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SIDIS X-section in the Parton Model
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SIDIS cross-section
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 Disentangling the different contributions is not trivial
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Beyond the parton picture

 Higher Twist Contributions

* Overlap of regions that are
not captured by factorized
TMD picture

* VM Meson decays
» Radiative effects

» Assumption of suppressed
long. photon contributions

One persons ‘complication’
IS another person's signal...

=>Need high lumi, leverarm
In kinematics to disentangle
various contributions

TG (z, z) oc_)_Q~ ‘3 /Q‘
\

Qiu, Sterman, 1991. ...

Wi

Current Fragmentation
Collinear factorization

Target Region Current Fragmentation
Fracture functions Soft Region TMD factorization
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Exposure

Landscape

Jlab12: 2018+

JLab22:
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Kinematic comparisons
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<,
clas

V. Burkert et al., Nucl.Instrum.Meth.A 959 (2020)
163419

Overview
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https://www.jlab.org/Hall-B/clas12-web/
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. E=10.6 GeV

. P=86-89%
& Unpolarized Liquid H, Fixed Target
1 Torus magnet — electrons inbending

i Longitudinally Polarized Electron Beam

FTOF
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el | -

A

PCAL/EC

Run Group A (Unpolarized LH, target

% unpolarized SIDIS cross section off

proton . .
A;y in Beam Spin Asymmetries

Run Goup B (Unpolarized LD, target )

% Complementary to RG-A
— allow for u/d quark flavor separation

Run Group C (longitudinally polarized NH;
and ND; )

*x Fy.and F_

Run Group K (Unpolarized LH, target)
* - 6.5,7.5, 8.4 GeV e- beam

% Fyu. Fuut Separation

Run Group H (transversely polarized NH;)

% Fyr structure function

=should be
completed before 15t Shutdown =~ 2032




Unpolarized Multiplicities of ep—en®(X)

* Measurements of neutral pion multiplicities

o 19 yields normalized by number of DIS
electrons

[0”0 ~ P8 @ f2(z,Q%) ® D" (2, Qzﬂ

* Study integrates over the azimuthal ¢,

angle

/g _ 1 < /g n/q)
pr/i—2(pr/iyp
Fyur =C|fi1D1] ! 2\ ! !

| xg-Q° Bin 1 : M(2)|
Invariant mass fits over = 5[
the diphoton spectrum ; 4%
are performed to ol C|O5°§

calculate N(7z0)

Ongoing Work: Bayesian .
unfolding, ¢, :
modulation fits

e'(E’)

y+(0°,v)

do,

\ G/

M, (z)

* Measured

MAPFF ® CT10nlo|

NNFF ® CT10nlo
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Higher Twist PDFs
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twist-3 pdf unpolarized PDF twist-3 t-odd PDF Boer-Mulders

singn  2M | h-kp \ th G\ |, h-pr \ M, {E
FLU¢h = UC [— o, (:U@I;f_ + Mﬂ’ﬁ) + ng/l‘)1 + ﬁhl Z/‘
Collins FF twist-3 FF unpolarized FF

* |If Collins term only (H;+) = hierarchy of the A;’s
A () <Ay (%) =0 < Ay ()

* Observed is more Sivers-like (g+), asymmetry comes from struck u-quark
A () <A () = Ay ()




Kaon Asymmetries are larger

Kaon —e— Pion —&— Model 2 —— gDy -
B Sys. C—3 Model 1 —— eHyt - — -
"7 <P1>=0.23 GeV <P1>=0.48 GeV <P1>=0.79 GeV

xg-Q% bin 1

xg-Q% bin 2

xg-Q% bin 3

" 0.6 0.750.15 0.3 '045 06 075015 03 045 06 075 A Krlpko

* Reasonable Assumption
. Models by Mao/Lu
—u quark dominance using different models

Kt 1Kt of e(x), g*
=» Difference due to D /u H1 " /u EPJC 73, 2557 (2013) and 74, 2910 (2014)



Near-exclusive n*m-, t*n? production

x \We can constrain/better understand the contribution of p°, p*

decays on our single hadron asymmetries by looking at near
exclusive (My < 1.1 GeV) channels

* Strong yet similar
asymmetries observed (both
productions came from
struck u quark)

—>See talk by K. Joo
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* Different mechanism for neutral p° at high z
(low [t|) & GPDs, gluon contributions

G. Matousek



Better: di-hadrons

3

0.04 10 ' ; ' ; 0.06
GG { 8 R ~, oot X fXGf‘
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Phys.Rev.Lett. 126 (2021) 152501 Phys.Rev.D 106 (2022) 1
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* First extraction of e(x)
 Further constrains from Fy;; and F;;
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Compare Partial Wave Decomposition
in MC and Data

. .
« Comparing to Polarized Lund model here (StringSpinner ==
3P, model, A. Kerbizi et al, Comput.Phys.Commun. 272 (2022)) [
OO OO
Twist-2 Ary Amplitudes
A
0.1 11,1) Gior| ¢ StringSpinner cm.
$ RG-A (pass2) )
Sa 0.0 -3-§a8iger _* : B
< F - B &
—0.1f
0.1 :—|2, 1) Girr :-|2,2) Girr | * See more MC tuning studies in QCD
; - .° whitepaper
fe 00 -—--g--iﬂ-i-}--i-----:-———-!-—-'—;—'-'—.———= _____ .| E.g. charge, flavor correlations (Phys.Rev.D
< | s¥s 105 (2022) 5, L051502)
[ )
~0.1} —
0.5 1.0 0.5 1.0 G Matousek



° and Kaon combinations (SIDIS@CLAS12)

Isospin behavior dependent on PW?
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« Kaon > Pions for sp interference (not all PW terms)
— FF effect?
—nt/n® ordering dependent on PW

14



Lambda Program at CLAS12

- Constituent Quark Model (CQM)
O Predicts s quark carries 100% of the A hyperon spin

- “Do polarized u-quarks from current fragmentation transfer
their longitudinal spin to the lambda?” — Test spin structure

Longitudinal Spin Transfey alon
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-0.1 0.0 0.1

M. McEneaney

0.5
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Part of planned extensive Lambda program™ith larger statistics: Transverse, polarizing...

07 08

Py = PbD(y)D/L\Lu

longitudinal spin-transfer

Xiaoyan Zhao at
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Longitudinal target results with RGC

 Results represent 5% proton target (Ammonia, NH;)

1 r
09 F mi
oa b CLAS12 Preliminary
07 f
06
08 é o e e SenSItlve
ol S SN n “
: to the kT

- width of f;

02 |
01 f o NH310.55Gev and g,

0:A..1‘..|...1...1‘.A1...1...|.
0 0.2 0.4 0.6 0.8 1 1.2 1.4P

(N*-N)/(N*+N)/(fPgP,D(y))

* Dilution factor = % !
* Polarization = 85% FLL X 91 (x, kT) ® D1 (Z; pT)
16

Convolution over transverse momentum space

 Rich program underway



CLAS future: Transverse Spin NH; target (RGH)

« Add "conventional” NH; target to CLAS
 Similar to longitudinal target, dilution 3/17, Polarization =~ 85%
 Transverse Holding field: Moeller Scattering limits luminosity

=>For proposal use very conservative 5x1033¢cm™%s~1
(about %of ‘regular’ CLAS12)

_ 100 EEEOLR R PIUAD, | RSN T
-100 -80 -60 -40 -20 0 20 40 60 80 100
x (cm)

17



Physics with a transverse Target:
Example Transversity

- Data x > 0.2 very sparse >°°°
—->Models diverge = 0.04
0.02
—0.02
—0.04
2> 014 ¢
m<=0.12 — 0 @ (HERMES)
0.1 ‘ n A ©°(CLAS12)
0.08 [
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0.04 |-
0.02 F
0 L

002 F
004 |

-0.06 &

~ 2035

JAMDIFF (no LQCD)
1 047AM3D* (no LQCD)
¥ o Radici, Bacchetta (2018)
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High x at Jlab 22

40 . 40
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P.Schweitzer et al. arXiv:1210.1267 ka((GeV) P,

Strong Interaction Physics at the Luminosity Frontier

with 22 GeV Electrons at Jefferson Lab t: 2306.09360 [nucl-ex]

» ~doubling beam energy significantly increases phase space
* Pin down valence structure of the proton
* Integration in global analyses (e.g, strange distributions, CS Kernel)


https://arxiv.org/abs/2306.09360

SIDIS physics at an EIC: Coverage

« Common theme on EIC impact

— Extended kinematic coverage and precision, along with polarization
and possible beam charge degrees of freedom allow multi-pronged
approach >needed to extract multidimensional objects

— TMD factorization is valid

Large Q2 lever arm: probe evolution, disentangle contributions to o

| current data for Collins and Sivers asymmetry:
£ o COMPASS h*P, <16GeV

[ O HERMES %% K%:P, <1GeV

r 7 JLab Hall-A =™ P,; <045 GeV

| Jlab 12

vvvvvvvvv

— 3 ° S

“‘> 10 E ® STARS500 GeV -1 <n <1 Collins .0 00 - E
[} [ © STAR 200 GeV -1 <n <1 Collins . oo_,,

(_2_ [ ® STAR 500 GeV 1 <1 <4 Collins

NO r O STAR 200 GeV 1 <7 <4 Collins

102 Y STAR W bosons

10 |

<
Coverage to low x: access sea and gluon distributions
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Peak Luminosity [cm2s!]

Order of magnitude in luminosity depending on
/s (beware of projections with fixed [ L)

~ 103

EIC 18275

10

EIC 5x41

JjLAaB24g

== == High L " _
s Bacaline } L operating one IR at a time , 1
----- High L . ‘ . .
B:iieline } L operating both IRs with a fair-share - 10 ,
10 - 1033 "é
7.9 ' 9
10% F 1100 2
: =
: e 7 1.54 -'é
; 0.44 B Eo
Landscape of | =
1032 E the Nucleus 1 '<:q
: =
0 40 80 120 150

Center of Mass Energy E,, [GeV] ——
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Longitudinal double spin asymmetries
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* 3% point-to-point, 2% scale uncertainties (from Hera experience)

gf(a:, Qz)
|

e z>02 JAM
. B +EIC low g4
« 15.5 fb~1 at 18x275, other datasets scaled accordingly -8 mmm EIC mid g,
—12 B +EIC high g;

1074 1073 1072 10! 100
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Access to TMDs: Kinematic factors

Polarization Depolarization

Twist 2 Boer-Mulders ‘ uu B
Sivers ‘ uT 1
Transversity ‘ uT B/A
Kotzinian-Mulders ‘ UL B/A
Wormgear (LT) ‘ LT C/A
LU C/A
Helicity DiFF G~
UL 1
Twist 3 e(x) LU WI/A
h, (x) UL VIA
9,(x) LT WI/A

Slide from C. Dilks 23



1/[N"2AEY) ]

1/[N"2B(,y)]

Statistical uncertainty scaling factor
for 18x275
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Depolarization Factors

Polarization Depolarization

Twist 2 Boer-Mulders ‘ uu B
Sivers ‘ uT 1
Transversity ‘ uT B/A
Kotzinian-Mulders ‘ UL B/A
Wormgear (LT) ‘ LT C/A
LU CIA
Helicity DiFF G -
L - Suppressed at EIC
Twist 3 e(x) LU WIA
h, (x) UL VIA
9.(x) LT WI/A

Slide from C. Dilks 25



Example: transversity extraction from
Jlab and the EIC

=== JAM20 6d ==
—:= JAM20 + EIC(ep) _o.10 | [$2E P, a_
== JAM20 + EIC(ep+eHe) .

1 —0.15F T T T -

0.50 0.75 0.85 0.95 1.0 Gupta et al (2018)
’g 0.25 A \\ u Alexandrou et al (2019)
~ N —0.25F

et N\ JAM20
'§ 0.00 —— =.._::——.’;:’.;”,— _0.30 | +EIC(ep) .
= +EIC(ep + e°He)
~0.25 1 d ' . .
T T T 0.55 0.75 0.85 5u
0.00 0.25 0.50 0.75 1.00
x
sin(¢pp+os)
(Ajamz0/Agic) for Ay
A104- ® VS =141GeV P 1 0 VS5=8GeV 3He
& s @ V'S = 63GeV ® VS =063GeV
% 10 V'S = 45GeV ® VS =29GeV
@) 102 ® VS =29GeV
S .
~
10 ° e,
@ 10 . [ ] . ® O s
o ° ¢ ® ® ® o Of
0.001 0. 0.001  0.01 0.1

But careful with parametrization bias...

Simulations w/o radiative effects
Fixed £ = 10~fb~1 for each energy (unrealistic)

Phys.Lett.B 816 (2021) 136255
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He”® Double Tagging at the EIC allows
clean neutron measurement

* Neutron is to 87% polarized

S S’ D
- Double tagged events thus %) =i Eé’ | Q) @) . é)
provide access to polarized

neutron beam

« Reconstruction of initial neutron
momentum from tagged protons allows reduction of uncertainties
from nuclear corrections

0.3
0.00f A,He

n
b s e e > 0.2 A
E —0.05} Tagged uncertainty =
< 7 = < 0 (
c [= : : " : "
e s S = 210 ZW
> -3 Sl o g - £107° T
g 10 b SO DR — ” v Tagged g 103 . . | | Talgged
= 10~¢ o =] 0.1 02 03 04 05 0.6 0.7

XB XB

Frisci¢, I, Nguyen, D, Pybus, JR, Jentschetal 27



Precision A physics at the EIC

-01< g2 <1

b 0T< T2 <o 01 ¢ 0T< 92 <, 01 o 0T< 72 <01

. 5x4l 5x100  10x100  I8x 275
0.2 -+ €
T T
) o.o/ - .
02 — 1+ /Q_/aﬁ"/%
— 0.0 * - - I -
N — =
T o ——/ﬁﬁ.
T I A ]
ok 1 I
i; 0.00 %ﬁ\‘\"f\;\-’/ B —— ==
—0.05F +
I B P E— [ W E— (R By A B
* Phys.Rev.D 105 (2022) 9, 094033 T
 Also =T spin transfer, in-jet fragmentation 005 PN
« 40 fb~! at each energy .

« Significant impact of low Vs data %



Lambda feed-down composition vs
JLab20

EIC JLAB12

A (0.1<z<0.3)
A Parent 10.6GeV x>0
18 x 275 GeV 1.0

—— D{} CFR+TFR @ HERMES
L 08f DJy CFR & CLAS12

SN

0435 02 0.4 0.6 08 1.0

Xiaoyan Zhao at S \

_ Study by M. McEneaney(Duke)
* Possible to unfold at the EIC (not so much atzgjlab) ILab2?2 similar

* ML methods might help



Summary/Conclusion/Outlook

» Broad and diverse SIDIS program
—Present: JLab12, COMPASS
— Future: JLab22, EIC

« Wide kinematic reach enabling us to understand the full QCD picture
« Jlab: unprecendented precision in valence quark regime

 Already exiting results, e.g. kaon final states

* EIC: new frontiers

* What is missing in this talk:
— Target Fragmentation/Fracture Functions
— Exclusive limit
— TMDs in medium
— Charged current at the EIC

— Details on JLab12, 22 and EIC programs can be found in review
papers and detector proposals

* Yellow Report, Athena, ECCE, CORE proposals, PSQ report...
—...(and a lot more)
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Fracture Functions to describe Target Region

- * probability for the target (p/n) remnant to form a hadron given ejected quark ¢

>,g; current No hard/soft energy scale separation

* Direct relationship to traditional PDFs by integrating

3

Nucleon polarization

SIIT W =
=t . . .
L P |5 over fractional longitudinal nucleon momentum {
v
X’ doTFR 45
N _'_C_F target o _ 2 o
_— = e (1 —zp)IM,(xp, (1 —xk)z) —
L h dedde 2&( ) a( 7( J))dy
xF’ pT
1-x ~
Ynly diu (%) =A—x)f1(x)
1—x
> / dCCMy(z,¢) = (1 — z) fao(x) S [ dC 1 (6 0) = (1 —%)g1,(0)
0
h M. Anselmino et al., Phys. Lett. B. 699 (2011), 108, [hep-ph] 1102.4214
Quark polarization Quark polarization
U L T U L T
S
U ]lcl ht Unpolarized PDF analog -g U 11]1 | it
L gir hiz, helicity PDF analog S| L | L hr fiz.tiz
§ typ, T8
T ff_T air hl,th etc. etc. Z| T b, lA;lT,l}T L i

M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132

CFR TFR

r N

>
>



Preliminary Analysis: Fracture Functions

* First observation of correlations between Current and target region
* Visible separation between TFR (xz < 0) and CFR (xz > 0)
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SIDIS Datasets, present and future

CLAS12 in Hall B

Run Group A (Unpolarized LH, target

% unpolarized SIDIS cross section off

proton : .
% A;y in Beam Spin Asymmetries

Run Goup B (Unpolarized LD, target )

% Complementary to RG-A
— allow for u/d quark flavor separation

and ND;
*x Fy.and F

Run Group C (longitudinally polarized NH;

Run Group K (Unpolarized LH, target)
* - 6.5,7.5, 8.4 GeV e- beam

* FUU,L, FUU,T Separation

Run Group H (transversely polarized NH;)

% Fyr structure function

Hall A

« ~2028 SoLID with
He3/proton target
(long/transverse)

v
=should be

cothpleted before 1t Shutdonw ~ 2032
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* If Collins term only (H;*) = hierarchy of the A;)s
Ay () <Ay (m°) =0 < Ay ()

* Observed is more Sivers-like (g), asymmetry comes from
struck u-quark

A () < Aabr®) = Ay ()



CLAS12 pion BSAs

Phys.Rev.Lett. 128 (2022) 6, 062005

30.08[ 7 T I B
LL ! 1 1
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X z : [Ge
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U1 g | he S. Diehl
I
L fL 0 hLaeL
1 I Ll
T fTﬁfT gT“jT hT'eT'hTﬁef . |
twist-3 pdf unpolarized PDF twist-3 t-odd PDF Boer-Mulders
sin 2M iL ) kT \ 1 th éJ_ iL - pPT x Mh {E
Fip™ =5 ¢ [_ M, (“Hl *ﬁ@? o\ WD Ak

Collins FF

K

twist-3 FF unpolarized FF
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arbitrary units

Dihadron Production ep-em*n®(X)

Total % Nearest-neighbor GBDT model to reduce y background
.| GBT p>0.78 cut
Traditional n° cut 4 _ ] )
i e % Negative sin(¢gr) asymmetry for m-m0 - e(x) extraction
| ~ PRELIMINARY % Strong positive sin(¢y) asymmetry for t+m0 - u quark
- L ﬁ Ve | dominated channels (seen in 1h SIDIS frequently) )
. s
L % Isospin symmetries of G, DiFF observed in sin(¢y, - ¢g)
. % Strong enhancement near resonant region
l0|.1I I0.|2I 0.]3 I ‘0.14 l77‘7‘70.5 \ /
M,, [GeV]
L[¢;m> Le;m>
[ e® H; } [f 1 ® G }
sin(¢r) sin(¢n) sin(¢n — Pr) sin(2¢n — 2¢r)
0.04F T T T r : T B T T T 1F T T T
0.03} * otm© ¢ * } % } * * * { ] }
0.02} * - ° - 1F i
2 ool b LAFEERS Y P g Hl A
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Slide by G. Matousek
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Kaons

0.100 +

0.075

TR

0.025 .#. o® ; H’ Ly

0.000 ﬂ + 2
—0.025| 4 e
—0.050] Y K'mo
0.075 $omE
e R KK
—0.100—37 02 03 04

« Kaon > Pions
— Assuming u —quark dominance 2> FF effect?
— Twist3 FF relevant?

— Or e(x) for strange quarks
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Better: Dihadron Fragmentation Functions

= [

P, \ F
Additional Observable: \\
R=P,-P, o

The relative momentum of the hadron pair is an additional degree of freedom: ﬁhl

More degrees of freedom=>More information about correlations in final state
Additional FFs that do not exist in single-hadron case Gf —related to jet handedness

Parton polarization | Spin averaged longitudinal
9
Hadron Polarization
spin averaged Df/q (z, M) Hih/q(z, prM, (Ph),0)
v e - ‘Di-hadron Collins’

longitudinal
Transverse Gi'(z,M,P,,0)= - o~ Hi%(z,M, (P,),0)=.

T-odd, chiral-even ~ T-odd, chiral-odd

—jet handedness Colinear :

- - i -

QCD vaccum strucuture -
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Overview DC 73
v : A\ Y FTOF
; N )
'; Solenoid
Target CTOF ’ ;
i E
N\, &
Beamline | = ;
- M
=
: ; ‘-
MM : =
plce ' PCAL/EC
CND Torus o =

FT

LTcC
https://www.jlab.org/Hall-B/clas12-web/

V. Burkert et al., Nucl.Instrum.Meth.A 959 (2020)

163419
40

<,
clas

.ggif;rzon Lab

Forward Detector

o Torus Magnet

o Drift Chamber (DC)

Forward Time of Flight (FTOF)
Hiq_h—threshold Cherenkov Counter
(HTCC)

Low—th)reshold Cherenkov Counter

(LTCC
Ring Imaging Cherenkov Detector
(RI8H) ang

Preshower + Electromagnetic
Calorimeter (PCAL/EC)

Forward Tagger (FT)

© Longitudinally Polarized Electron Beam
. E=10.6 GeV
. P=86-89%

© Unpolarized Liquid H, Fixed Target

w1 Torus magnet — electrons inbending




Asymmetries sensitive to G
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* Not true for all interference terms (not shown)
* My > m, can account for p, dependence
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Hard Scattering is a premier tool to probe
the quark and gluon degrees of freedom

» Proton Structure extracted using QCD factorization theorem
* FFs contribute to virtually all processes

Wigner distributions
p(z,b1, k1)

o g :
5 dimensional! Trahsverse

— Q“scale” ot the probe,
“resolution”

— x: bjorken scaling variable, in
partonic picture momentum
fraction of the struck parton,
“shutter speed”

— z fractional quark momentum
carried by hadron

- Pr

pQCD fragmentation

Proton Structure function

llllll



Momentum structure in the parton model
parametrized by TMDs (spin %2 )

917

* |In addition to the

spin-spin
correlations can
have spin
momentum
correlations!

Spin-orbit
correlatiogs
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Run Group SIDIS programs at a glance

Run Group A (Unpolarized LH, target - 10.6 GeV e  beam)

Measurements of unpolarized SIDIS cross section off proton (ex: 7z multiplicities)
Access to higher-twist PDFs through A, beam-spin asymmetries (BSAs)
Study impact of struck quark’s spin/flavor/momentum on hadronization

o Separate contributions from vector meson decays (ex: direct 7z vs. decay 7)
Observe correlations between struck quark and target breakup

* k%

Run Group B (Unpolarized LD, target - 10.6 GeV e beam)

* Complementary to RG-A - allow for u/d quark flavor separation of observables

Run Group C (Dynamic longitudinally polarized NH; and ND; - 10.6 GeV e  beam)

% Access to Fy_and Fy; structure functions - Sensitive to different PDFs and FFs
o Dihadron SIDIS will give first measurements of higher-twist fragmentation functions

Run Group K (Unpolarized LH, target - 6.5, 7.5, 8.4 GeV e beam)

% Separation of longitudinal (Fyy ) and transverse (Fyyt) photons from SIDIS cross section

Run Group H (Dynamic transversely polarized NH;- 10.6 GeV e beam)

% Access to Fyy structure function - Transverse spin structure at high (essentially unmeasured) x |
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Wide Coverage
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Target Fragmentation = Fracture Functions

Quark polarization 0.60 KT
clasy | ith
0S¥ Sum rule with g,
U L T 7&. —e'p.
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e 5 5 t f
e .g R o EE i @ t {
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Appearance of perturbative
asymmetries

« Additionally: perturbative generation 1,31 0, Pl rf
of asymmetries from g g

* What about di-hadron correlations?

EIC, V/S,, = 45GeV

0.010 +
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Abele, Aicher, Piacenza, Schafer, Vogelsang (2022) 47 .
Benic et al. Phys. Rev. D 104, 094027



Unpolarized TMDs

* Top: Explicit z dependence of select pion multiplicities in 3 x-Q?
bins, including the double-Gaussian fits

Q? (GeV?)
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Impact on f(x, ky) from Athena proposal
‘Z—T < 1.0,y > 0.01

Experimental uncertainties dominated by 2% p2p,

3% scale, theoretical uncertainties driven by
uncertainties on evolution
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https://arxiv.org/abs/2207.10893

Projection of transverse TSSAs
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Athena projections for the measurement
of Sivers asymmetries
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https://arxiv.org/abs/2207.10890

Analog to PDFs; Momentum Sum Rules

« Adirect relationship exists to the eight leading twist PDFs after the fracture functions are integrated over the

fractional longitudinal nucleon momentum, C. 11—
S [ a0 = (- 0)f
A 0

M. Anselmino et al., Phys. Lett. B. 699 (2011), 108, [hep-ph] 1102.4214

Quark polarization Quark polarization
U L T U L T
c c
e, e,
-— -—
@ 1 © > iLh | th 7
N . N U
= U Jfl M Unpolarized PDF analog ‘= U . i ARLT
VU
2 2
1 ~Lh 2 th oL
S L gllL hiy helicity PDF analog & L Ui lllL itz
o o
O O _
=) L n > - ~ tlT,t%E
Z| T fir g1t |hy, hip etc. etc. Z| T alr | Uiy L g
1T » 1T
M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132
CFR TFR

A
v
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Can We Separate Target and Current?

CIOS°§ Unpolarized H, data (RGA experiment)
ep—ePX”  Soo3- . ¢
o 2 *
E 0.02;- ¢
F °
gooo TFR. G
oF ‘ ° ,4;.;.,. - eece o
oot o i* CFR
-0.02 oo
08 06 -04 02 0 02 04 06 08

x10°

Counts

200;
150;
100;

50—

1 | |

0708 =

A I - .
06 04 02 0 02 04 06 08 1
Xp

Feynman variable
Z

Xp = Pr in CM frame p = — q,
P (max)
Rapidity
1 + 1 E, + pj
Yn = —logp—h = —log BT Pr
2 "pi 2 E-p

No clear experimental definition of what constitutes

current production versus target production.

Odd structure functions, with different production
mechanisms in both regions, give a possible clue.
Protons (as opposed to mesons) at CLAS12 kinematics
give a unique opportunity because they have extensive
coverage in both regions.
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Nucleon polarization

Current and Target Separation

Quark polarization

) L
] uP @
L @ i

Twist-3 Collinear terms;
B. Ma, J. P. and Tong, X. B., [hep-p

) sin(¢)
Fin

0.10 ‘&
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Quark polarization

« Odd-function (sine) modulations exhibit a sign flip around the transition from target to
current fragmentation. Interestingly, we observe F; ~ F..

» Even-function (cosine) behavior of double-spin asymmetry does not show a sign flip;
possible signs decreasing F| as xp — +1 (xg decreasing but likely not the only cause).

» Consistent beam-spin asymmetries in unpolarized H, and polarized NH; indicates
minimal nuclear medium modification.
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© AR
gl U U1 h
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S ~Lh

8 L U7, @
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M. Anselmi Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132




FISJiE(%) / Fuu

Kotzinian-Mulders Asymmetry

0.20

<
clasy

eN — e'pX

0.00——

-0.10~

+ The Fy *"?® asymmetry is purely generated by the Collins
mechanism — whereby a transversely polarized quark flips
orientation during hadronization and produces an

~0.20 | |

[12% Scale Systematic | asymmetric distribution in the transverse plane.

-1.0 -0.5 0.0 0.5

No Collins mechanism in the TFR so Fy 5"?® (and

Fuu®°s2®) are pure twist-4. We would expect small
magnitude at -x.

» Hadronization in the TFR is more isotropic — there is no
additional chiral-odd quantity like the Collins function to pair
with the Kotzinian-Mulders TMD because factorization into
separate soft and hard scale processes does not hold.

1.0

Early signs give a possible hint but need more statistics!
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Back-to-back (dSIDIS) Formalism

* When two hadrons are produced “back-to-back”12 with one in the CFR and one in the TFR the structure
function contains a convolution of a fracture function and a fragmentation function.

* Leading twist beam(target)-spin asymmetry.
8 ( 8 ) P Y ¥ ;llh Unique access to longitudinally polarized quarks in unpolarized

v nucleon... no corresponding PDF!
c |:'w5lAllh(iL'. C‘). PT‘))Dl(Zl -PTI):| P P
P P 1 H&) < ) 1 1
Ay = —k(e) /22 sin(Ag)
mim
A He C [721(-’157 G, PTZ)DI(Zla PTl):|

h, in the CFR with production dictated by the
fragmentation function

h, in the TFR with production dictated by the
.. fracture function

™ Long range correlation depends on the P,S | P,S
difference in azimuthal angles of both hadrons Handbag diagram for dihadron production; lower blob

Kinematic plane for b2b dihadron production. contains Fri’s and upper blob contains the FFs.

1. M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132
2. M. Anselmino et al., Phys. Lett. B. 713 (2012), 317-320, [hep-ph] 1112.2604

<>
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New e(X) EXtraction — PFroton rFlavor
Combination

10

ASin oR M Zq 6)(21 [leq(x)qusz)(ZnLWW)
LU X =

O CR)

Q >, ¢ fi() DI

‘ e”(x) at 90% CL

o N O~ OO ©

0.1 02 03 04 05
X
Courtoy, Aurore, et al. Phys.Rev.D 106 (2022)
Courtoy, Aurore — CPHI 2022

$S+pp (Z* Myn )

T twist-3 DiFF

‘ —
clas

u Scenario I: Wandzura-Wilczek (WW)
Approximation

. Drop twist-3 DiFF

u Scenario ll: Beyond WW approximation

. Estimate max integrated twist-3 DiFF
from COMPASS A, and A |

Legend

Scenario | {

CLAS12

N\

> Scenario Il

CLAS6



https://indico.jlab.org/event/498/contributions/9492/
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Wide Coverage
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Depolarization Factors

Polarization Depolarization

Twist 2 Boer-Mulders ‘ uu B
Sivers ‘ uT 1
Transversity ‘ uT B/A
Kotzinian-Mulders ‘ UL B/A
Wormgear (LT) ‘ LT C/A
LU C/A
Helicity DiFF G -
UL 1
Twist 3 e(x) LU WIA
h, (x) UL VIA
9,(x) LT WI/A
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Unpolarized TMDs

* Top: Explicit z dependence of select pion multiplicities in 3 x-Q?
bins, including the double-Gaussian fits
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Impact on f(x, ky) from Athena proposal
‘Z—T < 1.0,y > 0.01

Experimental uncertainties dominated by 2% p2p,

3% scale, theoretical uncertainties driven by
uncertainties on evolution
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https://arxiv.org/abs/2207.10893

Projection of transverse TSSAs
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Athena projections for the measurement
of Sivers asymmetries
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https://arxiv.org/abs/2207.10890

Detector Requirements: Complementarity

GlueX/Hall D Detector

Hall D " Hall B

excellent luminosity energy reach custom
hermeticity 1035 installations
polarized photons hermeticity precision
E ~8.5-9 GeV 11 GeV beamline
108 photons/s target flexibility
good momentum/angle resolution excellent momentum resolution
high multiplicity reconstruction luminosity up to 1038
particle ID

60 .ge/ff;gon Lab



Detector Requirements: Complementarity

GlueX/Hall D Detector

Hall D Hall B

Hall C Hall A

excellent luminosity energy reach custom
hermeticity 1035 installations
polarized photons hermeticity precision
E ~8.5-9 GeV 11 GeV beamline
108 photons/s target flexibility

good momentum/angle resolution excellent moment

high multiplicity reconstruction

luminosity upﬁ'ﬂ“—'

particle ID
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Detector Requirements: Complementarity

GlueX/Hall D Detector
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Hall D Hall b Hall A
excellent luminosity energy reach custom
hermeticity 1035 installations
polarized photons hermeticity precision
E ~8.5-9 GeV 11 GeV beamline
108 photons/s target flexibility
good momentum/angle resolution excellent momentum resolution
high multiplicity reconstruction luminosity up to 1038
particle ID
=)
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Projected AyrSivers vs. x (11 GeV data only)
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SBS+BB Projected Results: Collins and Sivers SSAs
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Projected AypCellins yvs, x (11 GeV data only)

* E12-09-018 will achieve statistical FOM for the neutron ~100X better than HERMES proton data and ~1000X better than Hall
A E06-010 neutron data. Near-future more precise COMPASS deuteron data will sharpen expected impacts, urgency of E12-09-

018

* SBS installation starts 2020. E12-09-018 could run as early as 2022; 2023 more likely.
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