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SoLID (Solenoidal Large Intensity Device)
Full exploitation of JLab 12 GeV upgrade with broad physics program

Lumi ~1e3*/cm?/s (baffled geometry)

> Standard Model test and hadron
structure

a PVDIS on both deuterium and
hydrogen

High Luminosity
Large Acceptance

Lumi ~1e%/cm?/s (open geometry)
> 3D hadron structure

o TMD (SIDIS on both neutron and
proton)

a GPD (TCS)
> proton mass and gluonic interaction
a Jhy production at threshold




Parity Violation DIS (PVDIS)
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* The couplings g depend on electroweak physics as

. C,=2g.8, C,=2g8,
well as on the weak vector and axial-vector

. _ 1,4 .2 ~
hadronic current. Cro = —ghgsin Oy ~ —0.19
i . Ciqg = s—2sin“ by ~  0.35
»  Both new physics at high energy scales as well . _ TR e~ oo
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as mte_retstlnlg features of hadronic structure Cog = o260y ~ 0.04
come into play. o
« A program with many targets and a broad & et
kinematic range can reveal the physics. = Is the glass half fu

or half empty?




SOLID PVDIS

12 GeV Upgrade: Extraordinary opportunity to do the ultimate PVDIS Measurement
Pure electron-quark scattering.

G Qz
Apy = —=—la(x)+ f(¥)b(x)]

J2pa

g%9,y(SiN“6y) g%, (Sin“6,y)
PVDIS
*  Measure Aps (9%9ay, 9°% )
* Negligible hadronic corrections
SoLID PVDIS Strategy: _ _
sub-1% precision over broad kinematic range ’_A‘tlom'c Parity
sensitive Standard Model test and detailed Vio atlc:(n éAIEI\Q' Only SoLID can
study of hadronic structure contributions Qweak, So measure ged,,

LH2 and LD2 target (charge sSymmepyy. fynction of c,, axial-vector quark coupling



SoLID PVDIS Projection and Impact

« Measure 2g®, - g8, precisely
« Measure sin?0,, precisely

High Luminosity with E > 10 GeV
Large scattering angles (for high x & y)
Better than 1% errors for small bins
x-range 0.25-0.75

W2 >4 GeV?

Q? range a factor of 2 for each x (except
at very high x)

Moderate running times
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Orbital motion - Nucleon Structure from 1D
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TMD Structure Functions

SIDIS differential cross section
18 structure functions F(x, z, Q?, P1),
model independent. (one photon exchange approximation)

do
drdydzdPdondos

02 2 -2 :
- Y2 2(1 — €) (1 + ﬂ) [Diehl&Sapeta EPJC2005]
X {FUU’T + eFyur + V2e(1 4 €)FE5 % cos dp + €F 2 cos 20y, + Ao/ 26(1 — €) F35 %7 sin ¢,

+ St [WF;IE% sin gy, + eFpp 27 sin 2] + AeSL[V1 — €Fpp + V2e(1 — €)F57% cos On]

+ St [(Ffl;(?‘_m} + EFE.-?EP‘_@S)) sin(op — og) + EFE};@H@S) sin(¢n + os) + EFS};{M}‘_%’j sin(3¢y, — og)
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+ AST[VI = @FF 0 95) cog( gy — s) SoLID:
+ 1/ 26(1 — €)F5595 cos g 4+ /2e(1 — €) F5o2 P29 cos(2¢), — q')g)]} 4b b-ll?nlng and hlgh
precision

In parton model, F(x, z, Q?, Pt)s are expressed as the convolution of TMD
and fragmentation function. 8



SoLID SIDIS Program

EM Calorimeter

E12-10-006: Single Spin Asymmetries on
Transversely polarized He @ 90 days, rating A

E12-11-007: Single and Double Spin
Asymmetries on longitudinally polarized 3He @
35 days, rating A

E12-11-108: Single Spin Asymmetries on
Transversely Polarized Proton @120 days,
rating A

Key of SoLID-SIDIS program:
Large Acceptance, full azimuthal
coverage

+ High Luminosity

- 4-D mapping of asymmetries

- Tensor charge, TMDs ...

—>Lattice QCD, QCD Dynamics, Models.

J




* E12-10-006: Single Spin Asymmetry on
transversely polarized 3He, 90 days, rated A
SO I_ I D H 63 SEtU p * E12-11-007: Single and Double Spin

Asymmetries on longitudinally polarized 3He, 35
days, rated A

Dihadron process as run group

EM Calorimeter

| Detection

e AL | O » e- at forward angle with EC and Cerenkov
. _f | to reject pions

« e- above 3GeV detected at large angle

with EC to reject pions

* pions detected at forward angle with TOF

and Cerenkov to suppress kaons

SIDIS electron acceptance & efficiency
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* Polar angle: e- 8-24 deg, n"/n* 8-15deg NS 0.1
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« Mom: 1}-07GeV vertex 6 (deg)
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SO |_ | D N H3 Setu p « E12-10-008: Single Spin Asymmetry
on transversely polarized proton (NHs),
" SoLID (SIDIS NH3) | 120 days, rated A

EM Calorimeter
(forward angle)

Detection is similar to He3 setup

EM Calorimeter,
= (large angle)

Coverage is similar to He3 setup except
some distortion from the target field

I

/
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5T transverse target field
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7 acceptance is similar
n* acceptance is reversed
along phi=0 plane

acceptance by LA acceptance by LA acceptance by LA acceptance by LA
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SoLID SIDIS Kinematic Coverage

0.05<x < 0.6 —
+  COMPASS g
1GeV < Q2 < 8GeV "4 HERMES
03<2<07 | s
0 < Pr< 1.6GeV 10f - - w2, =56
< | | o
~ 2000 bins for n S L
- -1 N H&W";F
~ 1000 bins for p < Co e
L e,
ol T /1 | | |
0.01 0.1 02 0.3 04 0.5 0.6

T
large acceptance and high luminosity enable wide coverage in all 4
Kinematic bins with well controlled systematics 12



SoLID Impact on Sivers

Fit SIDIS Sivers asymmetries data
from HERMES, COMPASS and Jlab-
6 GeV

Monte Carlo method with nested
sampling algorithm is applied

TMD evolution is not included

Both statistical and systematic
uncertainties are included

one order improvement

i SoLID(Baseline)

(systematic uncertain

vs. World

y included)

Q2= 2.4 Ge)

13



SoLID Impact on Transversity

04 SoLLID(Baseline) vs. World

(systematic uncertaingy included)

Fit Collins asymmetries in SIDIS and
e*e annihilation

SIDIS data from HERMES,
COMPASS and JLab-6 GeV

e*e- data from BELLE and BABAR

—04r
. - . 50
TMD evolution is included "
% _l() frossbmmsnsnnnnsassannnnnessasam i annr e s am e ““..d
Both statistical and systematic L
uncertainties are included ég()n ........................................................................................
E 2()., T o
- § S o
one order improvement ST - S —
i s
0.0 0.2 0.4 0.6 0.8 1.0

Z.Ye etal, Phys. Lett. B 767, 91 (2017) KPSY 15: Z.-B. Kang et al., PR D 93, 014009 (2016).



SoLID Impact on Tensor Charge

Definition
1
(P, S|wgict 1, | P, S) = dpqu(P, S)ic" u(P, S) drq = / h(x) — hi(x)] dx
0

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

Dyson-Schwinger equation = Lattice QCD 4 Models
+ Phenomenology ¢ Future experiment
u
8r
Wang et al. (2018)

Yamanaka et al. (2013)
Bhattacharya et al. (2016)

i

g T
[
HH Abdel-Rehim et al. (2015)
[ ] Gockeler et al. (2005)
A A Cloet et al. (2008)
A A Wakamatsu (2007)
A A Pasquini et al. (2005)
—a— a1 Gamberg, Goldstein (2001)
A
—a—
A
A

one order improvement

A Schweitzer et al. (2001)
F—a— Ma, Schmidt (1998)
A Barone et al. (1997)

A Schmidt, Soffer (1997)

' | He, Ji (1996)
A A Kim et al. (1996)
—¢ 1 F ¢+ | Kang et al. (2016)
| ol Sy | Radici et al. (2015)

. ' ' e —— Goldstein ct al. (2014
Including both ——— —s—o ' ‘nsclmino ¢t gl (201;)

. Ye et al. (2017)
systematic and
statistical errors

JLab12 SoLID Baseline

) 2 2.5
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SoLID Constraint on Quark EDMs with Tensor Charge
Tensor charge and EDM  dy, = g7 dy + g dg + gy dy  Srtaticecalculatior

d, upper limit dy upper limit

Current g; + current EDMs 1.27x10%% cm 1.17x10%% cm
SoLID g; + current EDMs 6.72x102% cm 1.07x10%% cm
SoLID g; + future EDMs 1.20%10?’e cm 7.18%10%% cm

Include 10% isospin symmetry breaking uncertainty

® currentg + currentd,

> ® future g, + current d,

e future g + future d,

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

-0.5 0 0.5 1
d,/10% ecm

d,/10** ecm

T. Liu, Z.W. Zhao and H. Gao,
PRD 97, 074018 (2018) 16



General Compton Process accessing GPD

v(q) + p(p) — v(q') + p(p’)
Q*=—¢* Q*=q¢% s=(p+q? t=A4A%

J\"L/Lﬁ ,UQ{JJ\J

DVCS (Y — )
TCS (y — 7"
DDVCS (y' — 7'

Compton Form Factor (CFF)
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£ —x—ie E+x — 1€ f—_ (q+¢)? N Q?_ Q»
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1
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1
q
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17 E.R. Berger et al. Eur. Phys. J. C 23, 675-689 (2002)
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General Compton Process accessing GPD
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Timelike Compton Scattering

Real (imaginary) part of the Compton amplitude of GPD can be obtained from
photoproduction of lepton pairs using unpolarized (circularly polarized) photons

1000 ¢ . . . . . . .
BH
-&% : TCS
¢ 100 T
_5 [
o [ - _
— 1[] 3
e F
-
o
S
” F
-ﬁ -
0.1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4

t] [GeV?
E. Berger et al., Eur. Phys. J. C23, 675 (2002)

Ne)
Kem
q ) k
AJ& q

Il cm. 19



SoLID TCS Setup

SoLID (J/¢ and TCS)

Target 15cm LH

EM Calorimeter

Detection
1 - at least one of e- and e+ at forward angle
SHETL? ol oh At with Cerenkov to reject pions
om e- / v K » proton detected at both forward and large
Target
— == Beamline ["electron Mom vs positron Mom | [Celectron 6 vs positron 6 |
= o 40F 10°
ém 102 %35_ 102
£ 8 S30- .
= 6 10 25F I' 10
_ ! 20 3
3 4 ! 150 !
2 o
Cherenkov Cherenkov " "
274 s T8 0 &'510"15 2025 30 35 40 °
Mom (GeV) 0 (degree)

lumi ~1e37’/cm?/s

&8 & g

Cut on missing variables to ensure
exclusivity

T DB0ED407 0 D2 0L0E0S 1
Migzing P_[GaV)




Q2 (Gev?)

6,,, (rad))

0,,, (rad))

SoLID TCS Projection

0.100 <n<0.140 0.140 < 1 < 0.175 0.175<n<0.195
10, ~1 — 10y
k3 ‘E 9 N %g k3
8 g BF g 8k
£ + 0 7 . ®
. o & &% . . . .
T . | Enough data for kinematic binning
, £ BE £
P 070505 040506070808 1 0i0503040506070808 1 P OT0505040506070808 1
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10y w o £ 19
o & o & o
7t 7t
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»
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8, (rad))
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SoLID TCS Projection

TCS circular beam asymmetry helps
constrain Im{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 10.20 1015 10.11 10.12
o~ (Im{H})| -0.50 -0.40 -0.21 -0.27 -0.19
Go through (o, Aory)
SolLID 9; DVCS
simulation to 8 L TCS,
get O F -
acceptance % 7_ 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 (\(I] £ A!!' o= (Im{H})| -0.40

fitit

0.05 0.1 0.15 02 025 03 035 04

» Michel Guidal and Marie Boer
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Conformal (Trace) Anomaly

« Connecting

Trace of energy momentum tensor

“Beta’” function energy evolution of strong
Interaction coupling constant

afy 7
G Gaﬂ

<N|'B(g)G‘WG7 + > m,qq|N>=M

u,d,s,

Quark energy

Quark mass

Gluon energy

Trace anomaly

X. Ji PRL 74 1071 (1995)

Proton Mass Budget

H20%
Trace
Anomaly M 29%
B17%
Energy
M 34%

Jrgf_fe;s)on Lab 23



From Cross section to the Trace Anomaly

doyN—yN (

dt

d- T N—1 N ] 1
R o 1-{: — D — J
dt (5 ) 647 mi (A — my)

« VMD relates photoproduction cross section
to quarknium-nucleon scattering amplitude

Imaginary part is related to the total cross
section through optical theorem

Real part contains the conformal (trace)
anomaly; Dominate the near threshold region
and constrained through dispersion relation

¥ +N>N+J/y

Heavy quark — dominated
by two gluons

(PITZ|P) = 2P*P, = 2M;

Total

Imaginary Amplitude

B —Y_.=.:%:!_Q*
. ¥

g )

__ —e+— CAMERINI 75

E Real Amplitude —=— GITTELMAN 75

—— AUBERT 79
—*— AID 96
—=— BREITWEG 97

10

VJ?EBeV)

A measurement near threshold could allow access to the trace anomaly

.Lgﬁf.ggon Lab 24



SoLID J/g Program

Measurements
weemee o E|@Ctro-production:
= - 4-fold: detect decay e e* pair,
scattered e~ and recoil proton
- 3-fold: detect decay e e* pair,
scattered e~ or recoll proton

*Photo-production:
- 3-fold: detect decay e e* pair
and recoil proton

» Goals: 10% stats and 15% syst.
ep — e'p’ (e e’ Uncertainties
Yp—p' Jy(ee’) . -
* Kinematics:
« 4,05 <W < 4.45 GeV
¢ |t = tminl < 25 GGVZ

Director’'s Review of SoLID, September 9-11, 2019 .Lejggon Lab 25



SoLID J/y Projection

o)
E 10F =
N 5
1F E
al ¢ Comell 75 )
107" s SLACTS 3
- A SLAC 76 (Unpublished) .
- o CERNS®7 4
1072 t-channel (2-gluon) -
3 ~weeeeew t-channel + P(4450) E
- e  SolLID 50 days 3-fold 1
102} SoLID 50 days 3-fold with P (4500) _|
8 s  SolID 50 days 2-fold E
- 0 SoLID 50 days 2-fold with P (4500) -
10— A
10
E, [GeV]

Total and differential crosssection precision measurement near
threshold

Explore trace anomaly extraction and access to proton mass

Director’s Review of SoLID, September 9-11, 2019 .Lejggon Lab 26



SoLID Subsystems - Magnet

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

moved to JLab In 2016

Polarized 3He target
/| center 145 cm from pivot

27



SoLID Subsystems - GEM

| | | Drift Cathode

Gas window e

L) 0 ) (] eemmi

2 mm — Transfer

o)) oM P _

2 mm - Transfer e GEM-T
< — ,@ﬁg‘p

| &) ) [T cemmi
- Readout

|| Gas Electron
| Multiplier =

| High rate capable
trackers with
multi-layers and

large area

Largest GEM built and ran in experiment, PRad June 2016
28
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SoLID Subsystems Cherenkov

Light gas (CO,) . ”** il
identify electrons :. N
suppress pions . —

— p-Terpheny| coatin, {eors!n:u){ \ pglem?)
Terpheny| coating (measured)

Heavy gas
identify pions
suppress kaons




SoLID Subsystems - MRPC

MRPC3 )
Read out / > = MRPC2 MRPC1 \
Insulator 7 o +HV
7 3
/ N 28cm m mﬂmlﬂmﬂﬂﬂm QGCm Y
Carbon [ ' Resistive plate
/ Vv |
JA
\ L A —_— <
Insulator / i e
Sread out I
. . . _— 94;;2 100%‘
Multi-gap Resistive |% .-
Plate Chamber : g
"l ~100ps time L S S 00 e
resolution, fastand | et — | = |,
high rate capable riox eema)
1 TOF PID
§0.9§ — At{pm) ‘
+—0.8= —At{p-K)
00.7= --- At (K-m)
©0.65
E0.55
—0.4:
0.3=
0.2- ~
0.1= S TS
T2 34567 8910

Mom (GeV/c) 30



SoLID Subsystems - ECAL

2,
. |

n
shashlik calorimeter

, good resolution and
radiation hardness L‘

31




SoLID Subsystems — Target

polarized 3He target

luminosity >= 10%¢/cm?/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_———=

Helmholtz Coils

polarized NH, target

luminosity >= 103%/cm?/s
High in-beam polarization ~ 70%

Microwave NMR g, \k
Input o llg signaiout ? I—
C)

| Refrigerator
o __EL;

To Pumps To Pumps
- _—
| )| | /=
T4 T | _I:I LT |
LNo [ ] LNo
] (s
ik HIIH A
| [
Magnet
_ NMR Coil
e—> —B l
Beam Target =57
(inside coil)
1° K
| [
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Summary of SoLID Program

* PVDIS: Standard Model test and hadron structure
* Nucleon 3D imaging:
* Precision TMD measurement via SIDIS
* Additional GPD measurement via TCS
* J/y near threshold: trace anomaly and proton mass
* More experiments will be proposed
* With high luminosity and large acceptance, SoLID
will fully exploit the capabilities of JLab 12GeV
upgrade

Supported in part by U.S. Department of Energy under contract number DE-FG02-03ER41231
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Extensions to the Standard Model

Possible scenarios: PVDIS in high-x SoLID has high-energy
reach complimentary with the LHC.

« Alldata fall on Standard Model
5in%0,,(Q?) curve.

« Dark Z' modifies sin20,,(Q?) curve
for all experiments.

« (Other BSM Physics can make
additional contributions to the
ged in any pattern.

Example: lepto-phobic Z' contributes only to g&9,,,

e q

PVDIS also probes hadronic physics:
« Charge symmetry at the quark level.
» Isovector EMC effect.

[2 geu _ged]AV

d
Re™ "1,

Published data
+P2 at Mainz

* Isolate quark-quark correlations.

Nature 557, no. 7704, 207 (2018)

Director’s Review of SoLID, September 9-11, 2019

Nature 506, no. 7486, 67

2014
( ) .g_e,ﬂggon Lab 35




Unified View of Nucleon Structure
Light-front wave function ¥ (Xi, Kti)

GTMD F(x, 4, k) Wigner distribution p(x, bT, kT)
5D Generalized Transverse Momentum Dependent
AT=0 [d2kT J[d?kt

3D [TMD f (X, kr) GPD H (x, ¢ 1) IPD H (x, ¢ b7)

Jd2kr Jdx
1D PDF f(X) Form factor F (t) Charge density p (br)

Jdx t=0 [dbr

Charge ¢
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Access TMDs through Hard Processes
l‘Sv | . -:fﬂﬁﬁﬁﬂ ) L . ‘i
ot JETS E@D =l suu/' o BsN

'--'-r'-r'-;'\-r

lepton lepton proton lepton

proton . pion proton antilepton

Drell-Yan

Partonic scattering amplitude

Fragmentation amplitude

. Distribution amplitude
positron 5;'32:5-3.1} pion

ee* to pions
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Generalized Parton Distribution (GPD)

/ pa/q\f‘ . A unified descriptions of partons (quarks and gluons)\
bL

AEL in the momentum and impact parameter space
\_\: pion Xﬁl:rlll(cse

L ]

- cloud

A fexb) /i %
%’-; ot longitud. o . ‘

16-|| o R II " Xq —r T T T Ay
14 F - T L 2 2 |
] . , R Q=5GeV” |

1 “.
. Ve o8- . xp /O .
AR -

= 1.0 P =
%0‘8 - 1 *3 E Wi, - Y ==~ NLO(S4)] 2 -—"‘\.
U s E BI i E z 27, Y "~.\ . O '\\ —— NLO — “Z/" o b= =
i 0 6 :__ ¥ i 3 / o \\i : // \\\_\- W Y _ : 3 \
1 B ] (] L N\ ] BOX,
04 3 4 p 4 » Ssiach
02 | b f (o
O'o :.. s d e s sl a gl e s a bl e a ol s aaal
0 2 3 4 5 6
Q? [GeV?]
0
Elastic form factors Parton Distribution Functions

\ Transverse spatial distributions / \ Longitudinal momentum distributions/
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_eading Twist TMDs

=* Nucleon Spin
= Quark Spin

Quark Polarization

(worm-gear)

1
O L ONO
g
g unpolarized Boer-Mulders
N
. 1
OO LNOS
| - .
o . longi-transversity
A helicity (worm-gear)
S
QL i h; -
§ fir - @ g7 - transversity
Sivers trans-helicity h1T @ —

pretzelosity
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Present Status On TMD Extractions

Sivers

Q% =2.4 GeV?

0.06-

5
[
<

il
<]

0.4
0.3f
0.2f
0.1f
O}
0.1

0.1F
0

__Transversity
Q%=2.4 GeV?

-0.1

J.(I)H(K)

xhyp

o

=

0.06

0.03+

0

-0.03 F

-0.06 1

.98

0.121

0.06

Pretzelosity

o N

p— 0
= -0.02+
~— O "‘
z
3 I I - I

precision data needed

Anselmino et al, EPJA39, 89 (2009)

Collins fragmentation

Anselmino et al, PRD92, 114023 (2015)
PRD93, 034025 (2016)

Anselmino et al, PRD92, 114023 (2015)

N
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<
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01F
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Lefky et al, PRD91, 034010 (2015)
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SIDIS @ SoLID

Approved SIDIS experiments rated with A
11/8.8 GeV beam, polar angle 8°~24°, full 2w azimuthal angle

» E12-10-006: Single Spin Asymmetry ® run-group
on transversely polarized 3He, 90 days, *Dihadron process
rated A Ay inclusive

¢ E12-11-O_O7: Single _and_DoubIe Spi_n e E12-10-008: Single Spin Asymmetry
°He, 35 days, rated A 120 days, rated A

SolLID (SIDIS He3
N EM Calorimeter
[EM Calorimeter 51 8 forward angle
forward[angle
| l s

EM Calorimeter,

eeeeeeeeeeeeeee

largé atceptance and high fuminosity enable wide coverage i
kinematic bins with welfcontrolled systematics




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

U - 4 T T T T T T T T T T
SoLID || SoLID || SoLLID
proton target neutron target proton + neutron
0.2 k targets
B
=
= 0.0

1 d A N W g KPSY15(u) |
oraer 9 ol | N | N KPSY15(d)
02 Q =24 GeV 1t acceptance 1L [==1 After SoLID |

SoL.ID KPSY15
SHSOLD /5 p}

-
.............................................................. !“1.."_ & eee—— ]

o Hgmu Q“ch.-_--i

0.0

T 02 04 06 08 4, 0.2 04 06 08

Z. Ye et al, Phys. Lett. B 767, 91 (2017)

Including both systematic and

statistical errors

43 KPSY 15: Z.-B. Kang et al., PR D 93, 014009 (2016).



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). [Re-analysis]

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

Constraint on quark EDMs with tensor charge

d,/ 1072 excm d o .
o = N ~ dnngdL4+gTdd+gTds

Usingg; from lattice calculation

1

‘p ommy + G ammy 9
L

‘pydumy + 5 ampny o
L

‘panmy + GjwLm) ¢ -

 Future gt: SoLID
projected tensor charge

 Future dn: 3.0<10%8e cm

wa 1/

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




Constraint on Quark EDMs

Current upper limit on the proton EDM B. Graner et al.,
Phys. Rev. Lett. 116,

« Mercury atom EDM 161601 (2016).

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

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

* Derived proton EDM y including the uncertainty among
limit: 26 x 107" ecm different theoretical models

Constraint on quark EDMs.\vith tensor charge

| T dp_ngl"du'i'gTdd"'g;“ds

- Usingg; from lattice calculation

= | 53 H « Future gr: SoLID
f; = - projected tensor charge
& L
= « Future dp: 2.6x10%% cm




Constraint on Quark EDMs (111)

Constraint on quark EDMs with combined proton and neutron EDMs

d, upper limit d4 upper limit

Current g; + current EDMs 1.27x102% cm 1.17x102% cm
SoLID g; + current EDMs 6.72x102°e cm 1.07x102% cm
SoLID g; + future EDMs 1.20x102%’e cm 7.18x102% cm

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

Three orders of magnitude : :
- Probe to 30 ~ 40 times higher scale
improvement on quark EDM limit J

Current quark EDM limit: 10%°e CM i ~1 TeV
Future quark EDM limit: 1027e cm = sl 30 ~ 40 TeV

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



Unpolarized Quark in p?

Pxk,-S Model Calculation
fQ/PT($7kJ-) — ff($:kl-) - 1#](337 ki_) i fufpr (x=0.1)

Sivers distribution °“/ ' \

0.2
£l @ _ @ naively time-reversal odd. _ S i
N o i
DY —o.4\ /C( I
Measurement in SIDIS 06 a

~0.6-0.4-0.2 0.0 0.2 0.4 0.6
px (GeV)

Sm_gle spin asymmetry A?}r}(%fcbs) ~ fip(a, ko) ® Di(z,p1) fgjpr (X=0.1)
(Sivers asymmetry) 03 -

0.0

Py (GeV)

0.2
§ 02 s .
LT’, r S 00 =
= 0 & )
-0.1
-le-: === Phenomenological Fit
3 '0-2 ----- Light-Cone Quark -0.2
.g =111 = Axial Diquark 0 A, ) o
& -0.4 OO ESy] - 20.3-02-0.1 0.0 0.1 0.2 0.3 12
g By yoep dopoity g gy px (GeV)
G2 02 °'4xb] Bacchetta, Conti, Radici
6 GeV JLab E06-010, X. Qian et al., PRL 107, 072003 (2011). PRD 78, 074010 (2008).
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Transverse Spin Structure

Transversity

A transverse counter part to the

longitudinal spin structure: helicit
h; @ - @ (Collinear & TMD) J P y g

Chiral-odd

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)

| Neutron + ot L ATC
0 1 e +*+m+=L
: T i + == Quark-diquark
| == Phenomenological Fit
I N A T T T T Light-Cone Quark
_0'5_ . - == Axial Diquark
| ————— | Fit | _—
T T rr——p—p———)
.....................................

They are NOT the same due to relativity.

NOT accessible via inclusive DIS process.
Must couple to another chiral-odd function.
(e.4. Collins function Hi)

Measured via
SIDIS (E12-10-006, E12-11-008), Drell-Yan
Di-hadron (E12-10-006A)

6 GeV JLab E06-010, X. Qian et al., PRL 107, 072003 (2011).
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Soffer’s Inequality

Soffer’s bound

1
|7y ()| < 5 [fi(z) + ¢i(x)]  Derived by using the positivity constraint on
the forward scattering helicity amplitude.

Global fits of transversity

=)

-
<

Ard

0.4 p——rrrrre——rrreen
0.3F Q%=2.4GeV?

0.2
0.1F
0 p——7rc—————-
0.1F

0.1}
J:
0.1 f
0.2 f
-0.3 F
-0.4 a -
0.001  0.01 0.1 1

X
M. Anselmino et al., PR D 92, 114023 (2015).

P
(o]

o 03
E s o2l
=

pe 01

0 0.2 0.4 0.6 0.8 1

Z.-B. Kang et al., PR D 93, 014009 (2016).

Test Soffer’s inequality (@ SoLID
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Deep Exclusive Meson Production

A special kinematic regime is probed in DEMP, where the initial hadron emitsC|Clor gg pair.
m GPD E not related to an already known parton distribution.

available from any other source.

m  The most sensitive observable to probe E IS the transverse single-spin asymmetry in
exclusive m production

Experimental information on = can provide new nucleon structure info unlikely to be

A

o

do/
_J'dlg ﬂ]

Jarse,

do, ' = exclusive & cross section
for longitudinal y*
S =angle between transversely
polarized target vector and the
reaction plane.

Reaction Plane

Scattering Plane /

—t 7E1— E2 Im(E'H)
Mo (1- A2 e _2£2Re(E'H)
Adm

A, expected to d'isp?ay precocious” .
factorization at moderate Q?~2-4 GeV?

Refs: A.V. Belitsky, D. Mueller, PLB513 (2001) 349
L.L. Frankfurt, et al., PRD 60(1999) 014101
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SoLID DEMP Setup

SoLID (SIDIS He3)

EM Calorimeter

[EM[Calorimeten;
(large angle)
|

Beamline

i s . e | Ti_i_ij \
I R —— I
y 11
LightiGas™Heavy,Gas

Cherenkov) (Cherenkov

Polarized lumi ~1e3%/cm?/s

Run group with SIDIS He3 11GeV
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 5"@®-%) over a wide
kinematic range.

We will also measure A ;"(®) and
its companion moments, as was
done by HERMES.

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

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

0.0081- [ Heeemipop),,
N0.0061— PN
2 >
g 3
= [ ~
S 0.004 5

0.0021— THe(e,e'T)p+X

. ‘xm(“'“'m’*(mp
00000t canlilerst N ‘ !
g 0.6 08 10 12 14 1.6

Recoil Proton Missing Mass (GeV)

' (GeV?)




SoLID DEMP Projection

Unbinned Maximum Likelihood (UML) Method, same as HERMES PLB 682(2010)345

All effects on.
Includes all scattering, energy loss,
resolution and Fermi momentum

effects.

Only Fermi momentum off.
Includes all scattering, energy loss, resolution
effects. Similar to where proton resolution is

0.00 — 05 ' good enough to correct for Fermi momentum
~ —0.03- s ; It B effects.
-I& & ] L] § 0.3 .. 0.00 1 1 1 05 1 | 1
S
E 0064 N — — — __ = o
@ S {F 0.2 - —0.03 - _ 0.4 /.{l—,l l‘_ ‘_l
< _0.09- 0.1 1 \ 2 o3| *
§ 0067 [;w Ll SIS 7
~0.12 : . . 0.0 ‘ . . " - 502
0.0 0.3 0.6 09 12 0.0 0.3 0.6 09 12 < <
t (GeV?) t (GeV?) —0.09+ r 0.1+
0-08 I 0-08 I _0 12 T T T 0 0 T T T
00 03 06 09 12 00 03 06 09 12
~  004- ~ 0041 - t (GeV?) t (Gev?)
© k=Y " g L]
g . s A
g ooy RETT M Tt F 0009 All effects off.
< —0041 < _o04- » 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 (GeVv?)
008 0.00 05
~ —0.03- 041 P s = =
7 0047 3§ ", Average input T g o3 =
s ST e e ’/ asymmetry per T —o0s| #fEE - e E
T 0007 ————— """ pin e 5021
7} e =] <
5 <X —0.09 |
<< —0.04- - 0.1
—0.12 T T T 0.0 T T
—-0.08 T \ T 0.0 0.3 0.6 0.9 12 0.0 0.3 0.6 09 12
00 03 06 09 12 t (GeV?) t (Gev?)
t (GeV?) 5
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[PRD 60(1999)014010].
= If E#£0, the asymmetry will produce a sing dependence.

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

1. overlap integral between y, © wave functions.
2. the hard interaction.

3. the GPD.
m Higher order corrections, which may be significant
at low Q?for o, likely cancel in A, ™.

m A~ expected to display precocious factorization
at moderate Q?~2-4 GeV-.
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GPD information in A,— may be particularly clean
« A--is expected to display

precocious factorization at only Q=4 GeV? —t=03 GeV?

Q2~2'4 GEVZ: %60-
C\.‘J\so—
rg 40
@ At Q2210 Gev?, Twist—4 effects 5.
. 1 ™~
can be large, but cancel in A 5
%0 o1 0.2 03 0.4 05
(Belitsky & Mdiller PLB 513(2001)349). o8] e . - AM=0at
0.5 — /
_ parallel
0.4 Twist—4 - .
_ . P \ I Klngmatlc
.At Q2%=4 GeV?, higher twist 0r. ¥ | limit, where
effects even larger in o, but still 011 \ 9% isnot
. 00 : , : , well defined.
cancel in the asymmetry 0 o1 02 03 o4 03

Bjorken x

ThisPretatively low value of Q?for the expected
onset of precocious scaling is important, because
It Is experimentally accessible at Jefferson Lab.
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Transverse Target Single Spin Asymmetry in DEM

) 2
Unpolarized 27rd Oy :8dO-L +dGT +2e(e+1) d;” cos¢+gddtTT COS2¢

Cross section dtd ¢ dt dt -C_YU
S
@nsversely sin fim(do, +edoy,) [
padarized cross : _ =
5 &tion has 3 +sin ¢g/e(1+ &) Im(d o) 5
iti P, cos @ k5
P itional t Aoy __ — | +sin(¢+ ¢ )—I (do)0) 5
= ?ponen S dtdgdg, \/1—sm g,sin’ ¢, c
T - +SiN(2¢p— g )N e+ &) Im(d o) %
ives rise to Asymmetry Moments _ =
= =5 y y +sinBg—g) < Im(d o) S
+ (&)
¥ 4 = d°oy; (4, 4,) 2 o
0 - d°o, (4) o — nucleon golarizations ij = (+1/2,-1/2) &
(O] @ _ _Z St sin( ug+ A, photonpolarizations mn = (-1,0,+1) E
n s/k =
- | Z

LB nseparated sinp=sin(¢-¢,) Asymmetry Moment

+— =*17
o) Q%0 IME H) oo g 1
E 2 Ref: M. Diehl, S. Sapeta,
Eur.Phys.J. C41(2005)515.




HERMES sin(p=¢-¢,) Asymmetry Moment

m Exclusive t* production by 1.0 [ — Full calculation, inC|l..ldiI’\.g
scattering 27.6 GeV positrons or 0.8 [ transverse and longitudinal y.
electrons from transverse oot E

(9 polarized *H without L/T x ol { .

O separation. [PLB 682(2010)345]. ¢ oof { T g

o " Analyzed in terms of 6 Fourier & 02 g T - g !
QO amplitudes for ¢_,o.. ﬁ: ] 7 ‘\ i
0 'E,Asymmetry is diluted by ~50%. :0:8 L N 7 Longitudinal y only.
= w< e>=0.13, <Q22> =2.38 GeV?, '1'%._0 ol.z | o|.4 | ol.a :
- - ;( »=0.46 GeV oev?
.'E @) Goloskokov and Kroll indicate the HERMES results have
E E’ significant contributions from transverse photons, as well as
¢ @ from L and T interferences [Eur Phys.J. C65(2010)137].
g- Nonetheless, the HERMES data are consistent with GPD
¢ models based on the dominance of E over H at low —t.

- In fact, the sign crossing in the model curve at —t=0.5 GeV?
Is due to the large contribution from E demanded by the

data.



Example Cuts to Reduce Background

o

Garth Huber,
hllhnrn@uregin

Scattering &
radiation but no

resolution
smearing
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Two different background
channels were simulated:
oLID-SIDIS generator p(e,e 'n)X and

(e,e’n )X, where we assume all X
agments contain a proton

mver-estimate)

n—rA*—z7%p where the 4+
olarized) decays with I=1, m=0
ngular distribution (more realistic).

Apply P,...>1.2 GeV/c cut

- I T T T T I T T T T I
0.015—
i ﬁ(e,e"m‘)pﬁ-x
= L
T 0.0101
o i ————
0 AeeepHon),
0.005|—
- L, He(eem)A™+(pp),,
i I B e M e -
0.008 % 0.5 1.0 15

Recoil Proton Missing Momentum (GeV/c)

0.02

Rate (Hz)

S
=

0.00—

Background remaining after P, . C

0.008

0.006]

Rate (Hz)

0.004

0.002

0.000~

3ﬁt;(e,e 'T)p+X

m(e,e 'Tc')A++(pp)sp

10 12

L A

1.4 1.6

0.8
Recoil Proton Missing Mass (GeV)

0.6

cut

"He(e,e't)p+(pp),,

%(c,c'm p+X

“ L‘i\f(c,c‘:rr)A*+(pp)i],

=T T S

il nd prlly e TS 8
0.6 0.8 1.0 1.2 14 1.6
Recoil Proton Missing Mass (GeV)



. Summary

m A S99 transverse single-spin asymmetry in exclusive = production is
particularly sensitive to the spin-flip GPD E Factorization studies
Indicate precocious scaling to set In at moderate Q*~2-4 GeV?, while

‘ecaling IS not expected until Q?>10 GeV? for absolute cross section.

Ry " asymmetry can also be extracted from same data, providing
.eaowerful additional GPD-model constraints and insight into the role of
ransverse photon contributions at small —t, and over wide range of &.

|E-Iigh luminosity and good acceptance capabilities of SoLID make it
Oell-suited for this measurement. It is the only feasible manner to
@pccess the wide -t range needed to fully understand the
Basymmetries.

e propose to analyze the E12-10-006 event files off-line to look for e-
~-p triple coincidence events. To be conservative, we assume the recaoll
roton is only identified, and its momentum is not used to further reduce
IDIS (and other) background.

Ve used a sophisticated UML analysis to extract the asymmetries

=om simulated data in a realistic manner, just as was used in the

Lhioneering HERMES data. The projected data are expected to be a
considerable advance over HERMES in kinematic coverage and
statistical precision.

m SoLID measurement is also important preparatory work for future EIC.

Garth Huber,



