any other
experiment prior to EIC.

Q? (GeV?)

SoLID-DEMP with transversely polarized neutron at E.=ll GeV

' (GeV?)




SoLID DEMP Projection

UnbinnedMaximum Likelihood (UML) Method, sametSRME®LB682(2010)345

All effects on.
Includes all scattering, energy loss,

Only Fermi momentum off.
Includes all scattering, energy loss, resolution

resolution and Fermi momentum effects. effects. Similar to where proton resolution is
0.00 — 05 — good enough to correct for Fermi momentum
~ —0.03- s ; It B effects.
z i i i ‘% 037 e 000 1 1 1 05 1 1 1
E 0064 N — — — __ = o
n S {F 0.2+ - —0.03 - _ 0.41 /.{l—,l l‘_ ‘_l
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0-08 I 0-08 I _0 12 T T T 00 T T T
00 03 06 09 12 00 03 06 09 12
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: : : Bttt
g i L n = i
g ooo) E2TT Y "t 00 All effects off.
< —0.044 < _5044 A Agreement between input and output fit
values is very good. Validates the UML
OO T 05 o6 09 12 OO 03 o6 o9 12 procedure_
t (GeV?) t (Gev?)
0_00 1 L 0_5 L 1 1
0.08
~ —0.03- 0.4 P s o=
g 0041 & ", Averageinput| * 8 o3 =
s TR _‘/ asymmetry ppf ¥ -oos{ #*T - _® | Z
?‘E’ 00q —— — — — _7F bin. "’g = 5024
5 < —0.09- =
<< —0.04- - 0.17
-0.12 T T T 0.0 T T
—0.08 T T T 0.0 0.3 0.6 0.9 12 0.0 0.3 0.6 09 12
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Summary

ANucleon 3D Imaging, including both TMDs and GPDs,
will help us understand nucleon and nmerturbative
QCD

ASoLID SIDIS program will provide unprecedented
precision with multidimensional mapping in valence
guark region and have great impact on the study of
transversitytensor charge and other TMDs

ASoLID GPD will provide unique opportunity to study TCS
and DEMP

Awith high luminosity and large acceptangeLID will
fully exploit the capabilities adLab12GeV upgrade

Thank you!

Supported in part by U.S. Department of Energy under contract numb&GDR0O3ER41231
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Structure Functions

SIDIS differential cross section
18 structure functions(x, z, G, Pr),
model independen(fone photon exchange approximatic

do
drdydzdPidopdog

2 2 2
- r;QQ g(ly_ €) (1 + ;—r) [Diehl&Sapeta E;choos]
X { Foor + €Fuur + /261 + )55 cos dp, + €FF5 2 cos 20y + Aen/26(1 — €) F5 7 sin ¢y,
+ St [\/ml?flgah sin ¢y, + €Fpp 7" sin 26n] + NS [V1 — 2Fp + \/mljgf% cos ¢,
+ St [(Ffl;{;h_o“) + EFE};__{EF‘_QS)) sin(op — og) + eFEri;(éhHJS) sin(op + ¢g) + GFE.—?{S@’I_@S') sin(3¢y, — og)

+ /2e(1 + €) 5378 sin g + WFEE;@%_%) sin(2¢y, — dg)]
+ /\EJ.S‘T[MFEC;@‘_Q{JS) cos(op — dg)

+ v/ 2¢(1 — G)FEE’SO" cos Og + \/mFE?Q%_éS) cos(2¢y, — q"ig)]}

In parton modelF(x, z, G, Pr)s are expressed as the convolution of TMDs.
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Leading Twist TMDS = nuceon spin

= Quark Spin

Quark Polarization

U L

Nucleon Polarization

C

unpolarized

INONO

Boer-Mulders

" OO

helicity

U
hi. —
longi-transversity
(worm-gear)

2 @—@ g @—@

trans-helicity

Sivers
(worm-gear)

transversity

e

pretzelosity

e
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Present Status On TMD Extractions

Sivers

0.06-

Q% =2.4 GeV?

0.4
0.3}
0.2}
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S ]

<]|— 0.1¢F
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0.06

0.03+

Pretzelosity

o N

0
-0.03 F
-0.06 1

.98

0.121

0.06

High precision data needed

Anselmino et al, EPJA39, 89 (2009)

Collins fragmentation

N
z A" Dy;t(2)

N
Anselmino et al, PRD92, 114023 (2015) £
PRD93, 034025 (2016)
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N
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041
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02F

Anselmino et al, PRD92, 114023 (2015)
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0.2 0.4 0.6 0.8
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SIDIS @ SoLID

Approved SIDIS experiments rated with A
11/8.8GeVb e a m, pol ar a nagrhughaladhgle~ 2 4

AE12-10-006: Single Spin Asymmetry
on transversely polarizetie, 90 days,
rated A

AE12-11-007: Single and Double Spin

Arun group
ADihadronprocess
Aty inclusive

A E12-10-008: Single Spin Asymmet

3He, 35 daystated A

SolLID (SIDIS He3

Light/Gas! Heavy,Gas'

large acceptance a

120 daysrated A

nd high luminos

EM Calorimeter

EM Calorimeter,

| i B . e /

" v— B | T

T — N S oy

Coil;andjYoke o " 4
3 2ty
! 2 |
X 2 |
! > gy +— aig _ Cherenkov\ Cherenkov . I I I

kinematic bins with wéf controllegystematics



SoLID SIDIS Resolution and Error

6 angle (mrad) | ¢ angle (mrad) | Vertex z (cm) | p (%)
SIDIS ®He fwd angle (¢) 1.3 5.7 0.9 1.7
SIDIS ®He fwd angle (m) 1.2 5.2 0.9 1.1
SIDIS *He large angle (¢) 1.0 1.7 0.5 1.2
PVDIS (e) 0.8 1.7 0.3 1.2

Table 21: Averaged resolutions by track fitting with most of material energy loss and without back-

around
Eheam (GeV) T z Q%*(GeV?) | P,1(GeV) | on(rad) | og(rad)
11 0.002 | 0.003 0.02 0.0006 0.015 0.006
8.8 0.002 | 0.004 0.02 0.006 0.018 0.006

Table 23: Resolution of kinematical variables (in the Trento convention) with the 3He target setup.

P (GeV/ic) [0.0,0.2] [ [0.2,0.4] | [0.4,0.6] | [0.6,0.8] | [0.8,1.0] | [1.0,1.2]
[TGeV beam (z %) | 110 160 150 105 75 40
[1GeV beam (x ) | 120 160 140 90 70 50
8.8GeV beam (x7) | 75 05 80 50 45
8.8GeV beam (1—) | 65 95 75 50 45

Table 24: The ratio of SIDIS signal and random coincidence backeround within 6 ns. These values
are estimated with the *He target. Similar results are obtained for the proton target.

Systematic (abs.) Systematic (rel.)
Raw asymmetry 0.0014 | Target polarization 3%
Detector resolution < 0.0001 | Nuclear effect (4—5)%
Random coincidence 0.2%
Radiative correction (2 — 3)%
Diffractive meson 3%
Total 0.0014 | Total (6 —7)%

Table 25: The systematic uncertainties on the asymmetry measurements of SIDIS.
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SoLID Impact on Transversity

0.4 . . | . . . . . | .
SoLID | | SoLID | | SoLID

proton + neutron
targets

neutron target

proton target

------ KPSY15(u)
------ KPSY15(d)
acceptance 11 [==1 After SoLID |

1 order

(Q? =24 CeV?| |

SoL.ID KPSY15
SHSOLD /5 p}

""""""""""""""""""""""""""""""""""""""""" !‘"';'ii'i”."'i"i"."'!""""""'"""""""_ E_Q-‘Oi.-_-_-ﬂ' o
"2 01 06 08 , 02 04 06 08 , 02 04 06 08 ,
including both systematic and Z.Yeetal Phys.Lett. B 767, 91 (2017)
statistical errors KPSY 15: Z-B. Kanget al, PR D 93, 014009 (2016).
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Constraint on Quark EDMs

Current upper limit on the neutron EDM

-26 J.M. Pendlebury et al., Phys. Rev. D 92,
3.0x107" ecm  (90% CL) 092003 (2015). [Ranalysis]

C.A. Baker et al., Phys. Reuv. Lett. 97,
131801 (2006).

Constraint on quark EDMs with tensor charge

d,/ 102 excm

o dy=g%d, +ghdy+ g d,

Usincg, from lattice calculatio

1

oamny + B amny 0
1

‘Diuauny + Baun 0 -

AFuture g: SoLID
projected tensor charge

AFuture d: 3.0x1028%cm

wse 07/
0

H. Gao, T. Liu, Z. Zhap
arXiv:1704.00113, to
appear in PRD




Constraint on Quark EDMs

Current upper limit on the proton EDM B. Graner et al.,
Phys. Rev. Lett. 116,
AMercury atom EDM 161601 (2016).

limit: 74%x10ecm  (95% CL)
Schiff moment method

ADerived proton EDM 2 including the uncertainty among
limit: 2.6 x 107 ecm different theoretical models
Constraint on gualk-EDBMs with tensor charge
SoNEERE 0 |  eeaaaanmaa Cip ::éﬁ;‘iu'+¢g7’a%74'ég;‘ds

Usincg, from lattice calculatio

1
DakNd + “Buaund o

AFuture g: SoLID
projected tensor charge

AFuture ¢: 2.6x102%cm

d

wse 01/
0
L L L L

H. Gao, T. Liu, Z. Zhap
arXiv:1704.00113, to
appear in PRD




Constraint on Quark EDMs (Il )

Constraint on quark EDMs with combined proton and neutron ED

d, upper limit d4 upper limit

Currentg; + current EDMs 1.27R°v Fi*ecm 1.17Pm Ji*e cm
SoLIOy + current EDMs 6.72°v Ficecm 1.07Pv Fi*ecm
SolL IOy, + future EDMs 1.20Pv Fi’ecm 7.183 Fifecm

Include 10%sospinsymmetry breaking uncertainty
Sensitivity to new physics .
2
dqy ~ emg/(4mA%)

Three orders of magnitude : :
: : H Probe to 30 ~ 40 times higher scal
Improvement on quark EDM limi ! J

Current quark EDM limit: 18%€Cm i ~1TeV
Future quark EDM limit: 187ecm sl 30 ~ 40TeV

H. Gao, T. Liu, Z. Zhap
arXiv:1704.00113, to appear in PRD



Unpolarized Quark in py

Pxk,-S Model Calculation
M fupr (x=0.1)

fapor(, k1) = i@, k) — [ (2, ky)

Sivers distribution

L @ B @ naively timereversal odd. E .
1T :
Q.
lg lg . ‘ s
x, k ‘ = — x, k ‘ 3
17T ( J-) SIDIS 1T ( J_) DY \ ORI F Al ﬁ I
Measurement in SIDIS 604202 00 b3 04 06
px (GeV)
Single spin asymmetry ,sin(eé;, g
9 P y yAE{}(% ¢s) fip(z, kL) ® Dy(z,p1) fypr (X=0.1) .
(Sivers asymmetry) : |
@ r [
S 0.2 - 3
a o}
=, 0 i a
-le:: r = Phenomenological Fit
3 '0.2 - meass Light-Cone Quark
'g == Axial Diquark
& -0.4- —— E')t(p - NNNNANNNR -0.3-0.2- o1 0.0 01 0.2 0.3 12
PR 1 i by o di e RN Pen e oty Oy px (GeV)
0.1 0.2 0.3 0 4xbj 0.1 0.2 0.3 0.4Xb] Bacchetta, Conti, Radici
6 GeV JLab EO®10, X. Qianet al, PRL 107, 072003 (2011). PR D 78, 074010 (2008).
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Transverse Spin Structure

Transversity

Chiralodd

Unique for the quarks.
No mixing with gluons.
Simpler evolution effect.

Measurement in SIDIS
Single spin asymmetry
(Collins asymmetry)

A%TI;E@}LTL@S) ~ h_l(x: kj_) ®Hf_(z,pJ_)

Hi-(z,p1) Collins fragmentation function

S

2(sin(¢h+<p )) (Collins)

A transverse counter part to the

@ @ | longitudinal spin structure: helicityi
h; - (Collinear & TMD)
They are NOT the same due to relativity

NOT accessible via inclusive DIS proces:

Must couple to another chiradd function.
(e.g.Collins functionH1Y)

Measured via

SIDIS (E12-10-006, E1211-008),Drell-Yan
Di-hadron(E12-10-006A)

: Neutron + ot ATT
T + == s Quark-diquark
== Phenomenological Fit
I R Light-Cone Quark
o e [ e
..... r————— . 2 PR
0.1 0.2 03 0.4 0.1 0.2 0.3 04

6 GeV JLab EO®10, X. Qiaret al, PRL 107, 072003 (2011).
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Soffero0s I nequa

Soffer dos bound

1
b ()] < 5 [fi(x)+ g1.(x)]  Derived by using the positivity constraint on
the forward scattering helicity amplitude.

Global fits of transversity

0.4 p——rrrrre——rrreen
0.3F Q%=2.4 GeV?

- o3

= L C -

< 0 ________ 0.1

0.1}F

0.1}
o
01|
02} | o
0.3 F ; O 02 04 06 08 1
-04¢E = . X
0.001 0.01 0.1 1 Z.-B. Kanget al, PR D 93, 014009 (2016).

Ard

X
M. A Imi tal, PR D 92, 114023 (2015). A .
neeminesta G Test Sofferos i n
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[PRD 60(1999)014010].

~

Al E [ Oetrt hiepraalscy mm® dependende.l |

A They also argue that precocious factorization of the
1 production amplitude into three blocks is likely:

1. overlap integral betweey + wave functions.
2. the lhard interaction.

3.the GPD.

A Higher order corrections, which may be significant
at low Q?for u, likely cancel in A 9.

A A ? expected to display precocious factorization
at moderate Q*~2-4 GeV-.
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precociousstaztovizationatonly

>

At Q’=4 GeVY, higher twist
effects even larger in,, but still
cancel in the asymmetry

5

=~
o

—t=0.3 GeV?

L w @
(=] [=] (=]
1 Il 1

w
(=]
1

At Q%=10 GeV, Twist4 effects
can be large, but cancel in°A

[

/dt (nb/GeV?)

dciL
o
1

0.1 0.2 0.3 0.4 05

Bjorken x

A =0 at

parallel
kinematic

| limit, where
{1 dg is not
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