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Intro to Physics Motivation
The inner structure of proton

Other than charge, valence quarks only contribute to part of
the proton’s properties: mass, momentum, spin

Investigation(s) of the proton structure
* QCD
* Lattice QCD
* Experimental probs:
L Deep Inelastic Scattering
O Drell-Yan - focus of our Fermilab experiments

Describing quarks inside the proton
* Parton model

 Parton distribution function f(x)

e Structure functions

FY(z) =) 2Q} fi(x)

?




Intro to Physics Motivation
Looking into the light quark sea

* Proton as a sum of quarks:

Valence

» Separate the sea from the valence

I
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 NMC tested the Gottfried Sum Rule by muon DIS
on hydrogen and deuterium

1 dx
/ [Fg(ac) — F;(LE)]? = 0.235 4+ 0.026
0

P=qy+q:+q+ Y dealica

Sea

Gottfried Sum Rule

k== CSR

Sl

NMC

Q% = 4 GeV”

-0

0.05



Intro to Physics Motivation

Sea quark flavor asymmetry
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All models introduce a dbar excess, however the
data beyond x ~ 0.3 is hard to be incorporated
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e Assuming charge symmetry, ignoring the nuclear effects and
heavy quark contributions:

~ % [1+ d(m)]
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20PP

u(z2)

T1>T9

* NA51 and NuSea/E866 revealed a striking asymmetry of the
anti-quarks at moderate x

 Many models proposed to explain the anti-matter
asymmetry:
* Meson cloud
Pauli blocking G lN )
Chiral quark model
Instantons
Statistical parton distributions



Intro to Physics Motivation
Sea-quark’s orbital motion

Pion cloud model

Sea-quark flavor asymmetry Pion cloud and
Sea-quark orbital angular motion Drell-Yan process
Expect large Sivers function at x=0.1-0.4

** Meson . ud

u d

u u
d d

proton neutron




Intro to Physics Motivation
Proton spin puzzle/crisis and sea-quark OAM
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Intro to Physics Motivation
Probe the proton spin through TMDs and Sivers function

TMD = Transverse Momentum Dependent PDF | Drell-Yan Target Single-Spin Asymmetry
o F ' i ppl(d') — wwX, 4 <M < 9GeV
S e /\I:. 5 o6k "'\ 0.4 e
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.' <z : ‘
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oot - i 4010- = 1 Kt i _‘ Sun and Yuan, 2013
The quark Sivers distribution (function) | R U — ' I " Anselmino et al, 2009
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The Sivers function vanishes if the Anselmino, M. et. all, https://doi.org/10.1007/JHEP04(2017)046 X target

quarks have no orbital motion Simultaneous measurement of both ubar and dbar

Statistics shown for 2 calendar years of running

8



SeaQuest/SpinQuest Experiment at Fermilab

E906/SeaQuest: 2012 — 2017
* 120 GeV proton beam with unpolarized proton/deuteron, and

nuclear targets

E1039/SpinQuest: 2018 — now
* 120 GeV proton beam with polarized proton/deuteron target

Station 1: Stations 2 and 3: -
Hodoscope array Hodoscope a"a‘z-n Hodit:ég);e array
MWPC tracking Drift chamber tracking onal tube tracking

absorber ?‘;‘& :ge)am magnet (KMag)
dump

Proport
Solid iron focusing Momentum
magnet, hadron measuring

Table
Mation
Axis

to pumps

Empty

refrigerator,

Beam > D,

None

field direction

Hadron absorber

Iran
Carbon — d (iron wall)
Liquid Ha, D2, @n Hem |
Uiy solid targets Lol o

insert, cups—

L




SeaQuest/SpinQuest Experiment Setup

NM3: looking downstream NM4: looking upstream

-

cryo platform

shielding

collimator
target cave

spectrometer



SeaQuest Results
Typical mass spectrum and kinematic coverage

Xtarget
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SeaQuest Results

Drell-Yan cross-section ratio

1.4
= Nature, 590, 561-565 (2021)
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e SeaQuest results compared with
E866/NuSea data shows discrepancy
at higher x

 Effects of experimental kinematics
(120 GeV vs. 800 GeV beam) has

been studied
O Shown by the calculation using
CT18 NLO
L Account for the difference at x ~
0.15
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SeaQuest Results
Sea-quark flavor asymmetry

Nature, 590, 561-565 (2021)

E ~¢- SeaQuest/E906

- D Syst. uncert.
. — NuSea/E866

== CTEQ6m, SeaQuest kinematics
— CT18NLO, SeaQuest kinematics
|| Alberg and Miller (pion cloud model)
[ |Basso, Bourrely, Pasechnik and Soffer

» ~ (Statistical model)
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Reasonably described by two theoretical predictions
Included in multiple global analysis
Improved analysis with more data is ongoing
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Other SeaQuest Results

J/wand (2s) cross section
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 NRQCD with NNPDF4.0 described the data pretty well 1’
1
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arXiv:2406.11459, submitted to PLB




Other SeaQuest Results

Extraction of Boer-Mulders function
* Drell-Yan angular distribution is essential to access Boer—Mulders function:

do/dQ < 1+ Acos?8 + usin26cosp + %SiDZHCOSZCP,

v/2 X htbeamhitarget , where hi is Boer—-Mulders function & [
0.2] +
I

 Alarge VvV value was obtained

[ Similar to m-induced Drell-Yan results

(d We may need to re-consider an assumption
that the Boer—Mulders functions of sea-
guarks are small

Preliminary result presented at DIS2023,
paper draft under preparation
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Other SeaQuest Results

Initial-state energy loss in cold nuclear medium

_ l. Vitev et al
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SpinQuest Status

Transition from SeaQuest to SpinQuest

Inherited from SeaQuest (5 — 11)

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

* Necessary instrumentation to cope with high
instantaneous intensity environment

* Well-established analysis procedure

lllm:f
| s

New polarized target system (1 — 4)

* Tighter beam requirements (better
shielding and new collimator)

e Cryogenic infrastructure (liquefier,
pump, service platforms, etc.)

* Larger operation and maintenance

T —

% Beam Collimator (2) Target Shielding @ ROOTS Vacuum Pump (4) Helium Liquefier e
Beam Dump/FMag  (6) Station-1 Hodoscope & Tracking (7) KMag - , .
Station-2 hodoscope & tracking @ Station-3 Hodoscope & Tracking Absorber * Additional systematic uncertainties

@ Station-4 Hodoscope & Muon Identification

17



SpinQuest Status

Polarized target

e Refurbished from a longitudinal polarized target used at
SLAC and rotated the magnet to be a transversely to pumps
polarized target

e Dynamic Nuclear Polarization process to get nucleon
polarization

1
refrigerator|/—g

. =T {1

Key specs

o Material: frozen beads of NH,/ND, (7.9 cm long caps)

5T vertical superconducting magnet (<104 homogeneity)

High cooling capacity 1K “He evaporation refrigerator

High power microwave system

3 NMR coils per cup

e >90% polarization for proton and >40% polarization for S s
deuteron

[ ]
field direction

beam direction

Unparalleled high luminosity and polarization



SpinQuest Status

Polarized target successfully tested with beam

After many years of installation and delays, we finally took the first
commissioning and short production run in June

Successful operation of polarized target in high-intensity proton beam up

to 3E12 protons per pulse

Reached 26% polarization with CH, target

Reached 90% polarization with NH; target
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SpinQuest Status

First short production run

Run: 6112, Spill: 1936282, Event: 537800
NIM: {0, 0, O, 0, 0} MATRIX: {1, 0, 0, O, 0}

Typical high-mass dimuon from target

Online reconstruction
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* The first short production run with 4E15 protons on polarized target — roughly a few hundred J/¢ events are

expected for the first peek on the J/ TSSA measurement

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

* Offline analysis of the production data is ongoing



Summary and Future Prospects mwg’”"i’ o

CTEQEm, SeaQuest kinomaltics
~= CT18NLO, SeaQuest kinematics

* Very rich QCD dynamics and sea-quark distributions inside the 05| - Abery v M
Basso, Bourrely, Pasechnik and Soffer
proton % o1 02 03 04
* Anti-quark flavor asymmetry remains large at intermediate x, no 52 DR
B i

sign of getting smaller as indicated in the previous statistics- : + + L T eiiney
limited data + T %‘%’ | S

 Excludes some early proton models . —Th= e +:~
* SpinQuest started data-taking this summer, with two years of | e oo
p rOd u Ctio n d ata ta ki ng p | a n n ed *’-:2‘ - é — 0-‘2 H‘ UT“ — 0{6 ‘H 0}8 - ;(':1 | Drell-Yan Target Single-Spin Asymmetry
 Expect first determination of sea-quark Sivers functions, probing S ———
OAM from sea-quarks > Bl ’
s ] 0.2
O Shed new light on the proton structure, spin puzzle, and potentially = ! + : B
. . 01~ Sefol;efﬁt"Pr::iaminary o T
constrains the future EIC nucleon structure physics program _&‘+++40/ p < TR y
Q Now is the time to join us! = e
E : ::‘15: :’:w -0-2_— r| 7.9 em ND, target
- ‘o.‘s‘ - ‘1 = ‘1.‘5‘ - 2‘ ﬂ:.sNA1°;--w 3§ST(GeVI?;) | Anselmino et al, 2009
1 S I B B I
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Drell-Yan process

VOLUME 25, NUMBER 21 PHYSICAL REVIEW LETTERS 23 NOVEMBER 1970

Observation of Massive Muon Pairs in Hadron Collisions*

J. H. Christenson, G. S. Hicks, L. M. Lederman, P. J. Limon, and B. G. Pope
Columbia University, New York, New York 10027, and Bvookhaven National Laboratory, Upton, New Yovk 11973

and

E. Zavattini
CERN Labovatory, Geneva, Switzerland
(Received 8 September 1970)

| — T

VoLuME 25, NUMBER 5 PHYSICAL REVIEW LETTERS 3 AuGusT 1970

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)

On the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron-hadron inelastic collisions in the limiting region,
s ==, @%/s finite, @ and s being the squared invariant masses of the lepton pair and the
two initial hadrons, respectively. General scaling properties and connections with deep
inelastic electron scattering are discussed. In particular, a rapidly decreasing cross
section as Q’/s —1 is predicted as a consequence of the observed rapid falloff of the in-
elastic scattering structure function W, near threshold.
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Unigque sensitivity to sea-quarks

The Drell-Yan Process: 09 E Log scale in

08 -

N (target) g oc}. ®)
0.7
" E R
0.6 | © O M(Y)

E N <2
0.5 ;— QIQOQ
04 |
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0.2 E_M(J/W
0.1 i—
d2o Aa? 1 . _ 0 X - (
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dxp, dx Ox, x4t S . s Xbaam

Unique sensitivity to sea quarks!




Tracking software challenges for SeaQuest

Huge variations in the instantaneous beam intensity ——  high hit rate/detector occupancy

il frame1_splli277712 | 0 e B ot
I [52 Toma 316 § -
\#{ EDuty factor =<2 \
140 B Nre<P> ...'-
e %WW»WJM "'QW,*L‘W(AWL "‘?"‘»MMM“ - | -
0 1400 Hi mm d
: > 34 |JS <€ l . n\" 3
* This is the first time extracting beam from Fermilab b
Main Injector, duty factor initially < 10%
> high intensity (super) buckets saturates the detector ““E -
> completely kills DAQ i ‘
> huge background poses serious challenge to 500
reconstruction 2 ook T
* Partial solution: bucket-by-bucket beam intensity § [ 60% of the protons lost
monitor ziaoc ¢
> inhibit trigger at super bucket just to keep DAQ
alive “
> measure the proton lost due to DAQ busy o0 "ot i e et
* Christmas miracle (in 2014): turning on one forgotten ; Number of rocons recorded 4
- . . . o I P ik B S I L RV ! | T il
A switch significantly improves the duty factor “ “w w e “

Spil D



Angular Distribution for Drell-Yan

* Collins—Soper frame
» Virtual photon rest frame
» @: polar angle of positive lepton

» ¢: azimuthal angle of positive lepton

¢ Drell-Yan cross section

0 x 14+4cos”O+u sm29c:os¢+asm 0 cos2¢

» Naively, A= 1, y = v =0 (do « 1 + cos? ) at leading order
* No transverse momentum on quarks
* No gluon emission

» NLO: A # 1, u, v # 0, but A4 and v still satisfy 1 — 1 =2v
(Lam-Tung relation)

® Lam-Tung relation

» Analogue of Callan—Gross relation (scattering of spin 1/2 particles)
» Satisfied when the quark-antiquark axis is coplanar to hadron plane

26



Dynamic Nuclear Polarization

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

5 Tesla
_ )
P = tanh (kr 1005
* Proton has small magnetic  * AtB=5Tesla&T=1K 5
@
moment P, = ~98%, P, = 0.51% g
He = 660, &
» Dynamic Nuclear Polarization 50
- Dope target material with paramagnetic centers:
chemical or irradiation doping to just the right density (102 spins/cmz)
- 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 =
to favor one spin state over the other 103 - : 100
T K]
Proton
o A—h—
_+ w @ The disparity in relaxation times between the electron (ms) and
% # | | : proton (tens of minutes) at 1K is crucial to continue proton
polarization.
v v, + Vi Vo = Vp
' ‘ — Allows to achieve proton polarization of > 90%

By pr |
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SpinQuest Collaboration

e 22 institutions from 7
countries (Armenia, China,
India, Sri Lanka, Pakistan,
Japan, USA)

* 50 active collaborators
d 13 grad students
. 7 postdocs
. 30 faculties

e 18 collaborators reside in or
near Fermilab

ACU: Donald Isenhower (PI), Michael Daugherity, Shon Watson
ANL: Paul Reimer (PI), Donald Geesaman
Aligarh Muslim University: Huma Haider* (PI)
Boston University: David Sperka (Pl), Zijie Wan
FNAL: Rick Tesarek (Pl), Carol Jong
KEK: Shin’ya Sawada (PI)
LANL: Kun Liu (PI, SP), Ming Liu, Kei Nagai
MIT: Phil Harris (Pl), Noah Paladino
MSU: Lamiaa El Fassi (Pl), Eric Fuchey
NMSU: Stephen Pate (Pl), Vassili Papavassiliou, Abinash Pun, Huma Haider Forhad Hossain,
Dinupa Nowarathen, Harsha Sirilal
RIKEN: Yuji Goto (PI)
Shandong U: Qinghua Xu (PI)

TokyoTech: Toshi-Aki Shibata (PI)

U. Colombo: Hansika Atapattu (Pl), Vibodha Bandara
UIUC: Jen-Chieh Peng (PI)
U. Mich: Wolfgang Lorenzon (Pl), levgen Lavrukhin, Noah Wuerfel
UNH: Karl Slifer (PI)
Tsinghua University: Zhihong Ye (PI)
UVA: Dustin Keller (PI, SP), Kenichi Nakano, Ishara Fermando, Zulkaida Akbar, Ernesto Diaz,
Amal Pattividana, Jay Roberts, Devin Seay, Liliet Diaz,
Arthur Conover
Yamagata U: Yoshiyuki Miyachi (PI), Yoshiki Hiruma
YerPhl: Hrachya Marukyan (PI)
National Center for Physics: Wagar Ahmed (Pl), Farooq Muhammad

- Postdocs - Grad students
* Current on leave and full time postdoc at NMSU



LONG SHUTDOWN START

Fermilab accelerator schedule

 FY2025 | FY2026 FY2027 Fy2028 | Fv2029 | Fr2030 Fy2031 | Fv2032 |

Updated 6/11/2024 102 Q3Q4|Q1Q2Q3Q4|Q1Q2Q3Q4Q1Q2Q3Q4|Q1 Q2 Q3 Q4|Q1 Q2Q30Q4|Q1 Q2 Q3Q4|Q1 Q2 Q3 Q4|Q1
DUNE Operations (w/Beam)
Mu2e Operations
BNB Operations
SY120/Test Beam Operations
NuMI Operations i LEGEND i
PIP-Il Early CD-4 8 ¢ d ¢ Activity requires
Booster Shutdown START RR OI: n shuedawn ENN\\\\Y
Booster Shutdown END : Activity doss notrequite. |
Linac Complex Civil construction 2 AV bt shutdown(___)
Booster Connection Civil Constr. Phl [ :
Booster Connection Civil Constr. Ph2 . Beam to Experiment
Booster beam line connection ON
WFE and Linac commissioning Accelerator Complex
BTL Commissioning OFF Il
Booster commissioning
Central Utility Building z‘?;‘fn'j:;‘i fgﬁ"’:' .
Kautz Road Substation Replacement L
NSCF Civil Construction other than Extraction | - Booster ON, Main :
Remove MI Magnets Injector and Recycler
Extraction Enclosure Civil Construction oFF /]
Extraction Enclosure Equipment Installation o :

Beamline Installation other than Extraction
Beam Checkout
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Importance of sea-quarks in the proton spin

Recent lattice QCD results

K.-F. Liu et al arXiv:1203.6388

= Lu—|—d
= La+J
] LS—|—§
0 J9

. g |u+d+s

2
(Valence and sea)

P

~

u

2L »46% (0% (valence)+46%(sea))
2J »25% J =DG+L
g g g

DSq » 25% | ~- Ld

Orbital angular
momentum ? Sea
quarks’ angular
momentum could be
a major part of the
“missing spin”.

e All of the quark orbital
momentum comes
from the sea quark
contribution

* Important to

understand it
experimentally ad
theoretically

arXiv:2112.08416

Au: 85(4)% : 13(5)%

Ad: -41(2)%
50% comes from OAM: 38 - 46 (20) % gluons 228

13 - 18 (50) % quarks

0.6

0.5
0.4
.
e 0.3

0.2f
w

< 2 -
- o &

0.1 w~ ) = )
<

0.0

B valence
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TMDs = Sivers function

Expected dramatic increase at lower x
e
QP ﬂﬂ i

quark
Unpol. Long. Trans.

3 U -® h, @' @(—

| r N : -/ -3

e .é) é 0 02 04 06 o088 110

L 1 - Quark transverse momentum (GeV)
o fir ('JD '@ T é ) é
n t b Q-b - @— * Focus on transverse
‘\/ momentum — 3D structure
The quark Sivers distribution (function) of the nucleon

P18 (S, 7 )= G BT (PS{3(0) £e(0,) o () [P.5T) oy

The Sivers function vanishes if the quarks have no orbital motion
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Sivers asymmetry In polarized Drell-Yna
Left-right asymmetry in Drell-Yan di-

muon production on a polarized nucleon

Never

done before / q?*
q
P

pp" = ptpT X

Cornerstone prediction of
QCD factorization

1 1
A loimis =5 lov.

* The same quark Sivers distribution in
both processes, but with an opposite
sign

Deeply rooted in the gauge

invariance in QCD
SIDIS=_DY

DOE Milestone: “Test unique QCD predictions for relations between single-

spin phenomena in p-p scattering and those observed in deep-inelastic
scattering”



SpinQuest Expected

0.4

0.4

. Drell-Yan Target Single-Spin Asymmetry
- prl(d") - WX 4<M < 9Gev

7.9 cm NH, target

7.9 em ND, target

{ _____1 Sunand Yuan, 2013

. Anselmino et al, 2009

________

0.15 0.2 0.25 0.3 0.35

X rarget

Simultaneous measurement of both ubar and dbar
Statistics shown for 2 calendar years of running

Results and Impact

u(ry) - fi" ()

u(xy) - u(xy)

ALY

Existing data do not put enough
constraints on the sea quark Sivers
distribution, neither sign nor value

If Ay # 0, major discovery:
e “Smoking gun” evidence for L, # 0
e Determine sign and value for sea quark
Sivers function
e Confirm global analysis expectations

If Ay = O:
e L., =0, spin puzzle more dramatic?
e Sea quark flavor asymmetry hard to explain



Dark Sector Phvsics Extension

Dark Energy

' T o, - b L R
Ve Ny g\ S
Neutricas K‘\.\

10—

WIMP=nucleon cross section [em” |

Neutrinos ‘ g
Standard Model 10~ : LA : g
Hidden Sector & lg Tl : .
QU oS 10 (o o *Imaginable space for WlMP-syabm 10"
Dark matter [ e s cexpBriments are rapinew opearing” 10"
W Z ' ™ ; ,‘.- , < n;ﬂ‘#
g Y A 10-9 23'3 e - e -~
Known forces o e MSSHE B, scuant counaibiae N
Dark force? 10 | 10 100 1000 m!n
2UE)ex U@ Hh; Uy WIMP Mass [GeV/e')
Strong  weak EM
FMAG & BEAM ::S“BER
DUMP KMAG
: STATION 1 STATION 2 STATION 3 STATION 4
120 GeV
PROTO
+
BEAM ¢
> @--demsmnes =l
..'....---..”.. - ssssmunmw ‘_

- 25 m >

WIMP-nucleon cross section [pb)



Understanding Jet quenching at RHIC/LHC

Energy loss of partons from hard scattering through !«‘2
re-scattering in the hot and dense medium (Quark 7= wm;ﬁi
Gluon Plasma) A ?f” :
¢ nuclear modification factor Raa << 1 at high pr Hard o = . : B
. Production 8+0 . § & & g £
Yield o /(Nyio ) an dE §7" & .8 & & ¢
= ik ~ 1—fp®— A Medium
AA .
Yield | dx
Access medium properties through statistical
Single Hadron Tomography . analysis:
e example: transport coefficient
e e model dependent
g - 0-6FpHENIX = (Au+Au 0-5% Central) |
T (el 0 5:_G|oba| Systgmaﬁcﬂ’ﬁ:q_gnaimy?jg%__‘___- _—
! g o " FA. Adare et-al;; PRE77{2008)064907
one of the key questions in 0.4F ]
heavy ion today 0.3F = — I
0.2F —
Recent JET collaboration progress (PRC 90, 014909 (2014)) fo E -f__-a‘_—_-:;_;_—_‘:i:__‘

10 GeV quark: 0.1
e ghat=1.2 +0.3 GeV?/fm for RHIC
e ghat=1.9+0.7 GeV?/fm for LHC

e
<
|
|
|
|
|

CP

11 11 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 111 I 111 I 111
2 4 6 8 10 12 14 16 18 20
p,(GeVic)

Measurement of Cold Nuclear Medium will help pin down the model uncertainty

Los Alamos National Laboratory



Dark Sector Expected Results

First data taking parasitically with SpinQuest/E1039: FY24 — FY25

Y A 02 2- and 3-body decays, m,/fr =3
u | u U | u —u 7 T LT T, T T L id IS

1072

1073 ;

[E—,
S
I

BL). PERERERIL BRI EERRT t) R R

. : 104 L ]
1075 SeaQuest 3 0 : E
10°6~-<25ER ST . 10-5 | A

=~ _NAGE o] ;
07 = T T S, 3 3
g PP 1078 [ .
1078 e : '
10—9: 1 Ll 1 TR N W B 1 I |: 1077 _ P .':'...IE L L ....ﬁ.l . PR R R )
1072 10~ 1 101 10° 10!

my [GeV] ma [GeV]
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