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Physics Motivation

Ji’s decomposition Jaffe-Manohar decomposition
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Intrinsic spin contribution
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Asymmetry measurements from Deep inelastic scattering of longitudinally polarized muons on longitudinally polarized proton
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Physics Motivation
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Possible missing spin contributions

K.-F. Liu et al Lattice QCD

Jaffe-Manohar decomposition
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» Sea quark OAM could be a major contribution
(J. Ellis and M. Karliner, Phys. |,ett. B213 (1988) 73)

» Separation of gluon intrinsic spin and OAM is
constrained by gauge invariance

: 13(5)°

AZ, ~25%
2 L, ~50% (4% (valence)+46% (sea))
2], =25%

L | | | | | 0.6 : As: -4(1)%
S - p+p o Y +X, (s=510 GeV, || <0.25 ] C. Alexandrou et al i
o . pP+p Y , , N . Alexandrou et a
) miann t T maici 004 PRL 119, 142002 (2017) .5 _Lattice QCD
4 ! P SrFr--—-—--=-=-=-=-- . o
& RHCspin EIC projections: . PHENIX (2023) _ Ak 4@
K, 1| Poeecdew —| sl - Phys. Rev. Lett. 130, 251901 (2023) 0.5} - F=rts CPi----- - K.-F. Liu (2022) =
=t o 0.02 f attice Q 04|  https//doi.org/10.1007/543673-022-00037-4 N ] |
L —
i B o 0.4t X ©
[ 14 = < s
0 —* 0 3 c\o ;“UEL o-
~ [®)}
: 7 EN % . = .
0 0 02 __ ° PHENIX Data ............ 0.2 I ZS gg g\o\ g | 0.2 i % :[ D; % \| 1
] 4 — DSSV14 with DSSV,,. uncertainty 0.1 % 2 o % 8 IS % N 93 e ° )
[ Q= 10Gev? L JAM22 Ag > 0 with JAM__ uncertainty I % © =7 ~ 7 101l X 2 = = ' |
o5t ool B8 JAM22 Ag < O with JAM,__ uncertainty 0 é iS ic‘n’ é é M g I o g; "
. 10 -6 10 -5 10 4 10 3 10 2 -1 : | ! L L L | ! I ! I | \ 1 ! I | u d S u+d+S g Total O O — . ; — T
10 5 10 15 20 - " n : S 3
X in ] - u d S C g Total
E. C. Aschenauer, et al PRD 92, 094030 (2015) p, [GeVic] See Zhongling Ji ‘s talk ¢ —udsc


https://doi.org/10.1007/s43673-022-00037-4

TMID PDFs

sference: EIC white pape
W(x,b, ,k,) . .
Wigner distributions Orbital angular momentum of quarks being closely
[ ? < [dk connected with their transverse position and
T T .
transverse momenta since,
X 4 —
f(x,k;) flx,by) — 3 ~
transverse momentum impact parameter L T >< p
distributions (TMDs) distributions
i-inclusi . .
g . . Orbital motion of quarks = 3D momentum structure
[ak, [ &b, of the nucleon
4 N
f(x)

parton densities
inclusive and semi-inclusive processes

Distribution functions:

» Parton Distribution Functions (PDFs) f(a:) : The number density of partons with longitudinal momentum fraction

> Transverse Momentum Dependent Parton Distribution Functions (TMD PDFs) : f(x, k1)
The joint distribution of partons in their longitudinal momentum fraction x, and their momentum transverse to the proton’s
momentum direction. 7



Polariza tion-:

L T

U
f1:® N/A hli:®_®

Boer-Mulders

TMID PDFs

O(a,krs$) = [ T (PSIH0) Ung V1P S)es—o

Polariza

N/A =@~ =G -@-

Helicity
Quark correlator can be decomposed into 8 components T |ri= é)—@ g.7= @‘@ " g g
(6 T -even and 2 T -odd terms) at leading-twist Sivers IYT"ransverSIty
P hir(x, k2 S kr.S
(I)(ZIZ‘, kT? Pa S) — fl(xv k%)§ + 1T(4 T) 75[$T7 P] + 7LglL(w7 k%)’}%}b + ;MTng(ZC, k%)’}%}b
P] kr.ST ki, P]
S hJ_ k,2 [% hJ_ L )
+|SLhig (z, kT )75 AM N (T, kT) s AM T-even

T-odd

lepton lepton

Hadron
+ remnants

Anti-lepton
lepton P

remnants



TMID PDFs

Polarized Semi Inclusive DIS

Polarized DY
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Sivers Function A
fq/pT (2, kt) = fq/p(makT) + ffT(x,kT)S.(f’ X k)

The Sivers function describes the correlation between the momentum direction of the struck quark
and the spin of its parent nucleon.

Semi-Inclusive DIS Drell-Yan
o~ fop(x,kr)Dysg(2, k) |0 ~ fop(T1,kT) fq/P(22, FT)

Collins, Soper, Sterman (1985)
Ji, Ma, Yuan (2004)
Meng, Olness, Soper (1992) )
Ji, Ma, Yuan (2005) Collins (2011)

Idilbi, Ji, Ma, Yuan (2004)
Collins (2011)
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analyses: Sivers functions
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Sign of Sivers Functions

STAR Collaboration (PRL 116 132301 (2016))

- STAR p-p 500 GeV (L = 25 pb’)
08595 <PY <10 GeVic

04 FW Ty
3 KQ (assuming ‘““sign change”’)
- Global x?/d.o.f.=7.4 /6

-0.8 3 4% beam pol. uncertainty not shown

_1_ I TR TR WO A SR N S W |

-0.5 0 0.5
yW

- STAR p-p 500 GeV (L = 25 pb™)
C0.5<P) <10 GeVic

KQ (no “sign change”)

“0.6 - - Giobal x2/d.o.f. =19.6 /6
-0.8 - 3.4% beam pol. uncertainty not shown
-1 [ | 1 1 1 1 | 1 1 1 1 ]
-0.5 0 0.5
yW

TSSA amplitude for W+/W- from STAR data is favors the “sign-change”
In DY relative to SIDIS (model based without TMD evolution)

COMPASS Collaboration (PRL 119 112002 (2017))

" o COMPASS 2015 data

| = DGLAP

- Lo ™D-1 .
[ TMD-2 T e
- ®

1 | L L L L | L
0.5 0 0.5

Ap
Dark Shaded (Light-shaded): with(without)
“sign-change”
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SpinQuest in the Global C
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X 1. Scimemi & A. Vladimirov JHEP 06, 137 (2020)

Drell-Yan measurements above the | /i peak fall in a
unique region with Q2in the range of 16 < M?2< 81 GeV?
and Qr < few GeV

ontex

—EIC white paper

108} Measurements with A = 56 (Fe):

In terms of
QZ; P, Xtarget
and the process (DY) _

Al

E1039 has a unique >

)

kinematics setting = 1o}
for the sea quarks i

102:—

—_

From E1039 proposal 0.1

e eA/pADIS (E-139, E-665, EMC, NMC)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)

00000 O ® mOs

b

0.2|— Drell-Yan Target Single-Spin Asymmetry
pp'd") > x4 < M, <9GeV

B= DGLAP

=4 TMD-1

—01— == TMD-2
¢ 7.9 cm NH3 target|
¢ 7.9 cm ND3 target

0.15 0.2 0.25 0.3 0.35

xmrger

» The E1039 experiment focuses unique
kinematics to extract sea quark Sivers

function in DY

» < Plot: Uncertainties in the predicted
Sivers asymmetry in polarized Drell-Yan

process from SpinQuest.

DGLAP: M. Anselmino et al arXiv:1612.06413

TMD-1: M. G. Echevarria et al arXiv:1401.5078

TMD-2: P. Sun and F. Yuan arXiv:1308.5003
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0.2 - “\ Anselmino et al (2009)
@ @ 4
0.1
Sea-quarks Sivers functions - ;...
-0.1F o
> Initial attempts to measure the Sivers asymmetry for sea quark Sivers have been o2l
= Pid | | | |
reported by the STAR collaboration at RHIC using W/Z boson production. Their data 0.2 K
is statistically limited and favor a sign-change only if TMD evolutions effects are - 0.1
significantly smaller than expected. 0
» Lack of experimental data for smaller x to extract the sea quarks’ Sivers functions. 0ar
* Various types of assumptions/treatment (flavor-independent and flavor- ':_'22 - '
dependent) @ O Fe.
* Uncertainties through global fitting became large relative to the ‘valence’ quarks. 0 w—
» As DY data facilitate a clean probe compared to the SIDIS process ~01[
because there is no fragmentation associated with the process; the SpinQuest will 30-2"’ T B N
contribute to the Sivers asymmetry data in Drell-Yan proton-proton scattering from 01 .
the sea quarks. 008 ? o e
: Echevarria et al (2021) — Exw s 0.1 ---
0.10 e 0.04 = — —5xd — Oxs 10201 1 11
T s =i N 0 0.204 0608 1
£ oo e —
S—0.0S— : Yy &N g 5;? " kJ_ (GeV)
a — u — d | " -002
0.10 —d Rk
O_(;)Og }Sysilern%apé Uﬁz}‘lmn}fy: Q)slemauu Urn}cer{um‘t)i —0.04 = il
0'0008.00‘.2 0.40.60.81.01.21.4 0.0 0‘.2 0.40.60.81.01.21.4 —0.06 ¢ 14
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SpinQuest / E1039 Goals

» SpinQuest will perform the first measurement of the Sivers asymmetry in Drell-Yan
proton-proton scattering from the sea quarks (u & d) with sign.

flJ_T‘SIDIS - flJ_T‘DY

A direct QCD prediction is a Sivers effect in the Drell-Yan process
that has the opposite sign compared to the one in semi-inclusive DIS.
» Measurement of Sivers function for gluons (J/psi TSSA)
» Explore a unique range of virtualities and transverse momenta not accessible through
Z% /W* measurements
» Extensions: transversity, tensor charge, tensor polarized observables,
dark sector, polarized proton beam,...

15



Polarized fixed target Drell-Yan :
Sensitivity to sea-quarks

beam: valence quarks
at high x

Log scale in z

target: sea quarks at

low/intermediate x -
Sea-quarks %

_.
o
8

x

dominance  §os|
2 2 P~ 0-43
19 2 3 (efaxat)aome))] =
— | =
q t t b b 2 -
dedXt X, X, S gelud,s .1,,;;._:;;;"i.--' ———-”/é/ 02
0.1_
u-quark dominance acceptance limited R TR R Tk AR T T
(2/3)% vs. (1/3)? (Fixed Target, Hadron Beam) Xoeam
Valence-quarks
dominance
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Polarized fixed target DY & J /¢
@ SpinQuest / E1039 experiment

C ¥From E1039 proposal

un T un .4 Measurement: - Log scale in z
A — J(pb pt) _ J(pb pt) The amplitude of the azimuthal angular 3
- modulation of the outgoing particles’ (di-muons) 075
g (pun pT) —|— 0} (pun pi) scattering cross section with respect to the 0.6F-
b ¢ b ¢ transverse spin direction of the polarized proton. %057
0.4%—
Drell-Yan o(p+ pT(U — v+ X) 03
0.2F M(J/y)
1y £
fq/pT<377kTa St; Q) — fq/p(xakT3Q> + §A fq/pT(xakTa St; Q) 0;
0 01 02 03 04 05 06 07 08 09 1
Xbeam
I » SpinQuest will be able to explore
o(p+ pT(“ — J/+ X) a new region of kinematics for J /Y

1 to the PHENIX measurements
k . — ke _AN k S compare
fg/pT<x7 TasTvQ) fg/p(a;v TaQ)+ 9 fg/pT(ma T, T7Q) > ]/1)0 production:

» PHENIX = gg fusion at 1/s =200 GeV
> SpinQuest = g annihilation at /s = 15.5 GeV
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Fermllab proton beam main injector

5,

https //éarth google com

https://cerncourier.com/a/fermilab-
gears-up-for-an-intense-future

Fermilab accelerator complex

Main Injector
low-energy neutrino

beam to MicroBooNE

Recycler Ring

proton beam
toSeaQuest,
TestBeam
Facility . high-energy
== — neutrino beam
to MINERVA,
MINOS, NOvVA

Muon Delivery Ring

beam startshere= ion source muon beam to Muon g-2, Mu2e

» 120 GeV/c proton beam
> +/s = 15.5 GeV

» Projected beam
< 5x10protons/spill Where spill ~ 4.4 s/min

*

** Bunches of 1ns with 19ns intervals ~ 53 MHz

*

< 7%x10Yprotons/year on target! 19
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120 GeV
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S t ] ‘1t S t
@ @ o 4 Station 1: Station 2 and 3: Station 4:
o g
. ;a% S g ggo% Solid Iron Focusing Hodoscope Hodoscope array Hodoscope array
Zzl |25 S & Magnet, Hadron array Drift Chamber Prop tube tracking
S0 53
\ §_ absorber and beam MWPC tracking
\ - : | tracking
2
S Drawing:
a T. 0’Connor
s and K. Bailey
See talks by 0
Muhammad Farooq (SpinQuest Target)
Vibodha Bandara (Target Refrigerator) N | ' Hadron Absorber (Iron Wall)
mocey 8 LIS - 25m =
Polarized solid NH3 BfeteR O O See talks by
I I Eric Fuchey (GPU based OR)
& ND3 ta rget setup - ' Top View (Bend Plane) Jordan Roberts (Online Monitoring & Visualization)
(by LANL & UVA) 3 5 . R | T e
¢ Designed for high intensity proton beam ,55 Ry | Station 2 Station &
(5x1012protons/spill with 4.4s spill) | Station 1 ® | B
% 8cm long solid NH; and ND; target cells “E | v
% Magnetic Field: B = 5 T with uniformity dB/B < 10~* [ Beam Target ' | z nl
over 8 cm ' 1]
+* “4He evaporation refrigerator ( 3 W of maximum "’E l + %
cooling power) keeping the target at 1.1 K. 4 X(m) 'L
+* 140 GHz microwave source (with DNP technique) 15!
+* Helium Liquefier System (200 L/day) for sustainable Z (m) Pl

cooling



gHe tanks

g TN

O

LN2 tank

A7 N
v

ipms

SpinQuest / E1039 Experiment Setup

/
roots pumps :

pumping power 17K m3 per hour

22
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Predicted Uncertainties

I. P. Fernando and D. Keller
Phys. Rev. D 108, 054007 (2023)

0.2/ Drell-Yan Target Single-Spin Asymmetry 0.10 , , , , , ,
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. = = e — — 02 1 1 1 1 1 1
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o Shape Of DY -0.1 j T :z[:r.i::,_'s;:’;gt:n arXiv: 1308.5003 =z, 0.04 L 1L |
| ¢ 7.9 cm ND3 target 0.02 " — 9 — - | .
p e LA g Leg e plfad el ppgnll g iy 000_7777‘ 77777 ;____"__ i i
> Ta rget (< 6 %) 0.15 0.2 x(:j:ﬂ 0.3 0.35 000 , , ; , , , ,
e TE calibration ( | 01 03 05 07 05 1.0 L5 20
. . . . dN $bamt7¢Sa¢ . T
* Polarization inhomogeneity ~ , _ 2 J dosdp=3; 35" sin(s) F gy (GeV)
« Density of target (NHs) f15T] N (s, z¢)
* Uneven radiation damage
e Beam-Tareet misalienment Material Density Dilution factor =~ Packing fraction = Polarization = Interaction length
. g _ g NH; 0.867 g/cm® 0.176 0.60 80% 5.3%
e Packing fraction NDs 1.007 g/cm® 0.300 0.60 32% 5.7%

e Dilution factor
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counts

14

12

10

Goodness of event-reconstruction
from E906

LH2 Nature 590, 561-565 (2021) LD ) Nature 590, 561-565 (2021)
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w
o
X
o
o
w

18

Liquid Hydrogen Liquid Deuterium

e Data 16 e Data
MCsum  mmam MC J/y MCsum  mmam MC J/y
== MC Drell-Yan — = MC vy’ 14 m== MC Drell-Yan — = MC v’
=== = Random Coincidence === = Random Coincidence
=..=. Meas. Target Flask Background 12 =..=: Meas. Target Flask Background

10

counts

TTTTTTT[TTT]TTT]TTT]TTT]TIX
R R R R R L

8
6
4
- Y L I e et
e 3 5 6 7 0 3 4 5 5 7
M (GeV/c?) M (GeV/c?)
> Monte-Carlo Qescrlbe data well The projected event selection/reconstruction
» Better resolution than expected is expected to be the same for E1039

* Soy(J/P)~ 220 MeV
* 00gy (DY)~ truth-reconstructed from event-by-event MC
* ]/ and i’ separation .



Future: Transversity distributions

Sea-quark Transversity Gluon Transversity
hy = — in the Deuteron in the Deuteron

transversity T T
femtometer femtometer
Distribution of A5 1 -5 0 5 1 1.5_ . 32 - Ao 12 3
transversely polarized 5 R T E
quarks (or gluons) in a : EN
transversely polarized { El- ' E
nucleon. \ N E | ER |
= 3-3 3,9
—1 _2 https://arxiv.org/abs/2205.01249
Js _3 https://doi.org/10.1016/j.nima.2020.164504
Density =.266 fm™>  M,=1 Density = .230 fm™ M,=0

» The deuteron is the simplest spin-1 system and offers a vast array of observables to explore as we begin to build the

composite spin picture of nuclei.
» We proposed the first ever Spin-1 TMD measurements using a polarized deuteron target, including a direct
measurement of gluon transversity, while also for the first time measuring the sea-quark transversity distribution of the

deuteron/neutron.

» In combination with our Dark Sector program, we are awaiting Fermilab PAC’s Stage-1 approval. e


https://arxiv.org/abs/2205.01249
https://doi.org/10.1016/j.nima.2020.164504

SpinQuest Status / E1039 Timelin

VYV VVY

» 2018, March: DOE approval

2018, May: Fermilab stage-2 approval

2018, June: E906 decommissioned

2019, May: Transferred the polarized target from UVA to Fermilab

2023 All components of the detector and the target system

are fully commissioned without the polarized target material...

* Polarized target material (NH3/ND3) is presently under FNAL ES&H
as well as Rad Safety Review.

SpinQuest will be the first 1 K and high intensity polarized target experiment

at Fermilab.

FNAL ES&H is in contact with JLab regarding the rad safety aspects of

NH3/ND3 in the material handling procedures.
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SpinQuest / E1039 Timeline

» Polarized target commissioning with NH3/ND3 target material
will be expected to complete by the beginning of November 2023

» E1039 first beam commissioning starts in mid-November 2023
[Run for 2+ years, 2023-2025+]

» 2026: Data taking with Transversely polarized Spin 1 targets.
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A summarized form of DY Ex

COMPASS T +p' 190 x,=0.1-0.3 2 x 1033 014 | P,=90% | 1.1x10~% | 2015-2016,
(CERN) Js=17.4 f=0.22 2018
PANDA(GSI) | p+p' 15 x,=0.2-0.4 2 x 1032 007 | P,=90% | 1.1x107* >2020
Vs=5.5 f=0.22
PAX (GSI) p'+p Collider xp=0.1-0.9 2 x 103° 006 | P,=90% | 2.3x10°° >2022
Vs =14
NICA (JINR) p'+p Collider x,=0.1-0.8 1 x 1031 0.04 P,=70% | 6.8x10°5 >2020
\s =20
PHENIX/STAR | p" 4+ p' Collider xp=0.05-0.1 2 x 1032 008 ([ P,=60% | 1.0x1073 >2018
(RHIC) Vs =510
SPHENIX (RHIC) | p" + p! Vs =200 xp,=0.1-0.5 8 x 103! 0.08 P,=60% | 4.0x10* >2021
Vs =510 xp=0.05-0.6 6 x 1032 P,=50% | 2.1x1073
SeaQuest p+p 120 x;=0.1-0.45 3.4%x10% | e | e | 2012-2017
(FNAL: E-906) Vs =15 xp =0.35-0.85
SpinQuest p+p 120 x=0.1-0.5 4.4x10% | 0-02* | P,=85% 0.15 or 0.09 2024-2025
(FNAL: E-1039) Js =15 £=0.176
SpinQuest, p +p 120 x,=0.1-0.5 4.4 x 103 0-0.2* P, = 85% 0.15 or 0.09 2026-2029
#(Transversity) Vs =15 f=0.176
+8cm NH; target / L = 1 X 1036cm 2571, #(Tensor Polarized Spin-1 target) / L = 1 X 103¢cm =251
*Not constrained by SIDIS data / #rFOM = relative lumij * P2 * f2 w.r.t E-1027 (f=1 for pol. P beams, f=0.02 for 7~ beam on NH3)

periments
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Welcome!

Please Join The Effort
Dustin Keller [UVA] (dustin@virginia.edu)[Spokesperson]
Kun Liu [LANL] (liuk.pku@gmail.com) ([Spokesperson])

https://spinquest.fnal.gov/ # Fermilab

http://twist.phys.virginia.edu/E1039/
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