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e A brief introduction to TMDs

* Sea-quark orbital angular momentum for
the proton spin

* Sea-quark Sivers functions and the
SpinQuest experiment

- * An application of DNNs to extract TMDs:
Outline Sivers functions

* Spin 1 TMDs
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TMID PDFs
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At leading-twist, the Quark correlator can be decomposed into 8
components (6 T - even and 2 T -odd terms)

Leading Twist TMDs
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Possible missing spin contributions

K.-F. Liu et al
arXiv:1203.6388
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Global analyses of Sivers functions

» Lack of information on the ‘sea’ quarks is remaining.
» Assumptions were made on ‘sea’ in global fits
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Sea-quarks Sivers functions

STAR Collaboration (PRL 116 132301 (2016))
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The solid gray bands represent the uncertainty due to
the unknown sea quark Sivers functions estimated by
saturating the sea quark Sivers function to their
positivity limit in the KQ (Z.-B. Kang and J. -W. Qiu PRL
103,172001 (2009) )calculation

» Initial attempts to measure the Sivers asymmetry for sea quark Sivers have been reported by the STAR
collaboration at RHIC using W/Z boson production. Their data is statistically limited and favor a sign-change
only if TMD evolutions effects are significantly smaller than expected.

» Recent COMPASS DY experiment was also focusing on valence quarks Sivers functions through pion induced DY.

> SpinQuest will perform the first measurement of the Sivers asymmetry in proton-proton Drell-Yan process
from the sea quarks with high statistics!

Moreover, will provide an insight on the conditional universality for the (light) sea-quark Sivers functions.



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

beam: valence quarks
at high x

Log scale in z
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Polarized fixed target DY & J /1

@ SpinQuest / E1039 experiment
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» SpinQuest will be able to explore
a new region of kinematics for J /i
compare to the PHENIX measurements
» ]/ production:
» PHENIX = gg fusion at 1/s =200 GeV
» SpinQuest = qq annihilation + gg fusion
at+/s = 15.5 GeV ?



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! 10



Fermilab proton beam main injector

d?o Adra? 1 , ) i
dzidry  9z1x0 5 e [qei(z4)qpi (z0) + Gri(z¢) qvi ()]

Fermilab E906/E1039
Data in > 2010

Fermilab E866/NuSea

Data in 1996-1997 'H, 2H and nuclear targets
'H, ?H and nuclear targets mGeV proton beam

800]GeV proton beam

Therefore, the SpinQuest/E1039
experiment will get,
» Cross-Section scales as ~7 times
compare to that with 800 GeV beam
» Luminosity is ~7 times compareto { % Injector
that with 800 GeV beam . 120 Ge¥
» ~49 x Statistics with 800 GeV beam e

-




Fermilab’s uniqueness in kinematics
and statlstlcs for exploring TMDs
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» SpinQuest (E1039) is attempting to push the proton beam

intensity frontier on a solid polarized target.

The combination of high luminosity, large x-coverage, and a
high-intensity beam with significant time between proton spills
makes Fermilab the best place for this novel approach to
measuring polarized target asymmetries in Drell-Yan scattering
with high precision.

With the current setting,
5x102protons/spill Where spill =~ 4.4 s/min
Bunches of 1ns with 19ns intervals ~ 53 MHz

Future plans at Fermilab (https://indico.fnal.gov/event/59663)
More frequent spills with the flexibility of adjusting the time
between spills = Higher Statistics!!!
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https://indico.fnal.gov/event/59663/

SpinQuest./ E1039 Experiment Setup
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Designed for high intensity proton beam
(5x10'2protons/spill with 4.4s spill)
by LANL-UVA group

8 cm long solid NH; and ND; target cells

Magnetic Field: B =5 T with uniformity dB/B < 10~ 4"

over 8 cm

“He evaporation refrigerator ( 3 W of maximum
cooling power) keeping the target at 1.1 K.
140 GHz microwave source (with DNP technique)
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From beam down-stream Beam-window and superconducting magnet From target cave to beam-upstream 14




The Polarized Target

v" The SpinQuest superconducting magnet

v’ 4He evaporating refrigerator
v 140 GHz microwave source
v Alarge 17,000 m*/hr pumping system
v" NMR systems (UVA & LANL)




The Polarlzed Target

16



» Beam (~ 2.5%)
Relative luminosity («~ 1%)

Drifts (< 2%)

Scraping (~ 1%)

Predicted Uncertainties

» Analysis sources (~ 3.5%)

Tracking efficiency (~ 1.5%)

Trigger & geometrical acceptance (<2%)
Mixed background (~ 3%)

Shape of DY (~ 1%)

» Target (~ 6-7 %)
TE calibration (proton «~ 2.5%; deuteron «~ 4.5%)
Polarization inhomogeneity (-~ 2%)
Density of target (NHz() (-~ 1%)

Uneven radiation damage (~ 3%)
Beam-Target misalignment (~ 0.5%)
Packing fraction (~ 2%) A

Dilution factor (~ 3%)

0.2

Drell-Yan Target Single-Spin Asymmetry
ppT(dA') - puX 4< MWl < 9GeV

0.4

. Drell-Yan Target Single-Spin Asymmetry
L pptd') — WM'X,4<MW<9G6V

» Projections from existing frameworks

are limited by available data

also, separation of proton and neutron

0.2
T e T = I e
i ol gl L
° | | | ot —th—H
| = UVA-Spin(Preliminary) B
B= DoLAP ¢ 79cm NH, target
B . . B TMD-1 -0.2~ <1> 7.9 cm ND, target
= 0.1 = 7851 W & Eohevarra ot al arxv 1401 o7 M TMD-2 I "} sunand Yuan, 2013
| TMD-2: P. Sun and F. Yuan arXiv:1308.5003 7.9 cm NH3 target - i .
| A Prokudin etal (in progress) ('3 7.9 cm ND3 target - ., Anselmino et al, 2009
L 1 | Fprpande, D Kellen (W-Soip)y | 4 | 4 4 4y |y 4y ol b b b b Py
0.15 0.2 0.25 0.3 0.35 0.15 0.2 0.25 0.3 0.35
xmrgel xtargel
. NH; (p") ND; (dT)
T bin <TG T N [ AA ()
AN b5.) 0.10-0.16 | 0.139 | 5.0 x 10* 3.2 5.8 x 10* 4.3
Tp,Tt, ) y 4 4
2 f d(bsd(b db¢>std¢s sm(¢5) 0.16-0.19 | 0.175 | 4.5 x 104 3.3 5.2 X 104 4.6
= 0.19-0.24 | 0.213 | 5.7x 10 2.9 6.6 x 10 4.1
f157| N(xp, xt) 0.24-0.60 | 0.295 |55x10*| 3.0 |64x10*| 4.1
Material Density Dilution factor =~ Packing fraction = Polarization = Interaction length
NH; 0.867 g/cm? 0.176 0.60 80% 5.3%
NDs 1.007 g'/cm3 0.300 0.60 32% 5.7%
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SpinQuest / E1039 Timeline

2018, March: DOE approval

2018, May: Fermilab stage-2 approval

2018, June: E906 decommissioned

2019, May: Transferred the polarized target from UVA to Fermilab
Now: commission all components using cosmic rays

Phase 1 of Polarized target commissioning is completed [January 2023]
Phase 2 (with NH3, ND3): September 2023

E1039 beam commissioning starts in this Fall 2023

[Run for 2+ years, 2023-2025+]

YVVVVYVYYVYYVYY
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Motivation for using DNNSs as a tool

» Profound limitation in other phenomenological fits:
The DY Sivers Asymmetry projections for SpinQuest has large uncertainties,
and those projections are only for proton target.

» A complete SU(3) flavor dependent Sivers functions have been not

extracted yet.
» The impact from the Sivers asymmetries with polarized proton target

and neutron (deuteron) target was not explored yet.
(mostly iso-spin symmetry condition was used with combined proton

and deuteron data in global fits)
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Sivers Asymmetry from SIDIS ;7505 -y [ o (52757)
% Aasor (@5 JDi g (2, 01) J O 1 /@)

Unpol. Sivers
quark-dist. function
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P
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Dp,q(2,p1)|= Dpjq(2) eXp—Pi/(pi>

Aqu/pT (@, k1) = 2Ng(@)h(kL)fq/p(z, kL)

Anselmino et al. (2017)

Single Spin Asymmetry (Sivers Asymmetry)
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DNN Approach

A?}rjlg¢h—¢s)(x7 2, pnr) = Ao(2, Prr, m1)

Zq (T 3fq(5’7)Dh/q(Z)
Zq egfq(x)Dh/q(Z)

» The exceptional capacity of DNN to be ideal for function approximation (Universal
Approximation Theorem).

Each quark flavor q is independently handled by a separate Ny (x).

The only input to to each N, (z)is .

Statistical & Systematic uncertainties from the experimental data are combined in
quadrature; then propagated using bootstrap method by generating replicas.

» Systematic uncertainty in method is evaluated with variations in generating function.

2 M DA Pt
q

YV YV VY

hidden layers

CTEQ6l

Z ——PDFs——3 e f,(2;Q%)Dp/qe(2 Q%)

g W N
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DNN Method Testing with pseudo-data

Compare:

Experimental data . . :
xP First Iteration Vs Second Iteration

MINUIT Fit |
l ﬂltermediate DNN Fit \ hyperparameter tuning
Generate Pseudo-data l
(with exp. Uncert.) Generate pseudo-data
l on fine-binned 3D

kinematics ¥, 2, prT
(with 68% CL of

1000 replicas)
l‘MTNfUCJT Fit

Generate Pseudo-data
(with exp. Uncert.)

First Iteration: DNN model Fit
hyperparameter tuning

7
Improved generating function

@n MINUIT Fit /

‘ANf(true) . (mean)‘
ez, k)= |1~ a/p! Tojpr x 100%
ANf(true)

q/p"

Z (ANf( ANf(mean))Q
/pt /pt
N
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First Iteration Second Iteration

DNN Method testing o0af  _—— T

/N N

with Pseudo data < oml /N |
5 /\

t; 0.00 ,
» Dashed lines represent the ;,E —0.02 _\ W 7 g __\/

generating function in each

e s
iteration. g —0.04f ) Wi 1 — i
8
» Solid-lines and the band represent —0.06 | | | T | — 5, -
the mean and 68% CL with 1000 g
replicas of the DNN model. ’&S—I 0000kssce o o o
=
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Z
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—0.020 '

00 04 08 12 00 04 08 12
k|, (GeV) E, (GeV) =



DNN Method: With Real data

» We trained two separate models for “proton” and “neutron” (deuteron)
» To take full advantage of the information provided by the model testing in the previous slide,
the steps from method testing with pseudo-data are performed again separately for proton and deuteron SIDIS data.

hidden layers

1
Fit to experimental data

&é%N%

@ N

X 2;'/~\' Y

N’ t ¥
V ' \AX/
/‘*‘fr« t?“?@ )

\ w"o w\
@

\\\"//'\\\
@ Generate pseudo-data

on fine-binned 3D

Improve pseudodata generation Kinematics
(with 68% CL of 1000
replicas)
(aq + 5q)(aq+5q)
g s = N,z%¢ (1 — z)Ps -
Re-optimizing the DNN 4 ale gl
3 . .

generating function

» Systematic study for both DNN models were performed separately using various generating functions.



DNN Method: With Real data
(Quality of the extraction)

Optimum # of epochs to avoid over-training
Like the over-fitting in analytical function fitting

0.10 . . . 0.0035 :
r=0.1 — Train los$ (90% of data: First Iteration)
0.05! A ] 0.0030} Validation loss (10% of data: Second Iteration)]
- ——  Train Loss (100% of data: First Iteration)
fg 0.00 0.0025¢ Train Lo:ss (100% of data: Second Iteration)
kS 20,0020 , -
. 003 0.0015 N ? |
-0.10} , 0.0010f /|7 MM‘MMMMJM
Q* =2.4 GeV? 0.0005 :
O o1 oz 12 0 200 400 600 800 1000
k, (GeV) Number of Epochs

The qualitative improvement of the extracted Sivers functions for u (blue), d (red), and s (green) quarks at x = 0.1 and Q*=2.4 GeV?
using the optimized proton-DNN model at the Second Iteration (solid-lines with dark-colored error bands with 68% CL), compared to

the First Iteration (dashed-lines with light-colored error bands with 68% CL) >



Data Selection

4 )

Proton DNN
model

A )

C N

Deuteron DNN
model

A )

Projections from
Deuteron DNN model

Aqu/PT (z, kL)}SIDIS - Aqu/zoT (z, kJ—)|DY

Dataset Kinematic Reaction Data
coverage points
HERMES2009 0.023 <z <04 pl 4+~ > 7a" 21
(SIDIS) 02<2z<0.7 pt+4* =7~ 21
[53] 0.1 <prr <09  pl+~4* = x° 21
Q? > 1 GeV? pl 4+~ > KT 21
pl +~4* = K~ 21
HERMES2020 0.023<x2<0.6 pl +~* > x" 27,64
(SIDIS) 0.2<2<0.7 pl+~* > 7~ 27,64 HERMES2020
[55] 0.1 < prr < 0.9 pl +~v* — x° 27 > _
Q%> 1 GeV? pt+~* = Kt 27.(62 3D binned data
pl++" > K~ 27,64
COMPASS2015 0.006 < < 0.28 p' +~* —» =« 26 I
(SIDIS) 0.2 <z<0.8 pt +~v* — 7~ 26
T +
[54] O'é; iﬁhg:\éf) g .+ 13* : g_ 32 Projections from
COMPASS2009 0.006 <z < 0.28 dl +~* — nt 26 Proton DNN model
(SIDIS) 0.2 <2<0.8 d' +~y* =7~ 26
[49] 0.15 < ppr < 1.5  dl +~* - KT 26
Q? > 1 GeV? dt +~* - K~ 26
JLAB2011 0.156 < z < 0.396 °He' +~* > nt 4
(SIDIS) [52] 050 < 2<0.58 3He'+~* -7~ 4
0.24 < ppr < 0.43
1.3<Q* <27
COMPASS2017 0.1 <zny <025 pl 47~ =171~ X 15

(DY) [50] 03 <xr <0.7
4.3 < Qnm <85

0.6 < qr <1.9
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Data Selection

In the global fits to the date in the literature, a few distinct treatments have been followed regarding the
preservation of the TMD Factorization Theorem.

S S TS 3 = JLsb |Pur Jar| « . |
0.25F °® * 3 1 a Star.Z )= (in SIDIS), d = —(in DY) We now perform our simultaneous QCD global analysis
09k %o & e — w4 v Star.W- : @ of the SSA data summarized in Table I. The standard cuts
5 el MEu A e {3 Star. W+ of 02<z<060%>163GeV2 and 02 <P, <
0.15¢ Prokudin, + Hermes 0.9 GeV have been applied to all SIDIS datasets [97], ”
0.1F- - - A Vladimirov, —— = v A » CompassDY
g JHEP_05_T151 i O COIHp&SSlG ,g b \ l v === Echevarria et al ‘14
005:' (2021) - 1 e CompaSSOS ~— b\ ’ //’/ u = Anselmino et al ‘17
' ‘O '05‘ — ‘0'1 ‘ 0'5‘ ] SE—O.OZ A\ 4 /’ 0.02
: . > OnlY 64 out of 388 data points survived 5 A
8 B s JAM20
—0.04 e : e 0.00 - o s
0.2 <z <0.6, Q% > 1.63GeV?, and 0.2 < Pyr < 0.9 (GeV). (5.9) 0.2 0.4 0.6 & ., 0.2 0.4 0.6 @&

Notice that from the point of view of power counting the conditions gr < Q, where qr is the
transverse momentum of the virtual photon in a frame in which both the target particle and the
final-state hadron have no transverse momentum, and Pyr < Q, where Pyt is the transverse
momentum of the produced hadron in y*P frame, are equivalent since g7 =~ Pyt /z),. However,
depending on the numerical value for zj, data which satisfy Pyt < Q may not satisfy g7 < Q
and therefore be difficult to describe ina TMD approach. Examples of description of HERMES
multiplicities from Ref. [322] are shown in Fig. 5.2.

~ TMD Handbook (pg153)

J. Cammarota et al (JAM) PRD 102, 054002 (2020)

Only 126 out of 314 data points survived

“
While typical kinematic cuts from unpolarized SIDIS fits for instance in [23] select

only data which has ¢, /Q < 0.25, we find that this selection process leaves very few data
points for the available Sivers data. In figure 6 we plot a histogram of the selected data
SIDIS data as a function of ¢, and Q. We find that the cut ¢, /Q < 0.25 leaves only 12
SIDIS data points, while the cut ¢, /Q < 0.5 leaves 97 data points. In fact, we find that the

» TMD factorization loses accuracy at large ghT, with fractional errors characterized

as (ghT /Q)°.
> The Collins and Soper (1982a) approach gives (m/Q) errors for the full range of ghT data set to the TMD region, we also enforce that the SIDIS data must have P,y < 1GeV.
which treats the TMD term as a first approximation to the cross-section

and allows for the application of a correction by applying an additive approximation

(Y- Term) from the ordinary collinear factorization.

» Such corrections can be implicitly captured when training a DNN model over the full range of phT.

majority of the data has ¢, /@ > 0.5. In order to retain a large enough data set to perform
a meaningful fit we perform the cut ¢, /Q < 0.75. Furthermore to restrict the selected

~ M. Echevarria, Z. Kang, J. Terry_JHEP_01_ 126 _(2021)
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Sivers functions from the “Proton” DNN Model

0.10 . ; . . Proton DNN model , , . . . . Anselmino et al. (2017)
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Proton DNN Fit Results
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> All data points are well-described by the proton-DNN model. Calculated yoa*/Np = 1.04

» No kinematic cuts were implemented. 29



» No kinematic cuts are applied

D GUteron DNN F 1t Re Sults Deu.teron-.DNN model can (%e-scribe data réasonably well

» No iso-spin symmetry conditions are applied
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DNN Projections for JLab Kinematics

We can make unique projections for Helium3 and Deuteron for upcoming proposals at JLab!
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DNN Model Projections: DY

Proton-DNN model

COMPASS 2017 DY Projections
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DNN Model Projections: DY (@ SpinQuest

DNN Models
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3D Tomography from the “Proton” DNN Model
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TMDs relationships between
SIDIS and DY

SIDIS
/ A?]O[S]2¢h o hJ_q ® HJ_h ea CF \
A=) o fi e DY Sivers ® FF
Antontos) o pt @ gt | Transvl® CF

U q

A i o it

\ J
< - )

A% fle f-1 PDF @ Sivers

A;in(2¢cs—¢s) ~ hi—q ® h(f @

et it @it [BM m-m

q _ q
hl SIDIS h1|DY
1 iR
hlig' — hﬂg
SIDIS DY
1 1
hl q — hl q
SIDIS DY
lqg _ fJ_q
T \srprs T | py

There is a SpinQuest effort to extract BM
from SeaQuest (E906) data, therefore DNN
approach will allow us to extract all the
leading twist TMDs.
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TMDPDFs for Spin %2 and Spin 1 targets

leading] quark operator At leading twist
: Reference® w er
st unpolarized [U] longitudinal [L] transverse [T] )\
u| - n=O-® L
unpolarized Boer-Mulders | SIS
2 5= = (> 1 => - (@
'-g helicity worm gear 1
.E
s .8
84 T |y = é - gir = é — é transversity
*q-; Sivers worm gear 2 e _ B » For Spin 1, There are 3 T-even
%" N elosity and 7 T-odd additional TMDs
* appear for quarks.
E Sior(z, k7) hiz(z, kT) p.p . qu
N| f 5 5 K » Similarly for the gluon TMDs,
S 1.7(x, k7) girr(z, k7) hirr, hirr : ‘
o ) ) | with polarized nuclear targets.
R flTT(-'L'a kT) glLT(«Ta kT) hirr, h1LT

The use of the Transverse Momentum Distribution functions (TMDs) of polarizable nuclei
offers the necessary connective bridge, allowing us to explore how these geometric
properties emerge from quark and gluon dynamics.
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Spin 1 TMDs for quarks and gluons

=y 4+P, +Pr +Prp +Prr + Ppr

D(r; P8, T) = 3 | Pula) + S35 Por(x) +

+SrrPfirn(x) + | Brr, Pl

2

[BTa f] 75 hl(ﬂj)

2

ihlLT (:l?, k%) .

I (x) =

Ileadin quark operator Gluon Operator
kWSt unpolarized [U] longitudinal [L] transverse [T Leading Twist Unpolarized Circular Linear
=) = -@® f
unpolarized Boer-Mulders 1
- — L _ — <
: 5= = (> [ =(D> - (D] § g1 hiy
'-gaw helicity worm gear 1 R
N =
o K| di h L
d é) é hy = — ° fir 91T 1, hiy
(©] L _ ) -
= — qir = — transversity
g2l -O-Q) »-© i I
B Sivers worm gear 2 B < flLL h].LL
80 T = - =
E‘ pretzelosity
4
fiudle, k3) iz o, k3) e it faLr, by
firr(z, k7) girr(z, k7) harr, hirr f 2 hirr, hf'TT
frrr(z, k) giur(w, k) Pasr, hiyr . “"T higr

MY =TY +T% +TY% +TY, +T%, + T,

The collinear correlators after integrating over the momentum,

x
2

[—g%ﬂjfl (x) + Z'6325L91 () — gézsLLflLL(x) + SéfTthT(x)}
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Transversity distributions: Quarks

Arq(z) = qr(x) — qu(@) ~ Tm (A 49 — Apppy)

AAili s Aflf

» The SpinQuest polarized target configuration can be used to probe the sea-quark transversity distributions
and help determine the tensor charge in the nucleon.

» The already proposed experiment E1039 will take data on both transversely polarized protons and neutrons.

» However, without additional data to separate the vector and tensor polarization contributions, the neutron
transversity will be very difficult to decipher.

» The nucleon tensor charge is a fundamental nuclear property, and its determination is among the main goals
of several experiments

» In terms of the partonic structure of the neutron, the tensor charge, for a particular quark type q, is
constructed from the quark transversity distribution

» The neutron EDM is expressed by integrals of the transversity distributions to obtain the tensor charge

=A@ 6 (Q?) = | e (08 (@.@%) ~ 1t (2.@%)

» The neutron polarization is always over 90% of the vector polarization of the deuteron.
That means: the deuteron target is a very good source of neutron polarized TMDs

. . . . 38
when the tensor polarization of the deuteron is mitigated.



arization

Deuteron Pol

» The deuterons have nonzero quadrupole moments This results in an additional degree
» The structural arrangement of the nuclei in the solid of freedom in polarization that the
generate electric field gradients (EFG) which couple to the spin-1/2 nucleons do not possess.
quadrupole moment.
|OJD 030, Op+60 + /
Q_* T Vector Polarization Tensor Polarization
o, ('OD+30)Q ‘:O‘)D-G(DQ Pn — w n=n,; +ny+n_, Qn _ n— 3n0
+1_. ST n n
. B ,
o=cos’(V1/3) 0=m/2 6=0 o P, = r—2rtl
r2+r+1
: Pzz . /r. - ].
- w = —hapm+ hwp(3cos? — 1 +nsin®6cos2¢) (3m? —2) P r+1
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Tensor Polarization Enhancement

v" DNP microwaves

v' Additional RF: Semi-Saturating RF (ss-RF) irradiation = to maximize Tensor polarization

v" Continuous Wave NMR (CW-NMR)

v" The rate depends on the intensity level and the applied magnetic field strength of the RF power.

J. Clement and D. Keller (2023) [https://doi.org/10.1016/j.nima.2023.168177]

Under normal DNP-enhancement, conditions, the system is in
Boltzmann equilibrium and ¢, can be calculated directly from 2,

Qn:2_ /4_3Pn2 0.5 0.5

Three Principles for Enhanced Tensor Polarization

o
>

©
w

/7

** Differential Binning

/7

*%* Spin Temperature Consistency

/7

** Rate Response

See Dustin’s Talk
for more details
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The gluon transversity cannot exist in the nucleon where the spin flip As = 2 is not possible.

Transv

hipp(z) ~Im Ay

The spin flip of As = 2(|] Ay — \;| = |Af — A;| = 2) is necessary for gluon transversity.

q)a/ﬁB Tp) fd2pr(I)g/B (z, pyr)
% {_ Tﬂfl,B (xb) + ZGT SLgLB (xb)
Unpolarized Longitudinally-Polarized
distribution distribution

- (S’if“? SZ.IJ”? SL)

_g%aﬁSLLflgLL,B (zp) + Saﬁ e g (2 b)}

Transversely-Tensor-Polarized

Longitudinally-Tensor-Polarized
distribution

distribution

fllIL(x>

Gluon Transversity

The spin vector and tensor are written in terms of the

~3SL+ 5% S¥ Sip )
: St¥, —2S.L — S¥% SY, Eo = (0,0,1) polarization vector of the deuteron
( SEr SY,. 1811 ) Ey = —5(F1,-i,0) ) o )
Bo= 1 (B - E+§ —(,00  S=mm(E"xE), T,=30;—Re(EE))
?J:LQ E—+E+ = 07170) 41



Transversity distributions:

The gluon transversity cannot exist in the nucleon where the spin flip As = 2 is not possible.

hipp(z) ~Im Ay

The spin flip of As = 2(|] Ay — \;| = |Af — A;| = 2) is necessary for gluon transversity.

<I>O‘/BB vy) = [ dppr®) /B (z, Por)
— % {— Tﬂfl,B (z) + tey: SLgl,B () —97

I

QBSLLflgLL,B (x0) + Spphis, 5 b)}

Longitudinally-Tensor-Polarized Transversely-Tensor-Polarized

Unpolarized Longitudinally-Polarized
distribution distribution distribution distribution
firr(z) Gluon Transversity
E, a vector polarization —, S —1/2 zx - -
o o S =T =51 =0 i et ) I (T R
lzy, a vector polarl'zatloon—-' ST §E. — SV — Spp =1/2 Szr — 11 2Em _E_,O T = —
Eo, a vector polarlzatlor-l/v S = _1_> SEE —
With either of these configurations, the longitudinal tensor polarization is zero as well as any vector
42

polarization contributions, and the critical term ST is maximized.



Transversﬁw distributions: Gluons

(I’Z/BB = [ d*pyr @Y o/ B (z, Dbr)

=3 [_QTBfLB (zp) + dep SLgl,B () _Q%QBSLLflgLL,B (wy) + 57 thT B (@ b)}

AE _ do—pd—)u"’u‘X (Effi o Ey) / (deQ’%d¢dy)
i dgpd—>u+u_X (Ex + Ey) / (deQ%d¢dy)

Bo— By =28, + U B+ B, =U— B

If the differential cross-section from the longitudinal tensor polarized part is small compared to the transverse
tensor polarized part  fiL, ~ 0

_ do—pd—>,u+,u_X (Ew o Ey) / (deQ%dqbdy) _ do—pd—)pﬁ",u_X (QEfU o U) / (deq?pdgbdy)
T A0yt x (Ba + By) / (drdg2-dédy) Aoyt n—x (U)/ (drdgzdedy) .

The generalized experimental gluon transversity asymmetry can then be written as

Ag

pd—pTpu— pa—p T p pd—pTpu— pa—puTpuT

20 dosutp—x  pdoptp—X 1 2N d—utu—X N d—ptpu—X

Ap,, = U U
o fP.. N

pd—utpu—X pd—utpu—X 43




Transversity distributions: Gluons

Ey _ U Eg _ nU

A _ Ofd%u+u—X Tpd—sptp—x o 1 pd—putp—X A%d%u+u_X

Ery — U - U
o fP.. N

pd—ptpu=X pd—ptp—X

where P, is the target ensemble tensor polarization pertaining to the tensor polarized cross-section events NEe

There are several ways to build a gluon transversity asymmetry using different quantization axes
and polarized target configurations

But this equivalence provides a way to compare directly with predictions and requires the same
polarized target magnet and orientation already in place in the SpinQuest experimental hall.

o= can be measured with either a purely tensor polarized target or as the difference between a
enhanced tensor polarized target with high tensor polarization and some vector polarization
subtracted from a purely vector polarized target.

A purely vector polarized target is significantly easier to make compared to a purely tensor
polarized target, so this is our preferred method. This term in the asymmetry then becomes
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Transversity projecti

~ 04

xh

0.2

https://arxiv.org/abs/2205.01249

A. Martin et al arXiv:1412.5946]

Nn: sea-quarks

Only valence quark transversity of u and d were studied
so far. Transversity distributions for sea-quark d-bar
transversity for our range of kinematics is in progress (D.
Keller & S. Kumano)

The (preliminary) projections are based on SIDIS data

which is insensitive to sea-quark contributions by D.
Keller using A. Martin et al framework.
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https://arxiv.org/abs/2205.01249

Transversity projection: gluons

https://arxiv.org/abs/2205.01249

0.20
! The model for harrsuggested by Kumano and Song (2020)

for our range of kinematics is shown in purple.
015 _

The Soffer positivity bound is also shown in the same x region.

£010- .
1 1
g g 1LL g
M| < 9 (fl + 59 91)

0.05F i
0.00 7
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Linear Polarized Gluon Asymmetry
Projections

0.10

A Exy

_0.05 T T |
0

0.05

0.00

https://arxiv.org/abs/2205.01249

Projections of the linear polarized gluon asymmetry with
expected errors from our proposed measurements.

We are assuming an additional 0.05% absolute error as a
conservative estimate in addition to the expected statistical
and relative systematic contributions.

An average over our range in qT and y is used

The Soffer-like positivity bound is also shown in grey and
used for the upper limit, which provides a scale for
demonstrating the information gained from the proposed
measurement.
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Transversity proposal at Fermilab

¢ Formal proposal was presented to the FNAL PAC in
January 2023 and was well received.

¢ But there will be no formal approval until the target
material (NH3/ND3) can be approved to use at the lab.

“ We expect that at the next PAC meeting in January 2024,
all of this will be resolved.
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Possible Future Programs at Fermilab

Quark/Gluon Transversity

Spin-dependent flavor asymmetry Lamsversely
Polarized EMC studies Target
Nucle1 TMDs and Spin

Helicity
Spin-dependent flavor asymmetry
Tensor polarized structure functions| "¢

Longitudinally
Polarized
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Possible Gluon Transversity
from SIDIS at JLab

2ndo (IHT — I'hX) (E ) ~20%(1 —y)
dodz pdzndy Y QY

cos(2¢p) Y pr (2, Q%) Hi (21)

The cross section sum of these same two polarization directions provides the necessary numerator to construct a gluon
transversity asymmetry which can be written as,

do (E; — Ey) / (d¢dz pdzpdy)
Ap, = :
" do(Ey+ Ey) / (dedxpdzpdy)

The generalized experimental gluon transversity asymmetry can then be written as,

Ea: E’y
_ 1 O-ed—>e’7rX B O-ed—>e’7rX
E;z;y — fP ‘Ea7 Ey Y
zz O-ed—>e’7rX + O-ed—>e’7rX

We are working on an effort to propose SIDIS Transversity at JLab Hall A with the SoLID detector.
I’'m going to be working this and anyone who is interested in will be welcomed!

50



» Measurement of ‘sea’ quark Sivers function

ppl(d') = uwuX, 4 < MMM <9 GeV

2= Fermilab Polarized 09t Log scale in z
N (target) 0-8;*
\ 0.7
o.ei—
%o 5
x C
0.4
p (beam) 0.3;—
120 GeV 0.2~
proton beam 0.1
d 4 :\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\
i NG el Z e (g ( q; (22, Q)+ G (21, Q%)q; (22, Q%) O 05203 04 0808 6.7 6803
T1aATo ST1T9 Xbeam
Please Join The Effort Highest beam
LANL-UVA ; R intensity on a
Polarized Target Dustlr.m Ke.IIer (dustin@virginia.edu)[Spokesperson] polarized target
https://spinquest.fnal.gov/ Kun Liu (liuk@Ilanl.gov)[Spokesperson]) 51
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