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More detailed talk on TMDs and lattice QCD next by Jianhui Zhang
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TMD Definition, Factorization, and Evolution
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Leading Power Quark TMDPDFs Q-' Nucleon Spin @ Quark Spin

Quark Polarization
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TMD Handbook (2304.03302) 2
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Leading Power Quark TMDFFs Q" B S @ Quark Spin

Quark Polarization
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Ipt — thX {m,p}p! — {0t~ W*, 2} X

hadron

plane
/Eolo07 /217, lepton plane Drell-Y.
refl-yan
SIDIS ete” — hihoX

e*e annihilation

9 Wigr, Q)+ Y(ar, Q) + O((m/Q)) T(ar, Q)

d2q dQ---
' I/ \

(Collins, Soper Sterman (1985); Ji, Ma, gr << Q region ~ Q region
Yuan (2005); Collins (2011),...) 4

['(gr,Q) =
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Measurements DO NOT give direct access to TMDs - factorization theorems = evolution

Factorization in SIDIS
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do .
=W S ! _ SlV
dwdyd¢std¢h(Z2dq%) UU(QT7 Q) + | T| Sm(th ¢S) (qT Q)
SIDIS measurements with gr << Q work in b space

d2b
T ZCIT bTWUU(bT Q)

WUU(QT,Q)Z/(%)
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do .
=W S ! _ SlV
dwdydqﬁstdeh(Zqu%) UU(QT7 Q) + | T| Sln(¢h ¢S) (qT Q)
SIDIS measurements with gr << Q work in b space

2
Wou(qr, Q) = / (dQ:)T eI bTWUU(bT Q)

CS scale renorm. scale

~ _ N2
WUU<bT7Q) — ZHJ(Mv Q) iy(xabT;<A7M>D?/3<27bT;€bauz

. |
J / |
b-space TMDs

Hard factor
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filz,br; Q% ug)  ~ (éfl(iv/:%,b*(bT);ui*,ub*,ozs(ub*))®f1(:ﬁ;ub*)>

X exp [_Spertw*(bT);Nb*’Q"uQ) N S—’J;lp(bT’Q)}

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)
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filz,br; Q% ug)  ~ Kéfl(x/:%,b*(bT);ui*,ub*,ozs(ub*))®f1(:%;ub*)j

< e [~ Spenebebr)i ., Q. 1ig) — (b7, Q)]

Operator Product Expansion
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Filz, br; Q% o)  ~ | O /&, b.(br); i, ., (s, ) @ F1(&5 po, )j

% e [ Spensbelbr)i s, Q)| 7. @)
Operator Product Expansion / /

perturbative Sudakov factor non-perturbative Sudakov factor

- HQ !
—In(Q/ ) K (b, i11.) — / u—lf Y(as(u); 1) = v (as(W)) m(@Q/p)] 95, (%, b7) + gk (br) In(Q/ Qo)
b
same for unpol. and pol. different for  universal: extract from
each TMD exp. or calculate on
the lattice
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Filz, br; Q% o)  ~ | O /&, b.(br); i, ., (s, ) @ F1(&5 po, )j

% e [ Spensbelbr)i s, Q)| 7. @)
Operator Product Expansion / /

perturbative Sudakov factor non-perturbative Sudakov factor

/\ .»

2% e dy / / /
—In(Q/ ., ) K (bs 0, —/ u—lf Y(as(u); 1) = v (as(W)) m(@Q/p)] 95, (%, b7) + gk (br) In(Q/ Qo)
b
same for unpol. and pol. different for  universal: extract from
each TMD exp. or calculate on
the lattice
b2 C1/b.(b
b, (br) = — .

-~

b* prescription — ensures that perturbatively
calculated quantities are evaluated at small b
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Evolution using {-prescription
(Scimemi and Vladimirov (2018))
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Figure from TMD Handbook, modified
from Scimemi, Vladimirov (2018)

D. Pitonyak

Evolution using SCET

(T. Becher and M. Neubert (2011); J.-Y. Chiu, A. Jain, D.
Neill and I. Z. Rothstein (2012); M. G. Echevarria, A. Idilbi
and I. Scimemi (2012, 2013, 2014),...)

H Path I
h
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I/L ~ l/bT v VH et Q
or gr

Figure from TMD Handbook

NB: Evolution can also be formulated

directly in momentum space (P. F. Monni, E. Re
and P. Torrielli (2016); M. A. Ebert and F. J. Tackmann
(2017); D. Kang, C. Lee and V. Vaidya (2018))
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Hadron-Structure Oriented (HSO) approach
(Gonzalez-Hernandez, Rogers, Sato (2022); Gonzalez-Hernandez, Rainaldi, Rogers (2023); Aslan, et al. (2024))

TMD integrated to a cutoff scale matched onto collinear PDF (see also Del Rio, et al. (2024))

e

Cc o m2
,L/p(m;/iQaﬂc) =27 . dkT kaz/p(CU kT;,u'Q7Q2) ,L/p (.’17 AU’Q)+Ai/p(as(NQ)aﬂc/ll/Q)+O <%)

Smooth/continuous interpolation between perturbative and non-perturbative by regions (no b* or g’s)

°) ff(bT;u@-O>} ,

fi/p(ma bT7 Qo Q(z))

- i HQo /
— Fupti/9( brs i O0) exp { [ % ety 10 (8) we(anu))] +1n
v, M W

N

finpt,i/p(my bT; HQq s Qg) = /dsze—ikT.bT finpt,i/p(ma kT; HQy s Qg)

rd

1 1 1 I QS

-~ A . —————DB; . In| ——+—

21 k:?r + m?,p,A z/p(m’ﬂQO) t o 2m kT + m2 fn.B /p(x “Qo) n (k% + m?2 ,p,L)

1 1

+ —_—
2 k%—l—mg’p

Q|9

finpt,i/p(my kr; HQo > Q(2)) =

A?/p(w; I'I'Qo) ) ) )
“core” TMD function parameterization

+ Ci/p feore,i/p(@, k13 Q) - motivated by model calculations

v L N\

e~k /Mg 1 6 L® k3 + (mq + = Mp)?

Spect N2\
fcoli'e(,:i/p(x’kT7QO) — -

G
co?gjls/p (:II kr; ) QO)

M2 T L2 + 2(mg + z Mp)? (k2 + L2)*
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Phenomenology and Extraction of TMDs
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Figure from Moos, et al. (2025) 10
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Map Collaboration (2024) (Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, Delcarro, Radici, Rossi, Sighori)
CSS w/ b*, Drell-Yan+SIDIS, evolution@N3LL, matching TMD to collinear@NNLO,
flavor-dependent NP TMD

D. Pitonyak

0.6 Q=2GeV u Q =2 GeV u
x = 0.1 d | * x = 0.01 d .

0:5 i 4 0.25 4 SI LL2 )
g : Data set Naat | XD | X3 | X5
oo i Tevatron total 71 |1.10|0.07 |1.17
- 7 LHCb total 21 [3.560.96 | 4.52
%o 0.15 ATLAS total 72 |3.54|0.82[4.36
& CMS total 78 [0.38(0.050.43
°=§°-2 biio PHENIX 200 2 [2.76]1.04]3.80

o - STAR 510 7 [1.12]0.26[1.38

| DY collider total | 251 [1.37[0.28 | 1.65 |

0.0 0.00 E288 200 GeV 30 [0.13]0.40[0.53

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 E288 300 GeV 39 016 026 042

kL] [GeV] kL] [GeV] E288 400 GeV 61 [0.11]0.08(0.19
05 Q=2 GeV @ E772 53 |0.88]0.20 [ 1.08
x =000 WM d E605 50 |0.70]0.22[0.92

0.4 4 [DY fized-target total] 233 [0.63]0.31]0.94 |

. [DY total [484 [1.02]0.29 | 1.31 |
0.3 HERMES total 344 [0.81]0.24[1.05
COMPASS total | 1203 [0.67]0.27 |0.94

[SIDIS total [1547]0.70[0.26 ] 0.96 |

[Total [2031[0.81[0.27]1.08]

I 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 11

|ky1| [GeV]
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Map Collaboration (2025) (Bacchetta, Bertone, Bissolotti, Cerutti, Radici, Rodini, Rossi)
Neural Network, CSS w/ b*, Drell-Yan only, evolution@N3LL, matching TMD to collinear@NNLO,
flavor-independent NP TMD

NN(z, b Experiment Ngat ¥ (33 + %2)
.fNP (217, br; C) — M exp [—g%b% ]og (i)] N ViAPD2

NN(z, 0) Qg
15N Fixed-target 233 1.08 (0.98 +0.10) 0.91 (0.70 + 0.21)
QL ~\\ \ RHIC 7 1.11(1.03+0.07) 1.45 (1.37 + 0.08)
WA ‘ o“: . 9
" NN(z,br) neuralnet for “intrinsic” part Tevatron 71  0.80 (0.73 +0.06) 1.20 (1.17 + 0.04)
B of NP TMD: (x, by) as input, LHCb 21 0.98 (0.88 +0.10) 1.25 (1.05 + 0.20)
" Y 10 nodes in hidden layer CMS 78 0.40 (0.38 +0.02) 0.41 (0.35 + 0.06)
\ ATLAS 72 1.38(1.09+0.29) 3.51 (3.03 + 0.49)
Total 482 0.97 (0.86 +0.11) 1.28 (1.09 + 0.20)
0.10 7 T T T T T T T T T T T T '
& B NN e L [N S S S S P S B S S S ERL BT H
—— 0.08 e MAP22 - dBg - NN .
- - } E605 data ] < m= MAP22 |
O 0.06 . SN x = 0.01 |
i : + : N Q =2GeV
b | 004 . ] ‘ )
Bl™ B ] T, Dl
5] 0.02 _\/E = 38.8 GeV 1?
[10.5 GeV < Q < 11.5 GeV
r 0.0 o T e ——
) £ 1.8
® 1.0
2 g osp e |
0'7206"6'25"6'56"6'75"ibd"ilzé"ilsd"i:ré"éoo 32 & @4 & 8L W 04
B G5 G0 e 3 i 4 k| [GeV]

Larger uncertainties in the TMD with NN fit, but reduced uncertainties at the cross-section level:
NN better adapts to data and relies much less on correlated shifts to minimize y? 12
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Fernando and Keller (2025)
Neural Network, Drell-Yan (E288, E605) only, k; —space with tree-level hard factor and no explicit

logarithmic resummation, flavor-dependent profile

fon(@,k15Q,Q%) = fun(z; Q%) sz, ki; Q) where /d2kJ_ sp(z,k1;Q) = 1, V(z,Q) € R xRy

/

neural net with (x, k;,Q) as input

o6, k1500
X0,k 15 0y)

13
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Moos, Scimemi, Vladimirov, Zurita (2025), {-prescription w/ b*
Drell-Yan+SIDIS, evolution@N*LL, matching TMD to collinear@N3LO, flavor-dependent NP TMD

zfi(x, kr,2GeV)

zf1(z, kr,2GeV)

T

1.5 .
1.0

wul+0.6)
0.5

u (40.3)

d (

S

+0.15) |

0.0

0.2

0.4

0:6
]{TT(GGV)

0.8

Data set Not | X5/Npt | X5/Npt | X*/Npt
CDF 84 2.06 0.07 2.13
DO 36 2.20 0.08 2.28
ATLAS 49 1.43 0.25 1.68
CMS 113 0.69 0.13 0.82
LHCb 68 1.06 0.26 1.32
PHENIX 3 0.41 0.08 0.48
STAR 11 1.15 0.16 1.32
DY collider total: 364 1.34 0.15 1.49
E228 175 0.67 0.02 0.69
E772 35 1.25 0.12 1.37
E605 53 0.31 0.12 0.42
DY fixed-target total: | 263 0.67 0.05 0.73
DY total: 627 1.06 0.11 1.17
HERMES 7+ 48 1.62 0.08 1.70
HERMES 7~ 48 117 0.12 1.29
HERMES K+ 48 0.47 0.00 0.47
HERMES K~ 48 1.31 0.03 1.34
COMPASS ht 195 0.65 0.02 0.67
COMPASS h~ 195 0.91 0.00 0.91
SIDIS total: 582 0.90 0.02 0.92
Total: 1209 0.98 0.07 1.05

14
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Moos, Scimemi, Vladimirov, Zurita (2025), {-prescription w/ b*
Drell-Yan+SIDIS, evolution@N*LL, matching TMD to collinear@N3LO, flavor-dependent NP TMD
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15
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Moos, Scimemi, Vladimirov, Zurita (2025), {-prescription w/ b*
Drell-Yan+SIDIS, evolution@N“LL, matching TMD to collinear@N3LO, flavor-dependent NP TMD

D. Pitonyak
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TMD PDFs and TMD FFs have noticeable discrepancies between groups

Can different approaches be reconciled to yield a more uniform picture of unpolarized TMDs?
16
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Aslan, Boglione, Gonzalez-Hernandez, Rainaldi, Rogers, Simonelli (2024)
HSO approach (CSS, no b*), Drell-Yan (E288, E605 CDF, DO) only, Proof-of-principle analysis

0.17<x<0.23 | Ay, 0.21<x<0.26 |\, 0.24<x<0.30 i " 0.28<x<034]]  0.38<x<0.45]] " 0.45<x<053
Epeam \i\ \L\i& l\( \i\ %
[GeV] \ \ \ \ T}
400 LY \ X X [ &
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o \\% \ \. \§ \£% o
-~ \ \ *\ \{ N ipﬁ\ y
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N T qr [GeV]
\ \i\\; }\\{ lf\f % T
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\ A X I
\1( A b L8 AN -— best fit (Gauss.)
| ! ! I 2 1 ! \§ ! l£ | 1 § . #
0.2 0.6 1.0 0.2 0.7 1.2 0.2 0.7 1.2 0.2 0.7 1.2 0.3 0.9 15 Hesslan band
qr [GeV] qr [GeV] qr [GeV] qr [GeV] qr [GeV]
(Q) [GeV] 4.5 535, 6.5 7.5 8.5 11.5 12.5 13.5
1
fiv
101 [ . - fpert _E 10 >.'
100 . — f (best ﬁt) : 100 b :
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& irk & 1070 Y
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ek T T C— o 102 K
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My (GeV) 0.0576 0.404
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Fila,br; @)~ [(CF/a,bulbr) i . as(m) @ Fr (85 v, )

(/exp |:_Sp€rt<b* (bT)7 Mo, 5 Q7 MQ> o SJ{/}P(bT’ Q):|

Operator Product Expansion

4

Need input for the
collinear PDFs

18
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Fila,br; @)~ [(CF/a,bulbr) i . as(m) @ Fr (85 v, )

/exp |:_Spert<b* (bT)7 Mo, 5 Q7 MQ> o SJ{;P(bT’ Q):|

Operator Product Expansion

. l Use f,(x) from PDF global analysis groups
Needinputforthe _— (o 5 CT NNPDF, MSHT, JAM) and propagate
collinear PDFs the error into the TMD extraction

18
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Fila,br; @)~ [(CF/a,bulbr) i . as(m) @ Fr (85 v, )

/exp |:_Sp€rt<b* (bT)7 Mo, 5 Q7 MQ> o SJ{;P(bT’ Q):|

Operator Product Expansion

. l Use f,(x) from PDF global analysis groups
Needinputforthe _— (o 5 CT NNPDF, MSHT, JAM) and propagate
collinear PDFs the error into the TMD extraction

Bury, Hautmann, Leal-Gomez, Scimemi, Vladimirov, Zurita (2022)
m HERA20 m MSHT20 m CT18 m NNPDF3.1 m SV19

Illlll T llllllll Ill' lllll T IIIIIIII

T T ||]||||l T ll'll
14t u-quark | b=1./GeV fi1.4

TMDs (and CS kernel)
extracted with different
PDF sets still display
significant differences

X X 18
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Fila,br; @)~ [(CF/a,bulbr) i . as(m) @ Fr (85 v, )

/exp |:_Spert<b* (bT)7 Mo, 5 Q7 MQ> o SJ{/}P(bT’ Q):|

Operator Product Expansion

. l Use f,(x) from PDF global analysis groups
Needinputforthe _— (o 5 CT NNPDF, MSHT, JAM) and propagate
collinear PDFs the error into the TMD extraction

Extract PDFs and TMDs simultaneously in
the same global analysis

18
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JAM Collaboration (2025), {-prescription w/ b*
(Barry, Prokudin, Anderson, Cocuzza, Gamberg, Melnitchouk, Moffat, Pitonyak, Qiu, Sato, Vladimirov, Whitehill)

TMD: Drell-Yan only AND COLLINEAR: DIS, Drell-Yan, W-boson, W+charm, jet, evolution@ N-2LL,
matching TMD to collinear@NLO, flavor-dependent NP TMD

D. Pitonyak

Process Npts x> /Npts (Z-score)
Collinear PDF only | TMD+PDF
DIS - fixed target 2501 1.02 (+0.82)| 1.02 (+0.59)
~ HERA 1185 1.27 (+6.01)| 1.27 (+6.11)
DY 205 1.27 (+2.54)| 1.26 (+2.50)
W-£ asymmetry 70 0.80 (—1.20)| 0.78 (—1.35)
W asymmetry 27 1.12 (+0.51)| 1.13 (+0.53)
Z rapidity 56 1.09 (4+0.55)| 1.11 (+0.60)
jets 198 1.00 (+0.00)| 0.98 (—0.13)
W+c 37 0.65 (—1.66)| 0.62 (—1.84)
Total collinear 4279 1.10 (+4.31)| 1.09 (+4.14)
TMD TMD only | TMD+PDF
DY — E288,E605,E772 224 1.36 (13.44)| 1.31 (13.02)
~ CDF, DO 80 1.06 (+0.45)| 1.11 (+0.71)
~ STAR,PHENIX 12 1.15 (+0.47)| 1.20 (+0.60)
— ATLAS 30 2.07 (+3.29)| 1.78 (+2.55)
~ CMS 64 1.18 (+1.03)| 0.92 (—0.39)
~ LHCb 26 0.53 (—1.97)| 0.50 (—2.12)
Total TMD 436 1.27 (13.72)| 1.20 (12.76)
Total 4715 1.10 (+4.79)
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JAM Collaboration (2025), {-prescription w/ b*
(Barry, Prokudin, Anderson, Cocuzza, Gamberg, Melnitchouk, Moffat, Pitonyak, Qiu, Sato, Vladimirov, Whitehill)

TMD: Drell-Yan only AND COLLINEAR: DIS, Drell-Yan, W-boson, W+charm, jet, evolution@ N-2LL,
matching TMD to collinear@NLO, flavor-dependent NP TMD

Simultaneous global analysis of
TMD and collinear observables
improves our knowledge of
both TMDs and PDFs,

—
<

relative error

0.5 M JAM2Sppr.+.MD especially in the sea quark
baseline PDF
ST 0a i UE i =i sector, as well as the CS kernel
T r

= 3k u B JAM25ppF+TMD

o baseline TMD + LHC

8 2r baseline TMD

==

lqE 1 x = 0.2

relative
error
— [\) o
T L
Iy
b “ -
=
)
(¢
<
B 1 T 1

br (GeV™1) br (GeV™1)
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SIDIS (FSI) Drell-Yan (ISI)

f1T(33 kT ’SIDIS flT(fU kT ‘Dy (Collins (2002))

The “sign change” of the Sivers function is an important prediction from our current
understanding of QCD and TMD factorization

Z -
- STAR
- » COMPASS Drell-Yan & 0'4:_—¢—Z° o NLL Buryetal. 4 NLL Bacchetta et al
0.1 - My,€l4; 9] GeV/c? | 3 ' '
_ ‘ 0.2F 0
g-m gt =l e, E
=
z ) SO 0 S —————
< O g g
[7r = LFCQM - Vs =510 GeV, L=340 pb"
i _______ ?ﬁﬁ% = ST . 0 25_ ppoZ°ly +X, 2y —e'e
: " F 73<M_<114 GeVic?, 0.5 < p? <10 GeVic
Torino i
—0.1 E 0525 Gevic, [n|<1
| L L | L L L L L L L L | L r
_0'4__ (10 heam pol. uncertainty not shown
0 0.1 0.2 0.3 5"4/’| P I’ 2 ’Ih l |
xN -1.5 -1 -0.5 0 0.5 1 1.5

yZ 22



= D. Pitonyak
[ ebanonValley College . Pitony

Bury, Prokudin, Vladimirov (2021)

1.5 I BPV20 5 PV20
- " ETK20 JAMZ(;
f>\ S\ 0.1 Ry e 1
(D] 10 D) . 7
@) @)
(- o
— —
g 057 &
=) =)
S ZaA7 o)
| 0.0_ |
(on (@
™ [ B BPV20  pvao =~
-0.5¢ — —
g ETK20 JAM20
1073 1072 0.1 1 1073 1072 0.1 1
X X

BPV20 — Bury, Prokudin, Vladimirov (2021) PV20 — Bacchetta, et al. (2022)

ETK20 — Echevarria, Terry, Kang (2020) JAM?20 - Cammarota, et al. (2020)
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Gamberg, et al. (2022) — JAM

/é\ 0.02 === Echevarria et al ‘20
& 000 e
T —0.02 F Naziii—
4&_0.04 - S Anselmino et al ‘17
8 _0.06 F .u . Bac?hetta etlal‘21 0.00 . 1 1 ——
0.2 0.4 0.6 08 &L 0.2 0.4 0.6 0.8 &

Zheng, Dong, Liu, Sun, Zhao (2024) — TNTC

i
0.00 b 0.04}
~ -0.01} — 0.03-
- =
p—— p ——
=, -0.02- = 0.02¢
- & Bacchetta et al. (2022) —_E
® 0.0 Zeng et al. (2022) ? ootk
Echevarria et al, (2021) —_———A
-0.04 BE This work u 0.00
10" 10" T 10" 10" 10 10"
X g
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—0.75 —0.5 —0.25 0.0 0.25 0.5 0.75
ks (GeV)

4.0 3.0
s s Bacchetta, et al. (2020)
S 2(5’ & 2.0
% 2.0 ‘f; 1.5
1.5 110
,
M4 k,=0[3
k2
-1.0 -0.5 0.0 0j5 1.0 -1.0 -0.5 0.0 OjS
ky (GeV) ky (GeV)
0.75
0.5
3D imaging! Basedon o o
gINg: Cammarota, & o
et al. (2020) <-o=
—0.5
—0.75
0.75 —0.5 —0.25 0.0 0.25 0.5 0.75
u-quark Sd-quark kre (GeV)
f 2 f Bury, Prokudin,

kre(GeV)

Vladimirov (2021)
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Fernando and Keller (2023)

D. Pitonyak

k, (GeV)

k, (GeV)

hidden layers

N

N\
NG

/N
X

t«mu\t«%g»t/

CRERD
,‘V v“k\ /‘V, \“k\

DNN — Fernando
and Keller (2023)

TC18 — Boglione,

l'tk A l'l\ A
X /XD .
@f%%‘@ﬁ‘%‘&f@ P et al. (2018)
N/ o)
@ o3 0'08' Q" =2.4GeV’ EIKV 14
- g VU =01 — TC18 ]
000 10" 107
T
0.64

[RERWN

houhouwounwo

0.56
0.48
0.40
0.32
0.24
0.16
0.08
10.00

0.90

0.75
0.60
0.45
0.30
0.15
10.00

Extractions of the Sivers
function are mostly consistent
between groups

Need to better understand the
sea quarks. Also, evolution is
nontrivial (twist-3).
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SL
Transver5|t @ @
NONO

Collins

feolon7 O/7/78

Sin i)/ * D
FUT(¢h+¢S) C [_ ]\4]3 hlI_IlJ_]

2 - paLh Dbl — Dal " Dbl
MaMb

t -
p'p — (hjet) X N /

Frnles=om) | pgCollins (3 § ) @ h%(z1) ® fL(22) ® (i /(2nMn))Hi ™ (20, 52)
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p'p— hX dAo(St) ~ Hgs ® f1 ® Frr ® D,
\ J

|
Qiu-Sterman term

+|Hr @ fi®hy ® (Hf“), ﬁ)
\ ;

& '

\ > Fragmentation term
’ %B : Ay is collinear twist-3)
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6+€_ — (hlhg)(ﬁlﬁg) X ENT — E (hlhz) X pr

(NB: Dihadron observables are collinear twist-2)

sin? 0>, ¢ H(z, Mi)Hf’q(z,M2

h) _~Artru-Collins asymmetry

(1+cos26) Y, e2 Di(z, M2) DI (z, )

a12R =

ASn(brtos) _ Z 2hq($) Hq’q(zaMz)

o T T @ (@) Dz M)
dAG a -
Asin(or—¢s) | a?ll_)CTd ® fi(za) © hY 1(Zp) ® H< (%, Mf%)
ur dO'a,b—>cd ® fl (aja) ® fl (wb) ® Dc( ,M}%)
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Anselmino, et al. (2007, 2009, 2013, 2015);

Goldstein, et al. (2014); Kang, et al. (2016); Radici, et al. (2013, 2015, 2018);
Benel, et al. (2020); D’Alesio, et al. (2020); Cammarota, et al. (2020); Gamberg, et al. (2022);
Cocuzza, et al. (2024); Zheng, et al. (2024); Boglione, et al. (2024)

He, Ji (1995);
Barone, et al. (1997);
Schweitzer, et al. (2001);
Gamberg, Goldstein (2001);
Pasquini, et al. (2005);
Wakamatsu (2007);
Cloet, et al. (2007);
Lorce (2009);

Tensor Gupta, et al. (2018);
Yamanaka, et al. (2018);
Hasan, et al. (2019);
Alexandrou, et al. (2019, 2023);
Yamanaka, et al. (2013);
Pitschmann, et al. (2015);

Xu, et al. (2015);
Wang, et al. (2018);

Liu, et al. (2019);

Gao, et al. (2023)

éq= [ dzx[hi(z) — hi(x)] gr = 6u — 0d

0 30

QCD Pheno for
Transversity

Herczeg (2001);

Erler, Ramsey-Musolf (2005);
Pospelov, Ritz (2005);
Severijns, et al. (2006); Charges
Ciriglano, et al. (2013); | Low-Energy
Courtoy, et al. (2015); BSM
Yamanaka, et al. (2017);

Liu, et al. (2018);
Gonzalez-Alonso, et al. (2019)

Lattice
QCD,
Models
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Kang, et al. (2016) D’Alesio, et al. (2020)
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Kang, et al. (2016) D’Alesio, et al. (2020)
_________ Q*=24 GeV? 02
0.04 — Q=10 GeV? 0 —
-0.2
N
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() 2 2
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0O 02 04 06 08 172 ,
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m—i 0.0 % —0.2
N 0.2 — Q? = 4 GeV?
—04 4 fav, CPM, rew. ;E I fav, CGI, rew. ;
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Zheng, Dong, Liu, Sun, Zhao (2024) — TNTC

0.40F Zeng et al. (2024) 0.20¢
Kang et al. (2016)
— 030"  summ This work oo 0.10+
= 5
w— 0-20 I — 0-00
0.10 -0.10-
0.00 -0.20~ d
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o X
0.06r Zeng et al. (2024) 0.02+
222 Kang et al. (2016) -
o o B This work N 0.00+
3 0.02¢ S 002t
FY e—
;‘2 0.00+ ;\) -0.04-
-0.02+ Tfav -0.06+ Tunf

0.2 0.4

o |

0.6

0.8
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o}
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Radici, Bacchetta (2018)

x h{v

03—
1072

107! 1
X X

Benel, Courtoy, Ferro-Hernandez (2020)
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\
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-04t A //
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Cocuzza, Metz, Pitonyak, Prokudin, Sato, Seidl (2024) - JAM

0.4 JAM3D* (no LQCD) . @hq” {JAMSD* (w/ LQCD) . xTh,
0. 3;Radici, Bacchetta (2018)

| SO

(T _ hd @

107 01 03 05 07 @

—0.04f ........ Soffer bound

||||| 1

T01 03 05 07 @

i
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Cocuzza, Metz, Pitonyak, Prokudin, Sato, Seid| (2024) JAM

O d | TAMIDIFF (] BQCD) JAM3D* (w/ LQCD) o |
0.2| FAMDIEF (10 LQCD) JAM3D* (no LQCD) | Anselmino et al (2013)
42 = 4 GeV? . Radici et al (2015)
0.1t ' Kang et al (2015)
0l Radici, Bacchetta (2018)
—e——  Benel et al (2019)
—0.1; | D' Alesio et al (2020)
—0.2} - - » PNDME (2018)
«  ETMC (2020)
—0.3) ‘ » JAM3D* (w/ LQCD)
—0.4 "+ PNDME (2018) :Z:Z + ] o JAI\fI?)D*. (no LQCD)
0514 ETMC (2020) _m # | » JAMDIFF (w/ LQCD)
Radici, Bacchetta (2018) ] JAMDIFF (no LQCD)

0.4 0.6 03 5u 0.5 1.0 1.5 20 gr

Recent analyses by the JAM Collaboration (Gamberg, et al. (2022), Cocuzza, et al. (2024))
show that lattice QCD tensor charge data can be accommodated within phenomenology,
demonstrating a universality to all this available information.

Need to include Collins hadron-in-jet data from STAR (2018, 2022, 2025) and better
understand systematic biases in transversity extraction from experimental data only.
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Yang, Liu, Sun, Zhao, Ma (2024)
gir=(r— (=~ 7

D. Pitonyak

Helicity Bacchetta , Bongallino, Cerutti, Radici, Rossi (2024) - MAP = d
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Pilofieta, Vladimirov (2024) Barone, Melis, Prokudin (2010)
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Li, Lu (2021)
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Polarizing FF

D’Alesio, Gamberg, Murgia, Zaccheddu (2023)
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D. Pitonyak

Gamberg, Kang, Shao, Terry, Zhao (2021)
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Collins-Soper Kernel

Moos, et al. (2025)

D. Pitonyak

08t D(b,2GeV) 08F D(b,2GeV) l
061 06 JAM25pp5r:mmp
041 o= | JAM25ppr VD
0.2} — I 0.2 | B9 Dbaseline TMD +LHC /// i
T 0.6 baseline TMD >
/ 1 2 3 4 5 5 g
~0.2} GV 02t b(GeV ™) S o4 .
) N C T T L
—— ART25 ---- MAPNN e LPC22 v ASWZ24 S ”LD(bT,Q:Z GeV) ]
—— ART23 ---- MAP24 e SSSV23atm . BGMZ24 Q 02 o.skmswzmcn 4
SV19 ... MAP22 — ART25 — ART23 1 ]
6] 3 =
08t D(b,2GeV) o guigar B
hed = e by (GeV™1)
0.6} o 11 + + f t
4 - S .2 i L
Qi P 5 £ 1.0}
02f 2% 09
I s 1 2 3 4 5
bT (GeV“l)
—0.2-
— ART25 - [2411.16004 — ART25 —— CASCADE
--. ART23  — [2410.21435 --- ART23 — BS23
- - [2507.17478] --- HSO —— [2501.00678]

Extractions from DY+SIDIS prefer a larger CS kernel at larger b, while DY only prefers a
smaller CS kernel. Lattice data on the CS kernel is consistent with current phenomenology.

Uncertainties in the CS kernel are small (except for MAP-NN), possibly indicating a model
bias from the constraints at small b 40
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b-space TMD

LPC Collaboration (2024) (He, Chu, Hua, Ji, Schifer, Su, Wang, Yang, Zhang, Zhang)
by = 0.12fm = (1.64GeV)~1 by = 0.24fm = (0.82GeV)~1 b, = 0.36fm = (0.55GeV)""

===

I  This work
"""" ART23

BHLSVZ22
MAPTMD22
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xf(x' b_L' i, ( )

x=0.7

< This work ’

PR B

xf(x, bJ_' H, ( )
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b-space TMD
Bollweg, Gao, Mukherjee, Zhao (2025)
5 1.5 1.5
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Lattice computations of b-space TMDs show a promising agreement with the
overall trend of the phenomenological extractions 42
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k;-space TMD “shifts”
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D. Pitonyak

Gen. Sivers Shift (SIDIS, u-d; GeV)

Yoon, et al. (2017)
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NB: ( — oo isthe TMD limit
Compatibility between lattice and
phenomenology for polarized
TMDs (Sivers, worm-gear, helicity)
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» TMDs at small-x
O Small-x asymptotics of TMDs

Adamiak, Santiago, Tawabutr (2024)

Leading Twist Quark TMDs
Quark Polarization
U L T
Ul f7~ x_&%\rgln@) his ~x
Nucleon
Polarization | gt ~ g~ 306V s Ne/2m hiL ~
ag N
T| f15 ~ g 29V @ Ne/An | oS |, g =29\ @sNe/am |pS | piS 12y 250
N

.}
Figure from Kovchegov, Sivert, Pitonyak (2016)
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» TMDs at small-x
O Connections between JIMWLK, DGLAP, and CSS

Caucal, lancu, Salazar, Yuan (2025)

/)/%L P_L>>K_L

Y1 A—qqX
doyo

dzleQdQszK

= [Hio + asHNLo] W™ (24g, K, P1) + HLG AWR" (24q- K)

See also Taels, Altinoluk, Beuf, Marquet (2022); Caucal, Salazar, Schenke, Venugopalan (2022);
Caucal, lancu (2024); Caucal, lancu, Mueller, Yuan (2025); Duan, Kovner, Lublinsky (2025); Duan,
Kovner, Lublinsky (2025), ...
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Bacchetta, Celiberto, Radici (2024)

zp(T, P2y Py) zp(x, Pzs Py)

> Gluon TMDs

0.5

1.0

0.8

den Dunnen, Lansberg, Pisano, Schlegel (2014)

0.0 0.6

Py [GeV]

0.4

-0.5
0.2

-1.0

p: [GeV]
(Thiy, P=Py/2M ") X 10"

py [GeV]
=]
g

~1.0 -0.5 0.0 0.5 1.0
Pz [GeV]

(zthp:py/ZMs) x 10?

Py [GeV]

See also Godbole, Kaushik, Misra, Rawoot (2015);
Boer, Mulders, Pisano, Zhou (2016); Lansberg, Pisano,
Scarpa, Schlegel (2018); D’Alesio, Murgia, Pisano, Taels
(2017); D’Alesio, Flore, Murgia, Pisano, Taels (2019);
D’Alesio, Maxia, Murgia, Pisano, Rajesh (2020), ...
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> Jet observables

D. Pitonyak

Gutierrez-Reyes, Scimemi, Waalewijn, Zoppi (2018, 2019)

0 ~ dQ%dzdzdq

Liu, Ringer, Vogelsang, Yuan (2018)

q

dAO'(SJ_) B ol a/db_L Sy o8 TR
dyed?ke d?q = Ooe™"5T (2m)2 Wr

Wo, = zfi (€,b1) Ss(by, ur) Hivp (Q, ur)

‘ daep_)eJX ZUDIS x Q2 HDIS(Q M)

QR

db_ _ibg i
/(—6 Fq(:v,b,u,g)Jq<z,b, 9 7”74')

27)?

See also Neill, Scimemi, Waalewijn (2017);

Kang, Liu, Ringer, Xing (2017); Gutierrez-Reyes,
Makris, Vaidya, Scimemi, Zoppi (2019); Arratia,

Kang, Prokudin, Ringer (2020); Liu, Ringer,
Vogelsang, Yuan (2020); Arratia, Makris, Neill,
Ringer, Sato (2021); Lai, Liu,Wang, Xin (2022);

Caucal, lancu, Mueller, Yuan (2025); Jaarsmaa,

del Rio, Scimemi, Waalewijn (2025), ...
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> Energy -energy correlators
dBete— Kang, Lee, Shao, Zhao (2023)
EECe+e ( d)) drdé

= smH@N e [ 37 o (6VTQ (0,1, ) J0.11)

= +005(26) S Ia(/7Q) T b, 1 OV 0,1, )

(0,1, ¢ Z/ dz 2Dy pq(2,b, 1, C) See also Moult, Zhu (2018); Ebert,
Mistlberger, Vita (2021); Kang,

Penttala, Zhang (2024); Mantysaari,
(b, 11,€ Z/ dz 2 Hy (2,0, 1, ) Tawabutr, Tong (2025); Bhattacharya,
Kang, Padilla, Penttala (2025); Cuerpo,
b d¥pis Scimemi, Vladimirov (2025); Cao, Yu,
il EECpis(7, ¢) = dx pdydrdd Yuan, Zhang, Zhu (2025), ...
2
\ ) q dbb . 2(1 —y) _sin(¢p+os)
e A o[t =G [T st o LT
.
le“—e-/ i
Lepton plane bdb
y Fov = [ d*qré(r ) _JO(bQT f1J]
zlab
ﬂ = sin bdb o
‘FUT(¢h+¢S) = /d2QT5 T — —)/—Jl(bQT )ct [h1Jl]
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» TMDs at small x
» Gluon TMDs
> Jet observables

» Energy-energy correlators

49



. /5‘;?::4(
D. Pit k N
[ ebanon Valley College itonya

» TMDs at small x
» Gluon TMDs
> Jet observables

» Energy-energy correlators
» TMDs for pions
» TMDs for nuclei

» Twist-3/Next-to-leading power TMD factorization
Talk by Ignazio Scimemi (Workshop 1, Oct. 29)

» QED radiative corrections in extractions of TMDs
» Model calculations

» GTMDs and Wigner functions

and many more...
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» TMD physics has made great progress in understanding the 3D
structure of hadrons (parton model = high-order TMD evolution)

. . Talk by Felix Ringer
> The field has synergies with many other areas: AI/ML " (workshop 2, Oct. 28)

lattice QCD, small x, SCET, jets, energy correlators, ...

» Future high precision experimental measurements and lattice
computations will allow us to further test and refine our knowledge

of 3D hadronic structure

TMD

Collaboration

O

TMD Winter School 2022

TM D h a nd boo k https://www.youtube.com/channel/UC

WP7fyB4xXxNRYbGLtvUXVvw/featured

A modern introduction to the physics of
Transverse Momentum Dependent distributions https://indico.mit.edu/event/300/timet

arXiv: 2304.03302 able/#all.detailed
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