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Unpolarized cross-section Systematic Unpolarized cross-section | Summary and
framework uncertainties and physics results outlook

» Our run group experiment parasitic to SoLID SIDIS experiments of

E12-10-006: Single Spin Asymmetries on E12-11-007: Single and Double Spin Asymmetries
Transversely Polarized ®He (neutron): Rating A  on Longitudinally Polarized *He (neutron): Rating A
» Approved number of days: » Approved number of days:

e 48 days (11 GeV) & 21 day (8.8 GeV) o 22.5days (11 GeV) & 9.5 day (8.8 GeV)
> 10 days requested for study of x-z SoLID (SIDIS 3He): 11 GeV & 8.8 GeV beam energies

factorization with Hydrogen/Deuterium EM Calorimeter
. (forwardlangle)
gas using reference target cell i

» 3 days of reference cell runs for optics and
detector check

Target l - | |

» 5 days of target overhead: spin rotation, \ ciimao! /
polarization measurement

| T

 — ﬁf N .- LN Y,
» 3 days requested with longitudinal target -

polarization to study systematics of potential A I

contamination

Ligh?Gas Heavy'Gas
Cherenkov Cherenkov

SIDIS: e+p—oe +n*+ X
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» The SIDIS process represented as (four-momenta given in parentheses)

l(kl) + N(P) — l/(kQ) + h(Ph) + X(PX) / Hadron production

plane

Azimuthal angle
between hadron
x  production and lepton

yl i' Scattering planes
designated as ¢,

e [ -lepton beam

e N - nucleon target

e h - produced hadron

e X - undetected hadror

Lepton scattering plane

e ( — virtual photon
momentum

Kinematics of the SIDIS process:
assume one-photon exchange approximation

» EXxpress the process cross section in terms of the following kinematic variables

r R — — <h = —
bj 2P-q’ Y Pk’ " P.q’ ! 9
with g and Q2 definedas g =/- /" and Q¢ = -g?
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» Unpolarized SIDIS differential cross section given by Phys. Rev. D 91, no.7, 074019 (2015)
do Fot = F 0+ F (1) + F (26)
— = COS COS COS
dxy;dydzpdPiodop, “ uu’TA uuv< " u% "
Unpolarized TMD @, - dependent unpolarized
o’ 72 azimuthal modulations
Fuu.a = 2m 5 | 1 c1 Fyu,
T, yQ Qxbj

» In this scheme, the unpolarized

_ 2 2
structure function F;, given by Fyy = E :eq L / d°k| fq(ﬂi‘, kJ_)Dq(vaJ_)
q

» Use the following Gaussian f ( . ) fc( ) @_kiﬂki) D ( ) DC( ) e—pi/@i)
parameterizations for the T, K| )= X 2, P ) = z
TMD PDF and TMD FF e ! m (k) ! ! m(p7)
— P2 /{P?
Fyup =Y e ayi fS(xy;) DE(2) e/ where (P?) = (p?) + z7(k?)
uU q b) q bj q h 7T<P%> T P1 h\™1
q
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2 2
@ B cos(¢n )
Fuu,p = 2m (1 | >02F ,

T, yQQ 23%3- Uu

> The second structure function Fo**") associated to the cos(¢;,) modulation of the cross
section, is a twist-3 quantity of the order of 1/Q

Fcos(gbh) _ feos (on) cos( oy, )

uu vuu ‘Cahn_l_FUU ‘BM

where

COS k
FS5 ] o = _226 m/dQ’ﬂ N fq z,k1)Dq(2z,p1)

L

as the Cahn convolution of unpolarized TMD PDF and TMD FF

COS ]f P — 2 k h
FUUWh)\BM:Zega;/d?m L Phr — 2 (ky )quwp(m,kL)ADh/qT(z,pL)

4 /

as the Boer-Mulders convolution of Boer-Mulders TMD PDF and Collins TMD FF
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2

2

o~ Y cos(2¢y, )

Fuu.c = 2m (1 | ) c3 F'
; :Bbj yQ2 Qxbj UU

> The third structure function Fo°**?) associated to the cos(2¢;) modulation of the cross
section, consists of a twist-4 Cahn and a twist-2 Boer-Mulders contributions

cos(2¢p) _, yrcos(2¢p) cos(2¢p,)
FUU ~ S UU ‘Cahn—l_F ‘BM

where

cos(2 Z(kl_h’) — k7
gy ¢h)‘Cahn B 226350/052@ 0? = fo(@, k1) Dy(2,p1)

Pur(ky-h) + 2 [k2 — 2(k, -h)?
cos(2¢p,) - 9 hT 1 v 1
FUU h ‘BM — —Ze a:‘/d k| K %

X qu*r/p(ﬂ?, ki) ADh/qT (z,p1)
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» Phase-space correlation between
Q? and x,,; (top-left)

» Kinematic coverage examples 9 18
of produced n+ particles 8 16
. 7 . 1.41
e 11 GeVand 8.8 GeV combined  _ E
o 6 2
> 3 T
8 > 100 O
~ 4
e
3
2

» Phase-space correlation between
Xp; and z,, (top-right)

—
O_I_IIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
N 0
_] IIIIl
- | .‘I
I |
‘\ _
| Il II
II I\
Il II
Il
| |
II II
—
o
o
(S

Lol b b b b g "5 REEE = | -
01 02 03 04 05 06 0.7 O 0102 03040506070809 1

1 1

—-0.9 —-0.9
-0.8 -0.8
0.7 —0.7
» Electron acceptance as 0.6 0.6
function of angle and 0:5 0:5
momentum forward angle 0.4 0.4
(bottom left) and large angle 0.3 0.3
(bottom right) 0.2 0.2
0.1 E 0.1

05 10 15 20 25 30 35 4 05 10 15 20 25 30 35 4

vertex 0 (deg) vertex 0 (deg)
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» Systematic uncertainties of unpolarized cross section: Acceptance uncertainty
Elastic process: » .
E e o Elastic process r f; L4  Data
3 109 © o ® with acc s s I : - Si
With 2.2 GeV beam '} e " for Big Bite g | y £ | i =
energy, 1h could get * . using 1.2 (top) and | E I
enough Counts ’ : ¢ ° 2°4 (bOttom) GeV 0_0.6 07 08 09 1 11 1.2 13 0‘_ 08 0.9 1 1.1 12 13 14
(right) 100} « e beam on H, e e 0
. ° : ° . 1— #& 1—
1h run with 4.4 GeV ¢ . Data/Sim from . | ha T fj\
beam energy could ° " 6 GeV era Dot W f oot 1 IM/ \
= 1] M M - M IR RS _l L} ' [ i%
aISO reaCh enough 10.0 12.5 15.0 17.5 20.0 o (2d2e.§ree) experlment ¥ . | — ‘“l“, lll\\
Counts 06 08 1 1.2bb1.4e 16 18 2 22 00.6 0.8 1 1.2 1: 1.6 1.8 2
Phys. Rev. C 95, 035209 A e (661
i \Pierlk;’g%Oll E:) 0.85[ Venkat2011
o) 1 elly2004 I e
EJ 10 _ —— Arrington2004 [ - erl:zzggjmm
E —— Arrington2011 0.80[ —— Arrington2011
At low beam energy, cross section © ;
difference between different Lol 0751
calculations being negligible : ool
0.65
10_1:- I
Ti09 125 150 115 200 25 TN JC R R 2T N7 -
https://github.com/JeffersonLab/PRadSim/tree/master 0 (degree) 6 (degree)
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uncertainties

Unpolarized cross-section
and physics results

Summary and
outlook

» Systematic uncertainties of unpolarized cross section:

rate(Hz)

Deep Inelastic
Scattering Process

https://github.com/JeffersonLab/evgen_inclusive e
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Uncertainty from different DIS models being 3~4%,
and from RC being 3%

Data and Simulation comparison for DIS process from 6 GeV era,
for Big Bite spectrometer shown on right

Overall normalization can be calibrated by elastic process, then DIS = |
cross section shape to be assigned uncertainty of 3 ~4% ol

The total uncertainty 1s around 6%

o
| |

|||||||||||||||||||||||||||||
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;y,w . Sim
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» Pion PID uncertainty » Electron PID .5 25cevpun e der SRTRSERI AL
I ki uncertainty i = = . b
2 E | 50:55— o.asi
50.95— — At (p-n) 3 5 g %
e 0.8 —At(p-K) 0 ! M:_ Background
Below Cherenkov 5075 e a e R _— g
threshold, MRPC can ¢0.6% LI R L AL
: £0.5F (b)
separate particles = =g S T e :
using time of flight 0.35
0.2 ~ St
@ 0.15 === 3 A
Bv Zhihone Ye Y
y g Mom (GeV/C) % 2 - () 6 - 8§
n'/e ratio (%) after " rejection
s =
10 -TT- 10% ¢ -7~ 3 m?, —3%0
- - S — Q%=1
: K- K- R TR Q%=2 | —300
10% 100 T B
: : g\ Tl 250
1022— 102 N T 200
[ A 150
10§ 104 3
nr 2 100
i IIJ | i
10'I'L '''' J l 50 L 100 1J_|U__L_JLJL ||| LR ? 50
Npe 0 50 100 | FSEE L -
Npe 1 L L ikl 2 0
8 10 12 14 16 18 20 22 24
2.5<P<3.0GeV 7.0<P<7.5GeV N , T i
80 < @ < 9o 140 < © < 150 (1) 1n FA ECal region, w/e" ratio 1s < 1.0% for
P> 1.5 GeV/c, while 1t 1s < 2% for 1.0 <P <2.0 GeV/c
Pion results in red color, kaon results in green color (ii) in LA ECal region, n/e" ratio is < 1.0% for
© Simulation and Update on Heavy Gas Cherenkov P>3.5 GeV/c (the electron threshold in LA region)
Detector By Garth Huber and Zhiwen Zhao
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» Other systematic uncertainty sources
2 [ ndf 16.13/18
- - . 2 - o / ndf 1309718 | 2 016[ D, pos )rgO 0.0895 + 0.02021
Diffractive p fraction to SIDIS for 5| =0 B o | 2 s =04 o1 -odmer oo
3025 Danegp p2 0.9793+0.1284 | > | P D=
ij — 035, Q2 =4 (GCV/C)z for D2 - Do ™ 0 0.12
A Zbincenter = 0.6
. Dy neg p_ o / 0.1
Discrepancy between models agreed to 10% 015 008l
according to 6 GeV era study ya aa
B 0.04[—
o ° o 3 3 3 005:_ 002;_
Multiplied by p yield ratio; uncertainty 1s < 1% o e C R TR Y 6% o5 o 07 o7 )
Zh
SIMC HallC Simulation Package
x10—7
U _ b | i . _ N _
r | Factorized | = | —— Traditional X ¢ 0 Ty Ty D 4
15l —— Traditional ? : Factorized BeVir B B 9 S
I =2} 0.22 0.55 1.59 6.1 +£0.2 - 3.74+0.1 5.1+02
I 3 - 0.26 0.55 1.88 524+0.1 - 35401 5.1+0.1
. % I 0.30 0.55 2.17 4.6 + 0.1 - 34401 53+0.1
1.0} X — | 034 055 246 46+01 - 33+£01 51£0.1
— 1} 0.38 0.55 2.75 4.2 4+ 0.1 - 294+0.1 48 +0.1
i - 0.42 0.55 3.04 3.84+0.1 - 274+0.1 49 +0.1
05} 0.46 0.55 3.32 3.7+ 0.1 - 26+01 42+0.1
I i 0.50 0.55 3.61 3.1 +0.1 - 234+0.1 36+0.1
i )= | | | | | 0.54 0.55 3.90 3.24+0.1 - 19+0.1 3.14+0.1
00 : 0'2 : 0'4 : 0'6 : 0'8 : 1'0 : 12 OO 02 04 06 08 10 12 0.58 0.55 4.19 25+0.1 - 1.54+0.1 25 +0.1
PhT(GeV/c) PhT(GeV/c)

Radiative correction factor for typical JLab kinematic setting
at \s = 4.90 GeV, Q2 =8 (GeV/c)?, z,=0.375, x,; = 0.48
Discrepancy between two methods is around 2.5%

https://indico.bnl.gov/event/18419/contributions/80386/attachments/49832/
85265/Jia Khachatryan SIDIS-RC.pdf

Exclusive radiative tail yield to SIDIS yield ratio
from 6 GeV era; decreasing with increasing Q?
Discrepancy between models agreed to 10-

15%;uncertainty to be <0.6%
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framework uncertainties

Systematic

Unpolarized cross-section
and physics results

Summary and
outlook

Systematic uncertainty budget for
unpolarized cross section

Sources Uncertainty
Acceptance correction 8% — 6%
Pion detection efficiency < 4%
Electron detection efficiency < 2%
Overall detection efficiency 3%
Radiative corrections 2.5%
Radiative backgrounds 0.6%
Vector meson production 1%
Luminosity determination 2.5%
Resolution 3.5%
Total < 11%— 10%

2
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SoLID SIDIS -
3He setup

Unpolarized cross-section
framework

Systematic
uncertainties

> Produced ™ unpolarized cross section at 11 GeV beam energy
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» Produced n* unpolarized cross section at 8.8 GeV beam energy
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SoLID low-Q? region, first
Xp,; and first P+ bin ranges
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> Produced ™ unpolarized cross section at 11 GeV beam energy
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SoLID high-Q? region
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> Test of factorization
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5 . ++ 2] +|
simple ratios S S
1.2 A
4.6 -
- 035 040 045 050 055 035 040 045 050 055
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» Azimuthal modulation effect

do

0.55 A
0.50 A
0.45 A
0.40 A
0.35 A1
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M 0.30

0.25 A

0.35 A
0.30 A
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0.20 A

0.15 A
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0.0 A

dxy; dydzthgngbh

— fuu p— FZ/{Z/{,A COS O —I— FZ/{Z/{,B COS(¢]’L) _I_ FZ/[Z/{’C COS(2¢h)

Fitting ¢, distribution with a simple function: A(1 —B - cos(¢y,) — C - cos(2¢y,))
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T 0<xp<0.25 0<Pyrr<0.2 GeV/c

¢
¢

T 0<xp< O.FS 0<Ppr<0.2 GeV/c
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|
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Red points for ¥, black points for i
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SoLID SIDIS - Unpolarized cross-section Systematic Unpolarized cross-section | Summary and
3He setup framework uncertainties and physics results outlook
» Transverse momentum widths
— Py /(PE)
2 e M T where (PF) = (p%) + zf (k3
Fyy = €q Lbj f (b;) ij(?«’h) 7 (P2) (P7) = (pI) + z5(ki)
1
q
cos(¢p) cos (1) cos(dp)
FUU _F ‘Cahn_|—F ‘BM .
In model, we have (in GeV?)
cos(2¢n) _, cos(2¢p) cos(2¢p)
Fo = Fo™ | e F FO0 7 o < k% >=0.604,< p% >=0.114

Least__Square = E(pseudodata, — Model)?*/(stat + sys)?

The fitting results shows (in GeV?):
< k% >=0.5871+0.002, < p5 >= 0.1165 % 0.0003

0.1168 A

Three contours corresponding to confidence levels of D 0.1166 -
G

68%, 90% and 99% p~grerom
(o

0.1162 A

Both Cahn and Boer-Mulders contributions included

0.1160 A

0.1158 A

All data from positive and negative polarities are considered

The fitting results differs from the model by 4%

0.1174 A

0.1172 A

0.1170 A

0.586 0.588 0.590 0.592

(9 [GeV?]

0.582 0.584
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SoLID SIDIS - Unpolarized cross-section

3He setup

framework

Systematic
uncertainties

Unpolarized cross-section | Summary and
and physics results outlook

» Calibration beam time request for unpolarized cross-section measurement of this proposal

Target Beam energy (GeV) | Field | Time (hour) Purpose
Hs reference cell 2.2 Normal 1 Acceptance study
Empty reference cell 2.2 Normal 1 Backgrounds subtraction
Carbon 2.2 Normal 1 Acceptance study
Hs reference cell 4.4 Normal 1 Acceptance study
Empty reference cell 4.4 Normal 1 Backgrounds subtraction
Carbon 4.4 Normal 1 Acceptance study
We are not asking for
new beam time !!!
Reference cell runs, optics
and detector check : 3 Days
Calibration arrangement for related
detector alignment and particle tracking,
for unpolarized cross-section measurement
Shuo Jia, Vlad Khachatryan, Ye Tian: SoLID Collaboration Meeting, June 21-22 (2024), ANL ol D) ,ggf,f.;l%on Lab 20
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Unpolarized cross-section
and physics results

Summary and
outlook

» With the high luminosity and large acceptance, the SoLID data could provide high precision

cross section results with full azimuthal angle coverage

» In our run group proposal, we show unpolarized SoLID SIDIS cross-section results

o for m* particles at 11/8.8 GeV as well as i~ particles at 11 GeV beam energies

e based on transversely/longitudinally polarized SoLID 3He targets

» Systematic uncertainty estimation

> Cross-section pseudo-data obtained in 5-dimensional binning of (x;;, z, Q%, Prr, ¢r)

e central points from theory calculations, plus SoLID statistical and systematic uncertainties

e Cross-section with/without azimuthal modulations include uncertainties

» Some possible results extracted from the cross-section data

» Calibration beam time request for unpolarized cross-section measurement of this proposal

Thank You !
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SoLID SIDIS - Unpolarized cross-section Systematic Unpolarized cross-section | Summary and
3He setup framework uncertainties and physics results outlook

» Momentum coverage: 1.0 - 7.0 GeV/c; Polar angular coverage: 8.0° - 14.8°
(for hadron & electron ID)

» Momentum coverage: 3.5 - 6.0 GeV/c; Polar angular coverage: 15.7° - 24.0°
(for electron ID)

» Momentum resolution: ~ 2%: Polar angular resolution: 2 mrad

» Azimuthal angular coverage: 2m; Azimuthal angular resolution: 6 mrad
» PID (electron): detection efficiency > 90%; pion contamination < 1%

» PID (pion): detection efficiency > 90%; kaon contamination < 1%

> Total luminosity: 3.74 - 10%° cm sec™’

» Beam polarimetry: <3%; Beam current: 15 uA

» Many other details in SoLID (Solenoidal Large Intensity Device) Updated Preliminary
Conceptual Design Report, https:l//solid.jlab.orq/
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» Analytical forms of the Cahn and Boer-Mulders azimuthal modulation given by

2\ _—P2_ /(P2) h
cwosn)| o PIN= o e e 2n{k}) e Par/(PE where
FUU " ‘Cahn = —2 Q €q Lbj fq(xbj) Dq(zh) <P2> <P2> y
q T T 2 2 21,2
(PT>BM = (pJ-)C T Zh<kl>BM
A ) AD —P?/(PF)
F(CJ(;(%)‘BM 26&26333 j qu/p(xbj) h/qT(Zh) i 5 ZBM X (p?) = (p1) ME
Q q MBM Mc 7T<PT>BM Lic (pi) 1 Mé
(K1)2, (P7)?
<k§1;4< 2> = [ f2L<k3_>BM (Pf%T o <P7%>BM) + <p3_>C<P%>BM} ) ) sz_> M]23M
L/\P1 (kl>BM k2 + M2
(ki) + Mgy
2 2/1.2\2 _—P2?./(P2%)
cos(2¢p,) B PT 9 c c Zh<kj_> e ' hT T
e 2@2% 5 fo (w65) Dy (2n) P D) M¢ and M§M and all the
q T T other functional forms
to be found in
A Tpi) AD 2 P /(PF) JHEP 06, 007 (2019)
F(Cj(;j(quh)‘BM —eP%Zeg T qu/p( bj) h/qT( n) e — BM y L
- M., M m(P7)2.
https://qgithub.com/Tianbol.i
2\ 2 2\ 2 PS.//
X Zh<ki2>BM gpﬁc | u/LiuSIDIS
<kJ_> pL>
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Transverse momentum dependence
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» Produced TU unpolarized cross section at 11 GeV beam energy
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Blue pseudo-data points:
cross section without
azimuthal modulations

Red pseudo-data points:
cross section including
azimuthal modulations

Vertical error bars:
SolLID statistical
uncertainties

Bottom band in each plot:
SoLID total systematic
uncertainties
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SoLID SIDIS - Unpolarized cross-section Systematic Unpolarized cross-section | Summary and
3He setup framework uncertainties and physics results outlook
» Produced TU unpolarized cross section at 11 GeV beam energy SoLID high-Q? region
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SoLID SIDIS - Unpolarized cross-section Systematic Unpolarized cross-section | Summary and
3He setup framework uncertainties and physics results outlook
Target Beam energy (GeV) | Field | Time (hour)
H, reference cell 2.2 50% 1
Empty reference cell 2.2 50% 1
Carbon 2.2 50% 1
H, reference cell 2.2 0% 1
Calibration arrangement for related Empty reference cell 2.2 0% 1
detector alignment and particle tracking, Carbon 2.2 0% 1
for unpolarized cross-section measurement Hj reference cell 4.4 507% 1
Empty reference cell 4.4 50% 1
Carbon 4.4 50% 1
H, reference cell 4.4 0% 1
Empty reference cell 4.4 0% 1
Carbon 4.4 0% 1
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