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Proton Spin

How the nucleon’s spin is built up from its quark and gluon constituents?

* 1987 - European Muon Collaboration
5 DIS of polarized muon on polarized proton
‘yz dOTl_dOTT
p 1/2 A= dOTl+dOTT
\,—' *

Spin dependent structure function

\ = L4 pusl pa+kl as
219 9 9
1980s 1
Naive quark model (only valence quarks) Au= fo (UT(X)— ui(X) )dx
12=1/2+1/2-1/2 o o _
Nuclear Physics B328 (1989) 1.35 u 1) . distribution of u quarks with spin parallel (antiparallel) to
the proton spin
021 +
0.8 ELLIS-JAFFE SUM RULE v SLAC [2-3) Fraction of the proton spin carried by (valence and sea) quarks:
osL |0-189+0.005 A3(Q? = 10GeV2 ) = 0.060 + 0.047 = 0.069

}\ consistent with zero!

based on the constituent quark
model picture (As = 0).

L
0.01 0.02 0.05 0.1 0.2 0.5 1.0

. : proton spin “crisis”




Proton Spin

How the nucleon’s spin is built up from its quark and gluon constituents?

2 major formulations of the decomposition:

Infinite-momentum frame decomposition Frame independent decomposition
(Jaffe-Manohar sum rule) (Ji's sum rule)
a{LJM}r AG + Lg) J= %A2+Lgi +Je,
g, g spin gluons gluons gluons
(valence and OAM pin OAM total AM
sea)

e Measured experimentally
e Challenge for lattice QCD

1

° EMC experiment = J dxAX(x) ~ 0.06
0
[E. Leader and M. Anselmino, Z. Phys. C 41, 239 (1988)]

1

© COMPASS, HERMES = J dxAX(x) ~ 0.3
0

[V. Y. Alexakhin et al. (COMPASS Collaboration), Phys.Lett. B 647, 8 (2007)]
[A. Airapetian et al. (HERMES Collaboration), Phys.Rev. D 75, 012007 (2007)]

0.2

(o}
PHENIX, STAR, COMPASS = L N dxAG(x) ~ 0.2 The sum of both quark and gluon spin
[ D. de Florian et al (DSSV Collaboration). Phys Rev. Lett. 113, 012001 (2014)] ContrlbUtlons Stl” cannot a.ccount fOF the
total proton spin.

[ E. R. Nocera et al. (NNPDF Collaboration), Nuc. Phys. B 887, 276 (2014)]




Proton Spin

Insight into OAM contribution and transverse momentum

* Proton spin contributions from lattice QCD

arXiv:1504.0

0.6

m L (CT) SHERE : 13(6)% .

28(8)% \ m Lvte (DI) 04l

S ] 1 L* (DI) * s
\ '\\\,;}\\Q# m| Jy =

\14(1)% // | %\Hd“ o2

As: -4(1)%

\
\
\
\
\
\
\
\
>

o near 50% comes from quarks OAM

0.0
1(10)%

Ad: -41(2)%
o 50% comes from OAM: 38 - 46 (20) % gluons
13- 18 (50) % quarks

* Experimental hints at OAM
D. L. Adams Phys. Lett. B 264 (1991)

T T T . .
04l \f_ A. Airapetian Phys Rev. D64 (2001)
AT
02 LR -
v ¢}
< ofex i: g
v <
—0.2- o ' .
04| 7o + }—
Lo deon | o ) 025 05 075

0 02040608 P, (GeV/c)

ppl = ,[)x(' at E704 Unpolarized pion electro production at HERMES

arXiv:2112.08416

0.1}

10.0(3.6)%

3.2(2.4)%

+HH

1.8(0.9)%

57.1(9.0)%

37.5(9.3)%

P

. !

94.6(14.2)%

Sea

©»

K

m valence

a

S ——

@
o

g

potentially large OAM

Total

significant azimuthal asymmetries,
which are directly related to the
transverse momentum of the partons
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TMDs and Sivers function

Transverse Momentum Dependent Parton Distribution Functions (TMD - PDFs)

The quark-quark correlator, in collinear configuration: 05 Phys: Rev. D 103, 052009
A - 4 STAR 500 GeV, 2.7 < < 4.0, This Paper
3 distribution functions N = [} STAR 200 GeV, 2.7 < 1 < 4.0, This Paper
02 4 STAR200GeV, (=37
E ¢  STAR200GeV,(m)=33
015 ¢  RHICf510GeV,n>6 ‘-Jf .
E 4 PHENIX 62.4 GeV,3.1 <1< 3.8 Y
‘ﬁ-f— + SL7 ﬁ-i— @Zauu7 TL+ 01— & E70419‘4Geve ! l %h i Ll
- 1 gl * 0
0.05— ‘%jj $005 % 1‘
Transverse single spin asymmetries should be small o h ikt
T 4 L
. L AAA o
TSSA for forward scattering MUCH 3 e e 40 4 e
oo ° = — ® © C ©
LARGER than naive expectation T 09 % o i
~ a] o o, O L 5 .
O 01 02 T3 o4 Tos Toe 07

Partonic nucleon structure beyond collinear approximation

1 € Voo 'u'nuk:pso- k 'S
(k1) = 5 @M +@ £ 7M+ LT 4 (S+ %‘) Yy @MWW n', ST +
k,-S TPl Ll okl nY
(sl S5 T ()7 +]

TMD-PDFs: the leading-twist correlator, with intrinsic k|, contains 8 independent functions.




TMDs and Sivers function

Transverse Momentum Dependent Parton Distribution Functions (TMD - PDFs)

0
]
(]
whd
] ‘
9 >
5 520\ - }.’+:J'P’
o > i
()] 5 -
iE xvﬁak_]_’kJ_'AJ_,t
2+3D
’ » SIDIS, Drell-Yan
Hard exclusive )
z,§,t High 0

" 0+3D Final state fully known 2+1D
2
2
® [FFs] ——
2 ’/
e t
9
7] P 2+0D
E = ik —— t=0
[
¥ —_—— f dx

0+1D 2 Infinite




TMDs and Sivers function

Sivers function

Sivers function 7-.(x, ky): Describes the . .
) ‘f‘lT( T) Leadlng TWlSt TM DS ‘-s Nucleon Spin eOuark Spin
correlation between the transverse momentum
direction of the struck quark and the spin of its iy
Unpolarized | Longitudinally Polarized Transversely Polarized
parent nucleon. ) w ™
Fypt (5:Kx) =y (. K) + iy (3 Ke) Sp - (B x K ) Ul vk} @ k) @ - @
Boer-Mulders
s
SP (SP ’ (pXkT,parton» #0 .§ L gl(x’k;) e_._ c_’ hlll(“‘akrz) o_" a_'
T,parton 3 Helicity Long-Transversity
o'o 1 k?_
5| |1k hek) @ - ®
g 2 Transversity
z |7 ‘_ g (x,k7) - 5
’ Trans- Helicity / hllT (x, ki:) é - 6
Sivers ) ‘ Pretzelosity
| /
SPIN SPIN
.. ker distribution of the partons could have an azimuthal / / Extension
Ques® Ques*  https://arxiv.org/abs/2205.01249

asymmetry, when the hadron was transversely polarized.
D. Sivers, Phys. Rev. D41 (1990) 83

spin-orbit correlation
e The existence of the Sivers function requires non-zero quark orbital angular momentum (OAM).

e There is no model-independent connection between the Sivers distribution and the size of the
quark OAM, additional theoretical work is needed to provide a direct connection.
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TMDs and Sivers function

Sivers function

Use Sivers TMD function to map distribution of quarks in 3D momentum space

Quark density distributions from proton-
DNN model at x=0.1 and Q% = 2.4GeV?
using global Sivers measurements.

B The observed shifts in each quark
flavor are linked to the correlation
between the OAM of quarks and the
spin of the proton.

2 Evidence of nonzero OAM in the

wave function of the proton's valence
and sea quarks.

More details in Ishara’'s Fernando talk

k, (GeV) k, (GeV)

k, (GeV)

1.0
0.5
0.0
—0.5

-1.0
1.0

0.5
0.0
—0.5

-1.0
1.0

0.5
0.0
—0.5

PHYS. REV. D 108, 054007 (2023)
0.64

SO~ WLWWLA
Suhouwouwouwo

0.56
0.48
0.40
0.32
0.24
0.16
0.08
= 0.00

0.90

0.75
0.60
0.45
0.30
0.15
< 0.00

0.32

0.28
0.24
0.20
0.16
0.12
0.08
0.04

0 | I
-1.0 0.5 00 0.5 1

k, (GeV)

= 0.00

k, (GeV)




Accessing Sivers function

Polarized Semi Inclusive DIS Polarized DY

p
> >
» 2| rq . £Lg ,k 1 )
SIDIS Z, eqfii' @ kr) ® D) ADY o 2, [fl (1) - fig? (2o kep) +1 = = ]
Avr™™ o 2fi a N 2 [ fa g
quqfl(x) ®Dl (Z) quq |:]C1 (xl) ‘fl (XZ) + 1« - 2]
* L-R asymmetry in hadron production * L-R asymmetry in Drell-Yan production
* Quark to Hadron Fragmentation function e No Quark Fragmentation function

e Valence-Sea quark: Mixed e Ability to select valence or sea quark dominated

“Modified-universality” of the “Sivers” function Cleanest probe to study hadron structure

QCD: DIS Drell-Yan

Final-state interaction Initial-state interaction

Fundamental prediction of
QCD gauge invariance.
Siversps @iversDrell-Yan

g - One interpretation: Repulsive interaction between like color charges!
Courtesy of J. Drachenberg ~ attractive repulswe
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SpinQuest Program

Sensitivity to sea quarks Sivers functions

p-p polarized Drell-Yan

Dominated by sea quarks 140

Acceptance and kinematics optimized > Sea anti-quarks (it, d) o2
for anti-quark component from target Sivers functions

0.9%—
- 120

N (target) o! (¢S) ~a! (¢S> 0'85_
ol (¢S) +o! (¢S) 07;_ o

0.6

S, ) i k)t e 2] E

zqeg[ 9(x)) ST (x)) +1 < > 2] 0af-

11 | 1111 | 1111 ‘ 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111
. 0. 02 03 04 05 06 07 08 09
If non-zero, “smoking gun” for sea quark OAM X,

oO

0.06

Most experimental data are focused on the valence
region.

0.04

00268
Need for p-p Drell-Yan since you can almost guarantee

your are sampling anti-quarks from the target.

0.00

L (1)

X flT (X, /"’0)

|
e
=)
)

—0.04 Critical to have experiments like SpinQuest

that tackle the sea!

—006—1 02 03 05 01 02 03 05 01 02 03 05
X
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SpinQuest Program

Sivers function sign change

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:

flJT|SIDIS - flLT|DY

Bury et al, PRL 126, 112002 (2021)

0.1zf
0.1of
0.08
0.065

0.04Ff

1

0.02

70

80

Quote from Bury et al

... to clearly distinguish sign-flip/non-sign-flip
scenarios, one needs the data with more substantial
restrictions on the sea contribution, such as DY and

kaon-production in SIDIS.

O X5y - fapis These results are in agreement with Anselminos et al, arXiv: 1612.06413

2
B Xfov = foms Sign-change is preferred but

not nearly confirmed!

90

100 110 Still statistics (and kinematics) limited
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SpinQuest Program

Gluons Sivers function

J/y Production

e J/yis bound charm-anticharm
pair, a “charmonium”.

e Charmonia come from the
quark-antiquark annihilation
and gluon-gluon fusion
partonic-level processes.

* The J/y meson can decay into
bosons or dileptons, which we
can detect in experiments.

Access gluon Sivers functions

8 ¢ Quark-antiquark Annihilation

Gluon-gluon Fusion

RHIC-PHENIX © /s =200 GeV, xF~0.1

SpinQuest © /s =15 GeV, xF~0.5

13



SpinQuest Experiment
Beamline @ Fermilab

e Unpolarized protons are sent to
SpinQuest from Main Injector.

e Energy 120 GeV (1/s =15.5 GeV) 7 L

e ~4s spill ~2 x10'2 protons i "',/,,SgifpoueSt -
e Interval of 19 ns (53MHz)
e ~10k protons per RF bucket.

e Highest proton intensity ever attempted
on a solid polarized target. (3 x 1012 p/spill)

INNERIRING {RD

LongBas'»eIineNeutrinoB rer Neutring NUMIMINOS : - = Teva‘t'ron,
Facilty v 00s €7 Pe % Beam (120 GeV) '

.

(60-120 GeV) v, Beam (8 GeV)

.

4800 GeV

Linac (400 MeV)

Booster (8 GeV) - il‘ljeCtor LS
N Switchyard o 120 GeV 0\

.lgi’s \

PIP-llinac ~ %, (120GeY)
(0.8 GeV) -

Main Injector
(120 GeV)

Recycler
(8 GeV)
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SpinQuest Experiment

Spectrometer Station 4:
Station 1: Stations 2 and 3: Hodoscope array
Hodoscope array Hodoscope array Proportional tube tracking
MWPC tracking Drift chamber tracking \

Solid iron Moment.um
focusing magnet, measuring
hadron absorber magnet (KMag)
and beam dump

Polarized (FMag)

NH; & ND; Targets

(iron wall)

ﬁ Hadron absorber

Inherited from SeaQuest

* A beam/spectrometer combination with well-understood
capabilities and limitations.

e Necessary instrumentation to cope with high instantaneous
intensity environment.

e Well-established analysis procedure.

15




SpinQuest Experiment

Target System
e Target cryostat in “Cave”
o Surrounded by concrete blocks for radiation shielding © Evaporation fridge at T=1K & B=5T

® On “Cryo Platform”
o Helium liquefaction plant. © Roots pump for evaporation fridge

* Closed helium system

Thermal Shielding:
-LN2
- Outer Vacuum

Polarized Target Cave gHe Tanks

e Target maintained at 1K in 5 T field
e Capture and recirculate gHe for sustained continuous running under production data taking
16




SpinQuest Experiment

Target System

e Carbon fiber insert with 3 cells
e 140 GHz microwave source
Target uses Dynamic Nuclear Polarization.
- Proton maximum polarization: 95%
- Deuteron maximum polarization: 50%
e Ammonia beads (NH3 or ND53)
e 5T Magnet

e Evaporation refrigerator: keeps target
material polarized and Helium liquid.

- 16 W of maximum cooling power
keeping the target at 1.1 K

e 17,000 m3/h pumps
e 3 NMR coils per cell

NMR
System

S \NMR Coil

Microwave
A\ N\ N\ —
Generator

/ Refrigerator

Cryogenics,
Liquid He

17



SpinQuest Experiment

Projected sensitivity and asymmetry

the SpinQuest DY kinematics

Proton and deuteron-DNN mode projections for

Projected Statistical uncertainty ~ 3-5%. 0.10 NS ' ' ' =z
. N 0.08F — NDz 171 15
Systematic uncertainties: 0.06 - 1L 1=
B Beam (- 2.5%) ,Q:Z 0.04} 1+ . ;
0.2} """ |/ —— =
. o, [*%d)
& Analysis sources (< 3.5% ) 0.00 f—————— | ——————1 2
< (o) _002 1 ] ] 1 1 ] +
P Target (< 6 %) 037 0.47 057 067 015 025 035 S
0.2 Drell-Yan Target Single-Spin Asymmetry 0.10 Iy £ g
ppl(d) > WX 4 <M, <9GeV ’ ' ' ' ' ' ' T

0.08} 1t g

0.06 1t g

< 0.04} 4t 1

0.02 —— t -

0.00 | ——— S -

_002 1 ] ] 1 | | 1

01 03 05 0.7 05 1.0 1.5 2.0

23 qr (GeV)

e Conditions

Proton-DNN: L. P. Fernando et al, PRD108.054007(2023)

B Deuteron-DNN: 1. P. Fernando et al, PRD108.054007(2023) o 2 . 5 yea rS Of d ata ta ki n g o N H 3 : N D3 = 5 0% : 5 0% i n ti m e

= BE== DGLAP: M. Anselmino et al arXiv: 1612.06413

il * Transverse Single-Spin Asymmetry (TSSA)

: P e o Measurement precision dan ~ 0.04

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

C,.1,, & 7ocmNo3targe | * Important constraints on global models
0.15 0.2 0.25 0.3 0.35
T —— ———————————
xtarget
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Beam Commissioning 05/24 - 07/24

Objectives

e Polarized Target Commissioning
B Alignment of beam and the target cells
B Run with polarized CH2 and NH3 on both target polarities
B> Test material extraction and shipment protocols of irradiated ammonia
B Test target annealing method
B Quench commissioning to determine best (and highest) intensity to run
B Sustainable operation of LHe production and consumption.

e Spectrometer Commissioning

B Demonstrate the spectrometer and data acquisition are in working
condition for production

B Timing of the trigger and tracking detectors

B Timing of the beam intensity monitors and provide beam quality feedback
to MCR

& Trigger performance with various beam intensities and magnet settings.

19



Beam Commissioning 05/24 - 07/24

Polarization

25

B Successful operation of polarized target in
high-intensity proton beam up to 3 x 1012

protons per spill.
B P =26% with CH2 at 1K and 5T which has
never been achieved before. ,
B P=+4+95%, -85% with NH3 at 1K and 5T. o
B e eeommmsttNR@IRTT
100 0
90 —10+
80
o —201
e 70 X
£ 60 S 30
§ 50 §—40
8 a0 PRr — s —501
X i NH3 positive polarization o
20 —60
10 -70
0 —80-

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time in Minutes

Polarization vs. Time

Protons NMR signal in CH2

2000 4000 6000 8000 10000 12000 14000 16000
Time (seconds)

Proton Polarization

NH3 negative polarization

20 40 60 80
Time (Minutes)
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Beam Commissioning 05/24 - 07/24

Event reconstruction

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0,000} WATRDX 1,0, 800 m
700 P
600 7 ‘\
500 ﬂHHH

400 4 '
300 1 t

200

Typical high-mass dimuon from target 1007

++
44
Fetaetege

et
0 ! T B L | | RN A | P et senieaatioaleole | ol lolo

0 1 2 3 4 5 6 7 8 9 10
Invariant Mass (GeV)

Clear J/y and high-mass dimuon events (dominated by beam dump
events) observed in the online plots.

Offline analysis of the commissioning and production data is ongoing!
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SpinQuest Experiment

Timeline

2023: Commission of spectrometer using cosmic rays

05/24/2024: First proton beam delivery to SpinQuest.

05/25 - 07/24: Beam commissioning of target and spectrometer.

11/24: Start of physics data taking.

e Data analysis and system upgrades are ongoing.

Run for 2.5 years, end of 2024 - beginning of 2027

22



Summary

SpinQuest Goals and Uniqueness

B SpinQuest's primary goal is to measure
correlations between momentum direction of the
struck sea-quark and the spin state of the parent
nucleon.

B SpinQuest is a polarized target high intensity
frontier experiment. Never before has there been
a polarized target system specialized to push the
proton beam intensity at this level.

B High luminosity experiment (5 x 1035 cm-2s-1).

B Longest (along the beam-line) target cell to date
for an 1K evaporation fridge.

B SpinQuest has the highest power evaporation
refrigerator ever made for a polarized target
experiment.

0.2|— Drell-Yan Target Single-Spin Asymmetry
ppl(d") > WX 4< M <9 GeV

T

~ B== DGLAP: M. Anselmino et al arXiv: 1612.06413

Proton-DNN: 1. P. Fernando et al, PRD108.054007(2023)

Deuteron-DNN: L. P. Fernando et al, PRD108.054007(2023)

ﬁ':;-: TMD-1: M. G. Echevarria et al, arXiv: 1401.5078
E=¥ TMD-2:P.Sun, F. Yuan arXiv: 1308.5003

Q 7.9 cm NH3 target

|_11||| 4) 7'gmlmﬁtargetl|1|1|11||

0.15 0.2 0.25 0.3 0.35

xtarget
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SpinQuest Experiment
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COMPASS | 7~ 4 p] 190 x,=0.1-03 2 % 1033 014 | P,=90% | 1.1x10~3 | 2015,2018
(CERN) \/E — 17/ f=0.22
PANDA (GSI) 5 4+ p! 15 x,=02-04 2 % 1032 007 P,=90% 1.1x107* 2032
Vs =55 f=0.22
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Accessing Sivers function

Global Sivers Measurements

lofA — fiTouep * Recent global analyses utilize SIDIS+pp/7p data.

e Still statistics (and kinematics) limited.

e BIG questions about the seal

o A fJ_
10 ) 1T;d<—p 0.01 B0 PVA1[Q? = 1.0 GeV?)

10_1 - V73 TC[Q* = 1.2 GeV?)

y %\ ] T
\,/ ]
] ! V.
By

p
|

|

L
\ ,
‘
‘
|
|
| /

L(1 1(1
x f”! ) x f”f )

[0 JAM20 [Q° = 4.0 GeV?]

—0.01 —:: e W This work [Q? = 4.0 GeV?]

-0.02 0.04

3.38
~0.03
2.25; ~0.04 0.0247] ! s
: 7~ /4 _ —0.05 PV11[Q? = 1.0 GeV?]
1.12¢ & — b(GeV 1) (72 TC[Q? = 1.2 GeV?]
- 4 / —0.061 55 EKV[Q” =24 GeV?] 0.00 NN N e
< A y4 | oo JAM20 [ = 4.0 Gev?) :
/ / /’ / / W This work [Q = 4.0 GeV?]
/ / —0.07 +— ~0.01 +—
¥ . , P / / 102 107! 10° 1072 10! 10°
x ! 2 3 4 ) Pavia, PLB 827, 136961 (2022)
b)

Bury et al, PRL 126, 112002 (2021)
HERMES (2020), COMPASS (2009),COMPASS (2015)

HERMES (2020), COMPASS (2009),COMPASS (2015) JLab (2011)
JLab (2011), STAR (2016),COMPASS DY (2017)
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SpinQuest Experiment

Polarized Target

Given the small magnetic moment of the proton we can not reach a significant polarization just by
using a large B field and a low T.

5 Tesla
B
P = tanh (u_) oo
kT s electron
* Proton has small magnetic =~ * AtB=5Tesla&T=1K Sit |
©
moment P, = ~98%, P, = 0.51% 8
e = 660, il proton |
* Dynamic Nuclear Polarization 50
- Dope target material with paramagnetic centers:
chemical or irradiation doping to just the right density (1019 spins/cms3)
- Polarize the centers: Just stick it in a magnetic field
- Use microwaves to transfer this polarization to nuclei:
mutual electron-proton spin flips re-arrange the nuclear Zeeman populations 1073 ! 10 100
to favor one spin state over the other ‘ - - ‘ - TIK]
Proton
Electron 4’ ‘ .
. * ¢ Lol The disparity in relaxation times between the electron (ms) and
\ 4 ‘ . : proton (tens of minutes) at 1K is crucial to continue proton

polarization.

v, v, + Vp Ve —Vp

Allows to achieve proton polarization of > 90%

le— <—al
L)

[= S =]
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SpinQuest Program
Independent i and d Sivers functions

proton beam + transversely-polarized NH; (proton target) & ND3 (neutron target):
Drell-Yan processesinp +pl & p + d'

e Determine independently both the ii and d Sivers functions contributions; something
no other proposed experiment is able to do.

Combined analysis of TSSAsinp +p' & p+d' =2 Separation of it & d

e Polarized d/ii ratio: spin sensitive flavor asymmetry? Nature 590. 561-565

2.5

ooir) 1 (14 )

ZO'H(xt) 2 L_L(xt)

— seaquest/E906

D Systematic uncertainty

2.0
—+ Nusea/E866

[57] Alberg & Miller
Basso et al.

Check sensitivity of flavor
asymmetry to spin. 05

&
I|IIII“IIII|IIII|IIII|

55 CTEQ6m, SeaQuest kinematics

0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
0.1 0.2 0.3 0.4

o
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SpinQuest Experiment

Setup

gHe tanks
LN2 tank

, ©

Helium Liquefier

— System (200L/day)

‘ | 2
vaw vl

“- -

A

|
|

roots pumps :
pumping power 17K m3 per hour
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SpinQuest Experiment

Setup

—

From beam down-stream Beam-window and superconducting magnet From target cave to beam-upstream
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