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* Summary and Outlook




Motivation

« TMDs: so far, model-dependent extractions = assumptions, limitations and biases
* Information from data: Has the full potential of the data been taken into account?

Introducing this ‘novel’ method of extracting TMDs with Deep Neural Networks (DNNs)
First time in TMD extractions (published in 2023)

Capacity to handle complex patterns, relationships in data with multi-D dependence.

Data-driven

Minimally biased = un-biased

Uncertainty propagation (from data) using bootstrap method by generating ‘replicas’
(Statistical & Systematic uncertainties from the experimental data are combined in quadrature) Intended to be

* Recursive improvements to the DNN Exploratory & Instructional
* Systematic component can be quantified by a dedicated analysis
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DNN Approach
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The DNN Method for extracting Sivers function

I P. Fernando and D. Keller
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DNN Method testing
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» Dashed lines represent the generating function in cach iteration._o'

» A comparison: Improving the generating function
Fine-tuning the hyperparameters

» Solid-lines and the band represent the mean and 68% CL with 1000 replicas of the DNN model.

First Iteration

Second Iteration
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Data Selection

4 )

Proton DNN
model

A )

C N

Deuteron DNN
model

A )

Projections from
Deuteron DNN model
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Proton DNN Fit Results
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» All data points are well-described by the proton-DNN model.

» No kinematic cuts were implemented.
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Sivers functions from the “Proton” DNN Model
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Sivers 15t moments from the “Proton” Model
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3D Tomography from the “Proton” DNN Model
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» No kinematic cuts are applied

D GUteron DNN F it Re Sults Deu-teron-.DNN model can (%e-scribe data re.:asonably well

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

Deuteron-DNN
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DNN Model Projections: DY

Anselmino et al. (2017)
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DNN (Proton) Model Projections: DY

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

DNN Models
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» SpinQuest (E1039) experiment at
Fermilab 1s aiming to extract the Sivers
function for the light-sea quarks.

» Unpolarized 120 GeV proton beam
with polarized proton and deuteron
targets (separately).

» Proton-DNN model predictions (Red)
Deuteron-DNN model predictions
(Orange)



SyStematIC StUdleS . So far, the applicability of TMD factorization was ensured by

data cuts
W = S0 )
f

X / dzkj_dzp¢5(2) (znk. + p1L = pPar)

X Fpint (X, 2pk s Ss 1, Cp) Dy p(zns p s s Cp)
+ Y(phT’ Q2>’

Examples:

1. Bury et al JHEP 05 (2021) 151
Q > 2 GeV

0 =purr/2Q <0.3
2. Echevarria et al JHEP 01 (2021) 126
qr/0 < 0.75
3. JAM2020
0% >1.63GeV?, 02<z<06, 02 < p,r <0.9 GeV

0.05¢

e AN Fyppt (@K )

—0.10}

—0.18

FIG. 17.

0.00

—0.05¢

applying cuts to SIDIS data based on various criteria in the literature.

Q> =2.4GeV? -
] x=0.1

u(Q*>1GeV? )
d(Q*>1GeV?)
u(JAM20 cuts)
d(JAM20 cuts)
Y U(pyr<2Q)
""""" d(ppr<2Q)
- (@7 >2GeV?)
I P. Fernando and D. Keller . d(Q2 > 2 GCV2 )

Phys. Rev. D.108.054007 (2023)
1
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Solid lines with light band represent the u (in blue), d

(in red) Sivers functions using the cut Q% > 1 GeV?. These

resulting DNN models made from the cuts from all tests are also

shown.



Unpolarized TMDs with fixed target DY data




Unpolarized TMDs: Motivation

* Can we obtain TMDs directly 1n k; space instead of bT-space?
We are interested in both. We think having a framework with kr and complimentary to by space

do B 16722 .
dgrdQudy ~ 9Q3, L%

/dzkaTd2kafq/a(fBa, kar; 1, @) fa/6 (@, kor; kg, Q18P (ar — Kar — kor) + (20 ¢ 73)

* Number of data points vs cuts:
Our goal 1s to use as much data as available while TMD factorization is still valid.

* Diafferent types of parameterizations attempted in the literature:
So, we want to explore a purely numerical approach utilizing DNNs



Unpolarized TMDs: Setup

Introducing (exploration of) a separable form

fol@, ks, Qur) = fo(z, Qua)s(a, k1 JBQu)

Colinear-PDFs with Transvers Momentum Kernal Transvers Momentum Evolution Kernal
DGLAP Evolution (DNN) (DNN)
A A 1 d C I((Ilehu"i)/2
9 ap
ff'(IE,bT,/,Lf,Cf):ff(va%aN27CZ) exp{/ L (:U' C )} (Cf)
i 2

do B 167202
dgrdQrdy 9Q%,

qr Z eEHDY / ka1 d* Kot f1/0(Tas KaT; 10, Q%) f1/6(T6, KoTs 0, Q%6 (ar — kar — kor) + (0 & 1)
q

do B 167202
derdQumdy  9Q3,

ar Y e2xafy(Ta, Qur)Tufi(y, Qu)S(qr, Ta, ) BX(Qnr) + (Ta ¢ )
q
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Unpolarized TMDs: Setup

Introducing (exploration of) a separable form

fo@ k1,Qunm) = fo(z,Qnr)s(z, k1) B(Qw)

Colinear-PDFs with Transvers Momentum Kernal Transvers Momentum Evolution Kernal
DGLAP Evolution

do B 16722
dgrdQmdy 9Q3,

qr Z 63HDY / dzkaTd2kafq/a($a, Kor; 1q, Qz)fq/b(ﬂfb, kyr; 1o, Q20 (ar — kar — ki) + (24 < )
q

do B 16722
dgrdQrdy 9Q%,

a1 Y €2xafo(Ta, Qu)Tufi(h, Qu)S(qr, Ta, ) BX(Qnr) + (Ta ¢ )
q
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00 27
S(qr, Tq,xp) = / dklkl—/ dps(xg, k1)s (xb, \/q% + ki — 2qrk | cos qﬁ)
0 0



Current Status

(@)

Ou [GeV]

E288 200 GeV
61% 0,=450 | 15|\ 0,=550 | 0.41% 0,=650
0.31
% 4 1.0
é 0.2
2
0.5 0.1l
0 0.0 0.0
0 2 0 2 0 2
qr [GeV] qr [GeV] qr [GeV]
10.0 E288 300 GeV {
=450 = 5.50 =6.50
e Oy , Oy 0.75 Oy
mﬁ*
§ 5.0 0.501
Q 1
2.5 0.25
0.0 0 B 0.00
0 2 0.0 2.5 0 2
qr [GeV] qr [GeV] qr [GeV]
E288 400 GeV
0.4
3ip 0, =5.50 |1.001% 0,, = 6.50 0, = 17.50
0.3
0.75
m;‘ 2
S 0.50 0.2
=
0.25 0.11
01 ' 0.001 0.01 j
0.0 2.5 0 5 0.0 25
q; [GeV] qr [GeV] qr [GeV]

0.100

0, = 7.50
0.075
0.050
0.0251
0.0001

0.31

0.2

0.1

2.5
qr [GeV]

&

—_

(€]
e

0.051

0.001

QMMBSO

0.0

S(qr, xq, xp)

o’} 27
/ dklkl/ dps(zg, k1 )s xb,\/q%+k3_ — 2qrk | cos ¢
0 0

fo(, k1, Q) = fo(x, Qur)s(z, k1) B(Qur)

2.5
4y [GeV]

O 3 8:50 Data Sets
0.02] T E}I(\;I\elriment E288 14 E605
0.01]
0.001
0 2
qr [GeV]
0.104l ©9»=8.50 Oy =11.50
0.004
0:081 0.002
0.001 0.000 } h\]‘?}i\l
2
g7 [GeV]
0, = 12.50 0, = 13.50
0.010; 0.004 0.002
0.0051 0.002 { 0.001 {
{ Hs,
0.0001 : 0.0001 ! 0.000 T—
0 2 2 0 2
qr [GeV] qr [GeV] qr [GeV]

fo@; Q) = / Pk fy(@, k13 Q)

Finalizing the simultaneous fits to obtain the TMDs (flavor dependent)
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Summary & Outlook

» We proposed a method for performing global fits to extract TMDs employing
DNNs (first-ever application of DNNSs in extracting TMDs).
» Extracting Sivers function was performed as an example of this method based on utilizing DNNs
» We have successfully tested our method with pseudo-data, also a dedicated systematic study.
» We projected SIDIS and DY Sivers asymmetries:
for already completed experiments (as a validation check: COMPASS) and
upcoming experiments (such as SpinQuest).
» Currently working on Unpolarized TMDPDF extraction...

Next:
» Applying the “DNN method” to extract other TMDs such as Transversity, Boer-Mulders

function, as well as Spin-1 TMDs.
» Make projections to EIC kinematics



» Probing Sivers asymmetry from the (light) ‘sea’ quark contributions

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

# Fermilab Polarized

N (target)

0.2|— Drell-Yan Target Single-Spin Asymmetry
[)[]T((I'T) - uuX 4 < MNl <9GeV

=3
> .
T T T T T T T

0.4F
0.3F ok
0.2F u
o1

AT AN =

X R - Y O T B TR

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

p (beam) 'y Deuteron-DNN: L. P. Fernando et al, PRD108.054007(2023)
== DGLAP: M. Anselmino et al arXiv: 1612.06413
120 GeV _01 - === TMD-1: M. G. Echev: et al, arXiv: 1401.5078
- TMD-2 : P. Sun, F. Yuan arXiv: 1308.5003
proton beam - @ 7.9 cm NH3 target
d 47'('0[ 9 5 N T 9 T\ 4 ¢ 7.9cmNDBtarget| L e eg £ & ¢4
€; Ta, + g (T, - (22, 0.15 0.2 0.25 0.3 0.35
dxleCQ 9837155'2 Z qz ( ? Q ) J ! 2 Q ) xmrget
Yy : Please Join The Effort Highest beam intensity on a
LANL-UVA R <o e R polarized target ever!
Polarized Target ustlr'm e. er (dustin@virginia.edu)[Spokesperson]
https://spinquest.fnal.gov/ Kun Liu (liuk@Ilanl.gov)[Spokesperson]) 28

http://twist.phys.virginia.edu/E1039/
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Projections from the “Proton” DNN Model
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Projections of the of HERMES 2020 data for 3D kinematic bins, using the proton-DNN model
including 68% C.L. error bands (in red) in comparison with the actual data points (in blue).
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DNN Method: With Real data Backup
(Quality of the extraction

0.10 . . .

1. P. Fernando and D. Keller
Phys. Rev. D.108.054007 (2023) T = 0 1

0.05 e

0.00

—0.05

r AN foupt (@)

—0.10

Q* =2.4 GeV?
0135 0.4 0.8 1.2
k, (GeV)

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) >



Systematic Studies:

fBach}o

Choice of h(k) AN oy (@sk1) = 2NG(@)h(kL) fop(, k)

0.10 - : . . :
Q% =2.4 GeV? Q* =2.4 GeV?
0.05L x=0.1 x=0.1
—~ :
&c\
B 0.00 —_—
= u
™ —0.05} ! — d
3 — —
g — d v
—0.10¢ e ERERIy
o u 1. P. Fernando and D. Keller d/
--- d/l Phys. Rev. D.108.05400772023) S
_0'18 . X - - S : L .
0O 04 038 1.2 00 04 08 1.2
k, (GeV) k, (GeV)

FIG. 19. Using two different A (k). Solid line with dark band
represents the Sivers functions with h(k,) = \/Ze%e‘ki/ m
whereas the dashed line with light band represents the Sivers

functions with h(k,) = 2’5{;}

ki _p
h(kj_):\/ﬁ —k/m

n

2kJ_m1
m* + k3

h(ky) =

» It is clear that the DNN is capable of incorporating
both types of h(k) without affecting the Sivers
functions in the final model as well as the asymmetries
(with deviation less than 1%).

» This is because DNN demonstrates that it maps to
the h(k) such that the Sivers function is nearly

unchanged.
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Systematic Studies:

data cuts
W = S0 )
f

X / &k, d*p, 8P (zpky + pi = pur)

X Ff/NT (x, zpk 1, S5, CF)Dh/f(Zh» Pk Cp)
+ Y<phT» Q2>’

In addition to the basic data cut Q2> 1 GeV?2 we
performed Q%> 2 GeV? and,ppr < 2() cuts
separately with the proton-DNN model to
understand the impact on the extracted Sivers
functions.

0.10 . . . . . .
0.05
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£ 0.00¢

=

— _

" =0.05

4

: - --- @
0.10} T S

L P. Fernando and D. Keller - = - S _ - - 5

Phys. Rev. D.108.054007 (2023)

—0.1 - - .

8.0 04 08 1.2 00 04 08 1.2
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FIG. 18. Sivers functions from a retrained DNN model using

the cuts [65] to the data demonstrating that being selective with

the data can reduce the error bands of the fit but may also add an
unintentional bias.
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Systematic Studies : TMD Evolution Backup
Nq(x) > Nq(x, 0?)

The solution of the TMD evolution equations 4.0 —— . .
3. 5{ Phys. Rov. D.108.054007 (%23) — Aybat(2012)]
MZ ( > ): F( )F(.x,b;//l,é:)
du 2 2 2.5)
Flx. b, £) < 20¢
X, ;//t’ <
C d — _D(b’/’t)F<x’b’/’l’C), gg L5y
C < 1.0}
0.5¢
F(x, b i, ¢) ( 3 >_D(b’”)F( b) 0.0
X, 7”) — X, VT
Cu(D) 0.5 . . . .
0 20 40 60 80 100
2 G V2
p~ 0, Crép ~ 0% pr =g = Q? @ (GeVT)

FIG. 21. The Sivers asymmetry evolution in Q% compared to
the result from [6]. The red-colored solid line and the band

represent the mean and standard deviation of the A?}r}(d’h_d’s ) from

1000 replica models of the proton DNN at x = 0.12, z = 0.32,

pur = 0.14 GeV.
35



Bacéu}o

DNN Method: Results from the “Deuteron” Model

» Trained on COMPASS 2009 SIDIS data with Deuteron target.
» Did not imposed iso-spin symmetric conditions, or data cuts.
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DNN Model Projections: DY

Proton-DNN model

0'4 I I I I I I I 1 I \
0.3 | s fex s 52007025y T i o a8 5007 029+ / - e COMPASS2015data  PRL119,112002(2017) |\ oo f TAM 2020 |
02} l ! | [ = DGLAP . ® + *
< Olp 1T : - pesTMD-1 o1 & ok + | ——
: . o= . . O 1 e Lt e e T »
0.0F 1r . N IEEEES TMD-2 -I/ +
—0.1F 17T ' 7 B h 320 1 1 L 1 ]
0.2 L ! ! ! . ~ 0.04 (proton-DNN)4,. + 1 1.5 0.2 04 &
03 04 0.5 0.6 0.70.080.120.160.200.24 ® : 3: i E
................................................. . E'
I — B o1 + i +
02} : 0 _+ + _+ S e ‘+
. 0.1F | i B COMPASS
<< ool , | —20 1 I I 1
L DGLAP: Anselmino et al (2017) wbeamU 1 015 Ltarget
-0.1}1 I.P. Fernando and D. Keller || |71 P. Fernando and D! Keller . - TMD-1 : Echevarria et al (2014)
| Phys. Rev. D.103.054007 (202 Phys. Rev. D.108.054007 (2023) | TlY[D.z; Isun et.al (20|13) I . . J
0.10.20.30.40.50.6§ 0.5 1.0 1.5 2.0 \ 0.5 0 0.5 /
\ e ) 4 (GeV) o
=
0.3 I.};;"eg‘rflm{o arde. Keller |
0.2 th Rev. D.108.054007 (%023)‘|' | (0-3 Bury et al (2021) EOMPASS D?
0.1} - —
< ool { - - 1] . Echevarria et al[(2021)
—0.1} - [

02} I 1] = e | 3 0.2_I { T : ] { l I - T
I N 500l T 1
RO e

~0.2 _02 N ' i i
k—o,l 00 01 02 03 04 05 T 0. 8 1271, 6 2. 04 854 6.0 6. K15 0. 30 0. 45 0. 120 180 240 30 0. 45 0.60
Tp qr {+]

COMPASS 2017 DY Projections

~.

qr (GeV)

Q (GeV)

XN

Xn




fBachy
0.0035

— Train los:rs (90% of data: First Iteration)
0.0030¢ Validation loss (10% of data: Second Iteration)]
——  Train Loss (100% of data: First Iteration)

Train Lo;r>s (100% of data: Second Iteration)

0.0025
2 .0020
—

0.0015¢

0.0010Fx /4

0.00053 200 400 600 300 1000

Number of Epochs

38



[. P. FERNANDO and D. KELLER

Bacéu}o

PHYS. REV. D 108, 054007 (2023)

TABLEIII.  The summary of the optimized sets of hyperparameters: The indications in the table are C}) and C{; for

results from the pseudodata from the generating function, Ci, and C{, for results from SIDIS data from experiments

associated with the polarized-proton target, and C}; and Cg for results from SIDIS data from experiments associated
with the polarized-deuterium target, where i and f indicate the First Iteration and Second Iteration respectively. The
initial learning rate is also listed (x107*) as is the final training loss (x107?). The accuracy and precision in each

case are the maxima over the phase space.

Hyperparameter Ch cl Cl, cl c, ch
Hidden layers 5 7 5 7 5 8
Nodes/layer 256 256 550 550 256 256
Learning rate 1 0.125 5 1 10 1
Batch size 200 256 300 300 100 20
Number of epochs 1000 1000 300 300 200 200
Training loss 0.6 0.05 1.5 1 2 1
e 95.67 99.27 55.21 94.04 56.80 93.02
e 42.62 98.09 52.57 96.70 34.83 91.40
e 80.46 98.89 55.69 93.13 52.44 89.27
g 74.59 97.08 55.37 95.04 46.60 92.58
ey 45.53 79.27 49.54 90.64 36.34 93.41
e 59.27 91.13 33.89 82.51 65.57 91.45
oy 3 0.1 5 2 2 0.4
o 2 0.2 6 2 8 2
o 10 1 20 6 2 1
o™ 7 20 8 7 1
oy 2 0.2 4 1 6 2
o 1 0.1 4 2 6 3
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