TMDs and Precision Theory

TMDs = Transverse Momentum
Dependent Distributions

lain Stewart
MIT

CFNS Workshop on
“Theory for the EIC in the next decade”
MIT, Cambridge

September 20, 2022

H

I I AZR, U.S. DEPARTMENT OF Office of T@ D
EN ERG Y  Science .

Massachusetts Institute of Technology Collaboration



Unravelling the Mysteries of Relativistic Hadronic Bound States

® Parton distributions provide fundamental description
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® Next frontier includes:

e more detailed structure (spin, gluons, ion targets, ...)

e IY e precision info on hadronization (frag. functions, ...)

e multi-dimensional distributions (GPDs, TMDs, ...)
O h =

-7, e new probes (eg. qgq operators rather than just gq or gg)

“~
, \

Z_% | : ’ :
/ Uw‘ e new phenomena in asymptotic regimes targets

(eg. saturation at small-x) for EIC
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TMDs

3D momentum distributions

— PDF fq/P(CE,]ZT,,LL, ¢) of confined partons

. FF Dw/q(w, ET,,LL, C) of hadronizing partons

Semi-Inclusive DIS Drell-Yan Dihadron in ete-
0~ Jo/p(@kT)Dpso(@,kr) 0~ forp(@,kr)forp(2,kr) 0~ Diyjg(@,kr) Dy, (@, br)
®
et /I e-
O—: — O
pth Y Fragmentation < hi /
<h } Dh/q('rakT)

" AQCD ~ 4T

Two Scale probe: g7 < () —~ A <
QCD X 4T
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_Observables (leading order in g; < 0)

Key target
for EIC

SIDIS with polarized electron & proton: ¢ p Q e  hX
do az.

dxpdy dzn dps depy, dP2 x5y Q2 (1 T 2y )
+ Sp. sin(2¢y) p1 Fsm(quh) +Sr Apa Fr1
+ St sin(¢y, — Ps )Fﬁr}(?_%)
+ St sin(py + ds) p1 F81n(¢h+¢5)
+ A St cos(Pn — Ps) p2 Pcos(th ¢s)
+ St sin(3¢y, — ¢s) p1 Fsm(3¢h ¢s)

FLIUT + COS(Zgb )p FCOS(quh)

TMDPDFs * TMDFFs: f1,D15, hi,Hi,, -

Drell-Yan with pol. proton: ™D gt X
d 2 COS
d4qZQ §Q2 { [(1 + cos? Q)F g T sin” 6 cos(29)F qu]

+}

products of TMDPDFS:  fi «fi,p, i <hips --




‘TMDs with Polarization‘

Quark

Leadi k TMDPDF Nucleon Spin Quark Spin
Polarization I cading Quar s (O )

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
(U) (L)
1 _ —
f1="() i = (D)
Unpolarized Boer-Mulders
1
1+~ | My ==
Helicity Worm-gear
f IYONO
L _ —_ L ransversi
Nucleon f1T‘® @ 91T=©—® ThL ty@ @
Polariz_a:cion Sivers Worm-gear NN
SL’ 5 T
8 different TMDs which encode spin-momentum correlations
Y kr,S
Yl oy Ep RTpPTo |
eg. f?, ('T)kT) T fl('CC)kT) M flT(aj)kT)
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‘TMDs with Polarization‘

Quark

Leadi k TMDPDF Nucleon Spin Quark Spin
Polarization I cading Quar s (O )

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(U) (L)

1 _ _
f1="() i = (D)
Unpolarized Boer-Mulders
1
g1 =(=r = | hip=(2 =)
Helicity Worm-gear
, s (b0
1 _ 1 !
Nucleon fir = () - @ giT = é - @ ey
Polarization Sivers Worm-gear hip = @ - @
Pretzelosity

SL? \ T
Also have index i=u,d,g,... just like longitudinal PDFs

Have analogous table for TMD Fragmentation functions.

Explore the 3D Structure of Hadrons with these distributions!
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Field Theory

e Rigorous Factorization Theorems Sgéf:iz‘;s <= TMDs

2

do  _ H(Q,u)/d% gidr b fo(@asbr, 11Ca) folwn, br, 11, Go) {1 +O<Q2)]

dQdY dg2

CSS (Collins, Soper, Sterman)
SCET (Soft Collinear Effective Theory) —

e TMD Definitions (constructions & schemes) Op :
=== full understanding now available

o, by, 11,C) ~ Zuy (p|Op \p>/

===l tractable methods with Lattice QCD (see Yong Zhao’s talk)

e Universality same TMDs in DY, SIDIS, e"e ™

but with sign flip for Sivers and Boer-Mulders:
Brodsky-Huang-Schmidt; Collins, ...

L SIDIS _ fJ_ DY
17T

hJ_ SIDIS hJ_DY

directly probes final/initial state interactions
with “spectator” partons in the proton!
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Field Theory

2
e Evolution Sum large logarithms:  In(Q?b3.) ~ In Q—2
dr
- Pdp , 1 ¢ -
fq(flf, bT7 H, C) — EXPp |:/,u0 772(“ 9 CO)} €eXp |:§ In g} fq(aja bTa Ho, CO)

Boundary condition

Perturbative ;/l.q : Leading Log (LL) — Next-to-leading log (NLL) — NNLL — NSLL — NLL

Nonperturbative yg : fit to data using models, or calculate with Lattice QCD

® Operator Product Expansion and (non)perturbative inputs

fz/h(wa bT; M C) — ff,ie}];t(x7 b* (bT>7 M C) le\/IE(QZ', bT)
perturbative nonperturbative (models, lattice)

by' ~ qr > Agcep by' ~ gy ~ Agcep

t d
OPE: fzp/e}f (xabTalua C) — Z/ gycij(.flf/y,b’f,/i, C)f]/h(yalu)
J

/" \

LO (ag) — NLO (a,)— NNLO (aSZ) — N°LO (%3) longitudinal PDFs
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Example of question we now
know how to answer

kf_}“t . .
/ dsz fd(ma kTa Fy C)/fd(ma :u') —1

r=0.01, k3" =10 GeV

102

10!

cut
T

VC/k

10-1 1 1
4 2
p/kp"
- I | ‘ I O ‘ I I B | _
6\0 &\0 Q g’\o 6\0 6\0 6\0

kcut
T 2

/ koT f(xak‘Tmuvg) :f(:c,,u)

e Intuitive expectation is robust in the

vicinity of u = \/Z = k3"

e Sizable corrections away from this region

cut

e Uncertainty from g7"'b5" > 1

and nonperturbative corrections
are small (at 1% level)

e Perturbative uncertainty at N3LL
dominates (at 4% level)

k%ut .
/ dzk'T fTMD(iT), kT,,LL _ k,%ut’ C) _ fCOH(CL',,LL _ k,%ut)

[Ebert, Michel, IS, Sun, 2201.07237]
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Recent Results
and
Future Opportunities

© Multi-loop results

© Global fit ingredients

© Nonperturbative modeling
© New observables (g, 7;)

© New distributions (Subleading power TMDs)
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© Multi-loop results

TMD physics with state-of-the-art precision

Key new ingredients:

® OPE for TMD PDFs and FFs to 3-loops
(all channels)

Ebert, Mistlberger, Vita (2020)

Luo, Yang, Zhu, Zhu (2020)

t d
fzp/e}f (:EabTmuaC) — Z/gyczj(aj/yabT?M?C)fj/h(yalu)
J

® (S kernel to 4-loops
Duhr, Mistlberger, Vita (2022) %<
Moult, Zhu, Zhu (2022) E
e

o] = sy + a2

+ozsfyc( )+0487C( )+

(3-loop result: Li, Zhu 2016; Vladimirov 2016)

Accuracy| H, T [Pewsple) |78 (0) [1(0s) [ Blas)
LL Tree level| 1-loop — — |1-loop
NLL Tree level| 2-loop | 1-loop | 1-loop |2-loop
NLL' 1-loop 2-loop | 1-loop | 1-loop |2-loop
NNLL 1-loop 3-loop | 2-loop | 2-loop |3-loop
NNLL' 2-loop 3-loop | 2-loop | 2-loop |3-loop
N3LL 2-loop 4-loop | 3-loop | 3-loop |4-loop
N3LL/ 3-loop 4-loop | 3-loop | 3-loop |4-loop
N*LL 3-loop 5-loop | 4-loop | 4-loop |5-loop
N4LL’ 4-loop 5-loop | 4-loop | 4-loop |5-loop

eg. of precision (EEC TMD observable)

Duhr, Mistlberger, Vita (2022)
ete” — ~* — hadrons

as(my) = 0.118

162
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© Multi-loop results Accuracy| H, T |Tewpl) [ 1 (00) [1#(0)| Blor)
LL Tree level| 1-loop — — |1-loop

TMD physics with state-of-the-art precision NLL Tree level| 2-loop | 1-loop | 1-loop |2-loop
NLL' 1-loop 2-loop | 1-loop | 1-loop |2-loop

o NNLL 1-loop 3-loop | 2-loop | 2-loop |3-loop

Future OpportunltIGS: NNLL' 2-loop 3-loop | 2-loop | 2-loop |3-loop
_ o o N3LL 2-loop 4-loop | 3-loop | 3-loop |4-loop

® Make high precision predictions for N°LL’ | 3-doop | 4-loop | 3-loop |3-loop |4-loop
unpolarized SIDIS and Drell-Yan N*LL 3-loop 5-loop | 4-loop |4-loop |5-loop

using these results! N4LL/ 4-loop 5-loop | 4-loop |4-loop |5-loop

® Need analogous multi-loop calculations for spin dependent TMD PDFs and TMD FFs
to fully exploit the EIC program: tools are there to do it!

® Theoretical perturbative uncertainty currently dominate in certain regions:
still the case? Reduce to level commensurate with experimental uncertainties?

Sivers TMD@EIC.:
A "~ ATLAS s=8TeV,203f"
> 1
(3'10-1 66GeV<r_m:ll6GeV ly <24 flT,d(—p[QGev]
2l \
3107
-8 104 ee-channel .. T
2" E —+ wuchannel S, -3
10 . —$— Combined % 510
107 Statistical uncertainty .o.
10~ & [l Total uncertainty . 2.0¢ 1072
10_8 ; | ; R | ; ; ; -——
T T 1 k : _
5|8 1.01 ill il b 1.5 . 51072
'--' —
R e Y Tl 1.0| e [
(s) Q | 1+ ‘* ﬁ __ L L ! 01 CC%NCIE)PTSCI(-')ORITHE
0099_ v2/INDF=43/43 | 05\ (€T> ELECTRON EII: lllll |:V LR:::t
© - ’ ] |
e RS T R T ey _ 0. - - - = (.5 TR
5 ol | | d 025 05 075 1.0
1 10 102 kr|GeV]
[ATLAS ’15] P} [GeV] 14




© Global fit ingredients

® Current highest precision global fits to SIDIS and Drell-Yan data (eg. NSLL + NNLO)
are often done with constraints

ed. SV19 = Scimemi, Vladimirov (1912.06532)

Pavia19 = Bachetta, Bertone, Bissolotti, Bozzi, Delcarro,
Piacenza, Radici (1912.07550)

qgr/Q < 0.2 —0.25 (TMD region with 4-6% power corrections)

Only unpolarized data used.

(See talk by Nobuo Sato for more results, JAM, ...)

Future Opportunities:

® More work is needed to fully and accurately handle multiple kinematic regions:

gr < Q and gy ~ Q  and thus fully exploit the available/expected data

® Move towards fits that simultaneously fit unpolarized and spin-dependent data

® C(Consider also observables involving jets (see talk by Zhongbo Kang)
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© Nonperturbative modeling so far, fixed functional forms

TMDPDF: .
SV19 TMDFF: 4 Paviai19 TMDPDF:
CS kernel: 2 CS kernel: 2
. — ex _)\1(1—$)+)\2$+$(1—$)>\5 9 . b _ 1—A )\ ex B x@
fnp(z,b) = P( \/1+)\3x/\4b2 b) Snp(z, br) 1+gl(sc)% T A€ p( 918(z) 4)
N1 1 X |
5 5 1(r) = —exp ——1n? (—)
B _nlz—l—ng(l—z)b_ b g xo [ 202 a/ |
o) 8y | Lo (2
q b __ _gpert b>|< o 1 bb* q __ _gpert 1 2 4
VC (:ua ) — f)/g (M? ) 260 /VC (:ua b) — /YC (,LL, b*) T §(QQbT + gQBbT)
b 1 —exp (— 24T: > ;
b* (b) = b* b _ bmaX bZ ax
I+ 02/ BR; o o (11)

(model for b* used to split perturbative & non-perturbative parts)
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Global Fits SV19 = Scimemi, Vladimirov (1912.06532)
L g

Pavia19 = Bachetta, Bertone, Bissolotti, Bozzi, Delcarro,
Piacenza, Radici (1912.07550)

Fit Results: for TMD PDF & TMD FF

L 4

z=0.1

SV19 09

Pavia19

0.00 0.25 0,50 0.75 1.00 1.25 1.50 1.75 2.00
kJ_ [GeV]

Precise determinations for a given fit form.
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© Nonperturbative modeling

Future Opportunities:
® More extensive exploration of dependence on functional forms, Neural Net, ...
® Many fits assume flavor universality for intrinsic TMDs (same for up, down, ...).

Need to continue to move away from this assumption.

Future precision data (EIC) will also play an important role. eg. need to determine
antiquark in SIDIS to test SIVERS sign flip [Bury, Prokudin, Vladimirov, 2012.05135]

® [attice QCD results will become more accurate and need to be used

® |nterpretation of non-perturbative model parameters in current fits is also difficult.
Different meaning for parameters in same functional form, with different b* choice.

Methods that are model independent (no b*) could be exploited
[Ebert, Michel, IS, Sun, 2201.07237]

6%{{{]{[{{{NNII‘INNN‘IIII‘N{NI Py 6%IIII‘INNN‘NNNN‘IIII‘IX{N{IIII

= o

o o C ,.),(2) pp — Z/~v* (13 TeV) ] o o - X(z) N PP — Z/~* (13TeV) ]

3 4 °F 64 N’LL,Q = mz,Y =0 - 9 4 °F N\ N°LL,Q =mzY =0 |

S 2% . S 2%L

= : 2 -

o - S :

¢ OF e OF

o —2%[ o 2%

> L > L

= - o (b*+model) - =R - —— o (b"+model) -

% 4% : ) O et AL, % 4% - > S () BpC I N

m_6%11111111111111111111111111111 m_6%xj11l111111111111111111111111
0 5 10 15 20 25 30 0 5 10 15 20 25 30

gr [GeV] 18 gr [GeV]



Future EIC Opportunit
© New observables PP Y

(/+= “A Better Angle on Hadron Transverse Momentum Distributions at the EIC”
Gao, Michel, Sun, IS (this week!) e~ (0) + N(P) » e~ ({) + h(Py) + X

Key challenge for probing hadronization and confinement at EIC is ability to
accurately reconstruct final £, and thus P, (defined relative to 7)

eg. 0 =20GeV, A" =0.5GeV = 50% uncertainty on P,;/z =1GeV

This makes it difficult to measure TMDs in the most interesting region!
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Future EIC Opportunit
© New observables PP Y

(/+= “A Better Angle on Hadron Transverse Momentum Distributions at the EIC”
Gao, Michel, Sun, IS (this week!) e~ (0) + N(P) » e~ ({) + h(Py) + X

Key challenge for probing hadronization and confinement at EIC is ability to
accurately reconstruct final £, and thus P, (defined relative to 7)

eg. 0 =20GeV, A" =0.5GeV = 50% uncertainty on P,;/z =1GeV

Solve by replacing E:T by an angular observable g

Trento frame vy EIC frame measure with angles in EIC lab frame:
Yy

sl ey o
o Z 2 = 2lmic 1+ e(n—ne) tan Pacop

target p : \ ey
rest frame T < Q2 rapidities

y ., Par
Qs = —Smgth + ...

Z
— > « ‘
T g- obeys a standard SIDIS TMD
factorization theorem

mmml)> measure same TMDs

20



Future EIC Opportunity
Gao, Michel, Sun, IS (this week!)

(/~= “A Better Angle on Hadron Transverse Momentum Distributions at the EIC”

© New observables

677h
Qs = 2P§IC TR CT— tan gbggp e ({)+ N(P) e (') +h(Pr)+ X

SIDIS

Compare EIC resolution for g. vs. P;;/z

expected event-level resolution for
these TMD observables:

103 = I I I T TTT l+ I I T TTT 2[ 3
- ep—en X (18 X275 GeV~) 1
. . . . N -
Pythia simulation with EIC cuts T~ — q. ]
107 S~ oz{---PhT/z E
g - T~ ~. v SinthPhT/Z _
Gaussian smearing of final state e, h ) 101_\ |
momenta using resolutions that match 3
. . . o) L _
the tracking performance given in 1001 backward e -
EIC Yellow report. = central 7t E
C (41% of 7T sample) SIDIS cuts |
10—]_ | | | I I | | | | | I I | | |
10°1 109 10!
O] [GeV]

g+ gives an order of magnitude improvement!
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Event shapes: Future EIC Opportunity
DIS thrust @ N3LL and angularity @ NNLL Replace final hadron in SIDIS

Lee, Kang, IS (2013, 2021); Zhu, Kang, Maji (2021) by a jet

Sensitive to standard PDFs
(not TMDs, but some vars
do have TMD integral)

o T

Theory (convergence): EIC simulation:
10

SCIENCE REQUIREMENTS
AND DETECTOR
CONCEPTS FOR THE

(B_ g T 1T I LI L L l T T 1T [ T T T I T T T1T I T T T1T ] LB ] LB ] L I T T i ELECTRONIONICOLLIDER
S =  Pythia8 + Delphes EIC detector simulation iﬂ(ET)W " EC Yelow Report
i | E,=275GeV, E.=18 GeV, Q> 30 GeV —
Z 1 = -+ part-level, full ’
O a8 + flow-level,default
— - =2=_ = flow-level, 2% worse track. eff. | L
= e e -+ flow-level, 2% worse Ecal resol. =
= 107 E T e How-:eve:, 2% worse HCal resol., : i e
o == =i= = flow-level, zero mass
T~ - =, - flow-level alternative Pythia tune, i
Z 102 T 2
= —— . E
% - pe==0 % E
_3| -+ part-level, charged =o=—e- == 4= ]
107 E = track-level,default -g-%fm =
- -otrack-level, 2% worse track. eff. ‘¢"~r_,\_5¢—#:_*_ ]
4 - -e-track-level, 2% worse track. resol. —= 7]
107" g - track-level, zero mass g =
. . . . . . . - track-level, alternative Pythia tune, | :i: 3
0.16 0.18 020 0.22 0.24 026 0.28 0.30 e e
1 0— 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 | 11
T 01 02 03 04 05 06 07 08 09 1
G

Perturbative uncertainty for EIC:

200_ I L] 1 LI} I 1 IIIII_

100:
7of
50F

30

20F

10F
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Event shapes: Future EIC Opportunity
DIS thrust @ N3LL and angularity @ NNLL Replace final hadron in SIDIS
Lee, Kang, IS (2013, 2021); Zhu, Kang, Maji (2021) by a jet

Sensitive to standard PDFs
(not TMDs, but some vars
do have TMD integral)

o T

Precision predictions for:
measuring PDFs and o (m,) at EIC

Global proton PDF uncertainty ~ pert.uncertainty,

hence promising for ion PDFs: Sensitivity to a(m;):
20! Q :50 Gev, | r=0.2 | .— MMHT2014nn.IoGBcI ] m 0-.0'3:1.7% . das=2.5% ''''' N.‘?LL — OPDF
IV " x=0.1 Q=50 GeV
—— CT18NNLO ‘/ ’\ - -
— 10 S < 9 ) T
& | — ol
= 3
S Ao
-10¢t Q
_20
0.00 005 010 015 020 025 0.30

1
Currently working on including

full @(asz) corrections which
will reduce this uncertainty.
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Azimuthal Asymmetries in SIDIS at subleading power

® At subleading order in g;/Q < 1 there are new TMD probes:

8 new structure functions in SIDIS famous Cahn ('78) effect:
480 qubleading a2, 1, / t|.~ansverse motion of quarks

= 1—y+ = COS(W) ives a COS asymmetr
dxdydz,dpsdd,dPy,.  xy Q2 ( STy ){ cos(¢n) p3 Fyy 3 (¢y,) asy Y

4 /\sm((j) )p Fsm((Ph) +S; Sln((‘bh)p Fsm((Ph) +AS; COS(gbh)p FCOS((Ph)

+ ST sin(2¢y, — ¢s) p3 Fsm(quh ¢s) L g, sin(¢s) p3 Fsm(%)
+ A St cos(s) pa Fyp ™) + 1 St cos2ey — ¢s) pa Fyp '~ %)}

Bacchetta, Diehl, Goeke, Metz, Mulders,
Schlegel (2006)

® Tree level parton model shows these

give access to subleading power TMDs =
S 8 000 v g
Mulders, Tangerman (1995); < Pl rty zz’!; .

Bachetta et al (2008)(2019) ~0.057 ceo 1oy v
~0.10" ! * e

v

0.5y

Compass measurement (2014) h
0?10 02 04 06 08

24 X p ;ﬂ (GCV/ C)



Factorization for Azimuthal Asymmetries
in SIDIS at next-to-leading power

® Recently we derived™ all orders subleading power factorization
theorems for these SIDIS structure functions (using SCET)

Ebert, Gao, IS (2112.07680)

P , 207, kT — DT - k : : :
eJ. Cahn effect FCOS((Ph) :]—"{_ﬂ #(0) [lel R thf] (Kinematic corrections)
uu ) My M,

z + kra T ke + k7
_ 24(0) {pT T RT f1D +pT Tz + TpTxhlLHlL] (From the P operators)

1D
Q QM n My,

2x ~ MN ~ 2 ~ Mh ~
+HW {5 (m D1+ P hH%) 0 (km AD™ 4 ek h%H)} }
(From the B operators)

(b*,by) . _

® Only new TMDs are quark-gluon-quark (QGQ) (b, br)
correlators A n

facq ~ (p|vAY|p)
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Factorization for Azimuthal Asymmetries

in SIDIS at next-to-leading power b b

® TMD quark-gluon-quark (QGQ) correlators (b, br)
> n A
facq ~ (p|YvAY|p) : o ¥

|6 new PDFs & 4 new FFs for SIDIS

Subleading Quark-Gluon-Quark Subleading Quark- Gluon- Quark
TMDPDFs TMDFFs

Quark Chirality Quark Chirality

Chiral Even Chiral Odd Chiral Even Chiral Odd

additional probes for hadronic structure, now on a firm theoretical footing!
26



Summary

® T[MDs provide novel information about hadrons:
confinement, hadronization, correlations,
access to interesting phenomena in hadron structure

® Prospects are bright for precise measurements, with
high precision theoretical predictions for cross sections

® Opportunities with new TMD experimental probes, eg. g-, 7,

® Opportunities with new probes of hadron structure (QGQ TMD
correlators). Lots to do to study subleading power theoretically.

® Can look forward to global fits of TMDs reaching towards
the level we have now for PDFs

® Continuing the strong support for EIC
theory directions, and the synergy
among various communities are both
necessary for this program to succeed

27
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Global Fits SV19 = Scimemi, Vladimirov (1912.06532)
4 L4

Pavia19 = Bachetta, Bertone, Bissolotti, Bozzi, Delcarro,

Piacenza, Radici (1912.07550)

Fit Results:

SV19
X° /Nyt = 1.06

NP-parameters

RAD Byp = 1.93£0.22 ¢y = (4.27 £1.05) x 102

A =0.2244£0.029 Ao =9.24+0.46 A3 = 375. £ 89.
A =215+£019 Xy =—-497+1.37

m = 0.233£0.018 1 = 0.479 & 0.025

n3 = 0.472£0.041 14 = 0.511 £+ 0.040

TMDPDF

TMDFF

Low and High energy data are well described
CS kernel parameters are less sensitive to input PDF set

Universality of CS kernel satisfied by DY vs. SIDIS data

Pavial19
X? /Nyt = 1.02
Parameter Value
2> 0.036 + 0.009
N; 0.625 + 0.282
a 0.205 + 0.010
o 0.370 + 0.063
A 0.580 + 0.092
Nip 0.044 + 0.012
ap 0.069 + 0.009
Op 0.356 + 0.075
828 0.012 + 0.003
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‘Global Fits . Bury, Prokudin, Vladimirov (2012.05135)

Extraction of Sivers function from global fit to SIDIS, DY, and W/Z data
[76 bins: HERMES, COMPASS, Jlab (SIDIS); STAR(W/Z); COMPASS (DY)]

L SIDIS _ _ L DY
1T = —JiT

L
1072 o flT;u<—p

N3LL analysis following SV19

Flavor dependent parametrization (no matching)

1 1—x)z’ 1+eqx rodary
Firsgen(@b) =Ny i(ﬁq,(eq) Hexp (_Vli@wbg)

Results:

Good global fit: x*/N,: = 0.88 1

w

38 1L

Opposite signs for up and down Sivers functions

225 )

Data not precise enough to confirm sign flip TS T //b(Ge;_l)
[ FFF
1 SIDIS 1 DY - /- / g
iT =+fir  gives X*/Np =10 A1 5 3 i 3

Need higher precision data (Jlab, EIC) to pin down antiquark in SIDIS
30



Disentangling Long and Short Distances

in Momentum-Space TMDs
Ebert, Michel, IS, Sun (arXiv:2201.07237)

® Use of b™ entangles perturbative and nonperturbative TMD components

® Would like to extract nonpert. information without relying on b*

Intuition: perturbative g; should be dominated by perturbative b;

® Recently we developed a method to do this by setting up a systematic

expansion
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‘ Evolution ‘ f p (337 bT; 1L, C ) (L = renormalization scale

( = Collins-Soper parameter
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