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Outline

U TMD definition, factorization, and evolution
¢ Leading power TMD PDFs and FFs
¢ Collins-SoperSterman (CSS)-prescription, SCET
¢ Hadron Structure Oriented (HSO) approach

U Phenomenology and extraction of TMDs

¢ Unpolarized

¢ Polarized: Siverdransversity ¢

U Comparisons with Lattice QCD
More detailed talk on TMDs and lattice QCD next by Jianhui Zhang

U Other important topics and outlook
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TMD Definition, Factorization, and Evolution
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down 3D nucleon tomography in
8 momentum space,
2 ;0 including the effect of
. spinorbit correlations on
f,f, the distribution ofpartons

Moos, Scimemi, Vladimirov, Zurita (2025)
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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 TMDFF@" hiadiom Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(V) (L) (T)
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Unpolarized Collins

Grr=(r - (@ |HiL =D~~~

Helicity

DlJf_Z’ — é _ @ GlJT _ é _ é Transversﬂ
Polarizing FF 1T = @ — @

TMD Handbook (2304.03302) 3
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SIDIS 6+€_ — hthX

ete annihilation

o W(r.Q)+Y(ar.Q) + O((m/Q)*) T(qr. Q)

= RqrdQ---
' 1/ \

(Collins, SopeBterman(1985); Ji, Ma, g, <<Qregion gt~ Qregion
Yuan (2005); Callins (2011),...) 4
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Measurements DO NOT give direct access to TAMIEectorization theorem#, evolution

Factorization in SIDIS
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perturbatively _~"
calculable hard
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_ _ non-perturbative
Figure from Collins (2011) —~ functio?ls that encode

hadron structure
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do -
= W S ; _ sw
dwdyd¢std¢h(Z2dq%) UU(QT7 Q) + | T| Sln(¢h ¢S) (qT Q)
SIDIS measurements with <<Q work inb space
d2bT otdT: by
Wuu(gr, Q) = Wyu (br, Q)
(2m)?
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do .
= W S ; _ sw
dwdydqﬁstdeh(Zqu%) UU(QT7 Q) + | T| Sln(¢h ¢S) (qT Q)
SIDIS measurements with <<Q work inb space

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

CS scale renorm. scale

_ N 2
Wou (br, Q) = ZH Q) (,br: Ca ) DY (2, b G 1)

I
/ 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)Eﬂb*’Q’MQ) 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 Sudakovfactor non-perturbative Sudakovfactor
2% e dy / / /
—1H(Q/#b*)K(b*,#b*)—/ ﬂ—lfh(o‘s(ﬂ)ﬂ)—VK(%(#))IH(Q/M ) 91 (@ br) + gk (br) In(Q/Qo)
Mo,
same forunpol. 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 Sudakovfactor non-perturbative Sudakovfactor
2% e dy / / /
—1H(Q/#b*)K(b*,#b*)—/ N—‘fh(as(u);l) —yx(as(W) I(@Q/1)] 9 (@, br) + 9K (br) In(Q/Qo)
b
same forunpol. and pol. different for  universal: extract from
each TMD exp. or calculate on
the lattice
b2
b.(br) = = (C1/b.(b
(br) \/1 TR 1/bs(br)

-

b* prescriptiong ensures that perturbatively
calculated quantities are evaluated at snizll
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Evolution using—prescription Evolution using SCET
(Scimemi and Vladimirov (2018)) (T. Becher and M. Neubert (2011)YJChiu, A. Jain, D.
Neill and I. Z. Rothstein (2012); M. G. Echevarriailhi
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wi,di) SRE or gr
-y ~ lny’z Figure from TMD Handbook

Figure from TMD Handbook, modified

from Scimemi, Viadimirov (2018) NB Evolution can also be formulated

directly in momentum spacg. FMonni, E. Re
and PTorrielli(2016); M. A. Ebert and FTackmann
(2017); D. Kang, C. Lee and V. Vaidya (2018))
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HadronStructure Oriented (HSO) approach
(GonzaletHernandez, Rogers, Sato (2022); GonZdnandez, Rainaldi, Rogers (2023); Aslan, et al. (2024))

TMD integrated to a cutoff scale matched onto collinear @&eé also Del Rio, et al. (2024))
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Smooth/continuous interpolation between perturbative and npearturbativeb; regions (nd* or gQ a

°) ff(bT;uag} ,
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Phenomenology and Extraction of TMDs
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Main challenge is to 100 |

describe data across
vastly different X,@)

> 40
(DrelkYan and SIDIS) that 2
are sensitive to different
aspects of the TMD
functions 0
4

. Pitonyak
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Map Collaboration (2024Bacchetta, BertoneBissolottj Bozzi, CeruttDelcarrq Radicj Rossi, Signori)
CSS w/ b*DrellYan+SID|®volution@\3LL, matching TMD taollinear@NNLQ
flavor-dependentNP TMD

D. Pitonyak

0.6 Q=2GeV u Q =2 GeV u
s =2 d - x = 0.01 d .
s 1 d ) d N"LL
-~ 0.25 Data set Naat | X0 | 23 | X6
§0.4 i Tevatron total 71 11.10(0.07|1.17
- LHCD total 21 [3.560.96 | 4.52
%‘i 0.3 0.15, ATLAS total 72 [3.54(0.82[4.36
8 CMS total 78 10.380.05|0.43
°=§°-2 0.10 PHENIX 200 2 [2.76]1.04]3.80
" - STAR 510 7 [1.1210.26[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
k.| [GeV k.| [GeV
k.| [GeV] lk.| [GeV] E288 400 GeV 61 [0.11]0.080.19
0.5 Q=2 GeV P E772 53 |0.880.20]1.08
x =000, W J E605 50 |0.70[0.2210.92
0.4 ¢ [DY fized-target total] 233 [0.63]0.31[0.94 |
u
s [DY total [ 484 [1.02]0.29[1.31]
03 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]
| 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 (2025Bacchetta, BertoneBissolottj Cerutti,Radici Rodini, Rossi)
Neural Network, CSS w/ b®relkYan onlyevolution@\ELL, matching TMD taollinear@NNLQ
flavor-independentNP TMD

NN( z, bT) - C Experiment Ngat X (XZD + Xf\)
T,br;() = ——Fexp |—g5b5log | ==
fNP( ’ ) C) NN(.’I;, O) p g2 T g Q% NN MAP22
[N Fixed-target 233 1.08 (0.98 +0.10) 0.91 (0.70 + 0.21)
_ AN\ R o RHIC 7 1.11(1.03+0.07) 1.45 (1.37 4+ 0.08)
& —  NN(z,br) YSdzNF t Yy SU FT2NJ 0F pevaron 71 0.80 (0.73+0.06) 1.20 (117 +0.04)
B of NP TMD:x, by) as input, LHCb 21 0.98 (0.88 +0.10) 1.25 (1.05 + 0.20)
N 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)
L S E R E AR PR EARLE AEENE L [
‘ B! N~N ! T T T T
—— 0.08 e MAP22 - dBg - AN .
> ! E605 data | < - MAP22 |
O o0.06fF : . < xz = 0.01 |
~~ 2 ~ 1.0 5
A, s : ¥ g=akey
b MUO.OLI O + ] H"
Bl™ ] . DEp
5] 0.02 __\/E = 38.8 GeV ] q&?
[10.5 GeV < Q < 11.5 GeV - ]
E 4 0.0 T T e p———————
2 : g 13
g osp e |
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 00 G2 o 08 o3 -0 12 14
: : ; i A ] . : kL] [GeV]

Larger uncertainties in the TMD with NN fit, but reduced uncertainties at the @®d$on level:
NN better adapts to data and relies much less on correlated shifts to minirize 12
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Fernando and Keller (2025)
Neural NetworkDrellYan (E288, E605) onky ¢space with tredevel hard factor and no explic

logarithmicresummation flavor-dependentprofile

fq/h(a:a k_l_v Q7 Qz) —

fq/h(x;QQ) sg(x7k_L7Q) Where / k_L Sh($ k_L)Q) 17 V(CE,Q) € R x R>O

/

neural net with &, kr,Q) as input

xf{l(x’ k-[. > QA/I)

X0,k 15 0y)

13



<
[ ebanon Valley College

Moos, Scimemi, Vladimirov, Zurita (2025prescription w/ b*
DrelkYan+SID|®volution@\*LL, matching TMD to collineari®LQ flavor-dependentNP TMD

D. Pitonyak

i ] Data set Not | X5/Npt | X3/Npt | x%/Nps
. CDF 84 2.06 0.07 2.13
Z DO 36 | 220 0.08 | 228
R 10 ATLAS 49 1.43 0.25 1.68
by CMS 113 | 0.69 0.13 0.82
) w (0. 6) LHCb 68 1.06 0.26 1.32
& s AN PHENIX 3 0.41 0.08 0.48
! 0 (20.3) STAR 11 1.15 0.16 1.32
= d (+0.15) | DY collider total: 364 | 134 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
s~ HERMES 7~ 48 1.17 0.12 1.29
s HERMES K+ 48 0.47 0.00 0.47
< HERMES K~ 48 | 131 | 003 | 134
8 COMPASS h* 195 | 0.65 0.02 0.67
=R COMPASS h~ 195 0.91 0.00 0.91
2 4 SIDIS total: 582 | 090 | 002 | 092
ey ] Total: 1209 | 0.98 0.07 | 105

1.0 1.2

0.2

0.4

0:6
]{TT(GGV)

0.8

14
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Moos, Scimemi, Vladimirov, Zurita (2025prescription w/ b*
DrelkYan+SID|®volution@\*LL, matching TMD to collineari®LQ flavor-dependentNP TMD
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Moos, Scimemi, Vladimirov, Zurita (2025prescription w/ b*
DrelkYan+SID|®volution@\*LL, matching TMD to collineari®LQ flavor-dependentNP TMD

D. Pitonyak

7 T —T T T T T 20 T ; T T T T
6 z=0.1 Q=10GeV u-quark 4 z=0.3 Q=10GeV u-quark T 1
ART25 B8 MAP24 | . ; ]
5 = ] 15 B ART25 B MAP24
. B= ART23 =5 ha’IAPNNj . L MAP22
< 4 . b ]
- 710
= Q
2 5
1 5
0 : : : : e 0 ' ‘ ‘
00 05 10 15 20 25 3.0 35 00 05 10 15 20 25 3.0 35
b(GeV 1) b(GeV)
T T T T T T T T T T T T L T T T 10 T T T J T Lo T T T T T Lo B T T
L4r x=0.1 @Q=10GeV wu-quark ] z2=10.3 Q=10GeV d-quark atl
1.2¢ B ART25 B9 MAP24 | . Bl ART25 B MAP24 |
1.0 g B ART23 B MAPNNj] . B MAP22 |
— ] ~ ]
= 0.8 ] -
R SN—r
— 0.6 3
= Q0
0.4
0.2
—_— '71 —5_ kLt " ! L - | PR - 1 1
09 "0F 10 1E 20 SF 80 S& 00 05 10 15 20 25 30 35
-1
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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 TN
16
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Aslan,Boglione GonzaleHernandez, Rainaldi, Rogers, Simonelli (2024)
HSO approach (CSS,bfy, Drellyan (E288 E605 CDF DO),éhyofof-principle analysis

0. 17<x<0 23 L\LO 21<x<0 26 |7 024<x<0 30 ;{ 028<x<0 34 038Lx<0 4;: [
Epeam \i\ e \i \i\
[GeV] \ \ % %
400 | 3\_ \\ ‘ \§\ S
b A\ \ \ A
\ X 3\*%
\ % \ \
— \ \\ \ \
e | | X | r\‘ | \iﬁ T
E ? 0A13‘<x<6.26 i‘ 0.17‘<x<0‘31£ 020‘<x<0‘361 0A2;<x<(!).42 ‘0.27Lx<0.4‘7_ 0A37‘<x<0A6‘2 D3 313 2.3 0.3 1.3 23
= I . " N , ar[Gevl  qrl(GeV]
300 |— \i {\Z A N ?‘&%
i \ X A N N
S \% \ \ \g \1% -y
< \ \ \k\ \i R 3 AP\%L N
W S 3 s, yfites
oc- } 0.14<x<0.38 i 0,17<)(<046:lr 0.20<x<0.54 ‘ 0.24<x<0.62 [ 0.27<x<0.69 (0.3 1.3 2.3
A X\ N N ar [GeV]
\ ) 7 \,
<\ IO
\ \\\ \ g ‘{\"g\ 2 o E288
\§ 3 '\é §‘§ f? -— best fit (Gauss.)
| ! ! I 1 ! ! 1 | 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 5.5 6.5 7.5 8.5 11.5 12.5 13.5
1
fiv
101 [ . - fpert _E 10 3
100 . — f (best ﬁt) : 100 :
_ A mw Hessian § D
& 160 L & 1070 Y
o A o .
ek T T C— o 102 K
—~ E 5 = -
V4 EoL V] "
%103 | | X107
= i 1 e
104 | Q=14Gev, 107 ¢
105 | - —] 105}
Q =91 GeV} . i
100 ¢ 1 ! = 10™ E
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2

k1/Q

k1/Q

Gaussian fits
E288 (130 pts.) E605 (52 pts.)

Nt 1.04 1.68
M, (GeV) 0.0576 0.404
M; (GeV) 0.403 0.290
b 2.12 0.744
N (nuisance) 1.29 1.28
16 : T T T T T T I RIS TR ' TRTTER]
‘ theory _ |7 i +4 10!
14 (E288 fit, Gauss.) ! 5
12 |\ CDFIZ0-->ete re : i 142
I8 - A 10-1
10 | {E ]
E & E 10—2

)
:
66<Q<116 GeV

No Fitting ||

ar! x do/dgt [pb/GeV?]
[o0]
I

6 | L Vs=1.8 TeV
4 - L 1107
% 110

Lo powal v inl Wil

456 7 8 910
qrlGeV]

17
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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

‘ Usef,(X) from PDF global analysis groups
Need_lnput for the__— (e.g., 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

‘ Usef,(X) from PDF global analysis groups
Need_lnput for the__— (e.g., CT, NNPDF, MSHT, JAM) and propagate
collinear PDFs the error into the TMD extraction

Bury,Hautmann LealGomez, Scimemi, Vladimirov, Zurita (2022)

m HERA20 m MSHT20
llll'

m CT18 m NNPDF3.1 m SV19
T T To1IT TTTTT] T T oo T llllllll

Illlll T T lllilll

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

‘ Usef,(X) from PDF global analysis groups
Need_lnput for the__— (e.g., CT, NNPDF, MSHT, JAM) and propagate
collinear PDFs the error into the TMD extraction

Extract PDFs and TMBiswultaneouslyn
the same global analysis

18
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JAM Collaboration (2025} prescription w/ b*
(Barry,Prokudin Anderson, Cocuzza, Gambevtglnitchouk Moffat, Pitonyak, Qiu, Sato, Vladimirov, Whitehill)

TMD: DreliYan onhANDCOLLINEAR: DIS, Byah, Whoson,W+charm jet, evolution @\2LL,
matching TMD taollinear@NLQ flavor-dependentNP 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, Gambevtglnitchouk Moffat, Pitonyak, Qiu, Sato, Vladimirov, Whitehill)

TMD: DreliYan onhANDCOLLINEAR: DIS, Byah, Whoson,W+charm jet, evolution @\2LL,
matching TMD taollinear@NLQ flavor-dependentNP TMD

Simultaneous global analysis of
TMDand collinear observables
Improves our knowledge of
both TMDs and PDFs,

—
<

relative error

0.5 W8 J AM25ppr 4 D especially in the sea quark
baseline PDF
e s = sector, as well as the CS kernel
€ r

u B JAM25ppF+TMD
baseline TMD + LHC
baseline TMD

x = 0.2

fq/p(z, br)

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

br (GeV™1) br (GeV™1)
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0.1
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=
7
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SIDIS (FSI)

e

f1T(3j kT ’SIDIS
AA3y OKIFy3ass

.« COMPASS Drell-Yan
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- SPM
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DrelkYan (I1SI)

(Collins (2002))

(i K@ediftibrif@nNokr cufrey” O |
understanding of QCD and TMD factorization

- STAR

0.4F
~4-2° o N’LLBuryetal. &

- Vs =510 GeV, L=340 pb"

NLL Bacchetta et al.

- p+p—Z0ly +X, 2%y —e'e
E 73<M,,<114 GeV/c?, 0.5 < p? < 10 GeV/c
E pl®>25 GeVic, n*?|<1

[ 1.4% beam pol. uncertainty not shown

R —
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Bury,Prokudin Vladimirov(2021)

1.5 I BPV20 5 PV20
0.1 F NN ETK20 77 JAMZ(;
% 1.0 Z '
@) @)
- -
— — -04
g 057 g
e e
I S
| 0.0_ I 0.9
o (@5
™ [ B BPV20  pvao =~
-0.5§ T — ~1.4
i ETK20 JAM20
1073 1072 0.1 1 1073 1072 0.1 1
X X

BPV2Q; Bury,Prokudin Vladimirov (2021) PV20¢ Bacchetta, et al. (2022)

ETK2® Echevarria, Terry, Kang (2020) JAM20¢ Cammarota, et al. (2020)
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Gamberg, et al. (2022)JAM

’é\ 0.02 —==FEchevarria et al ‘20
— 0.00 g T —
OREUY i N
_|q:_0.04 = —=+= Anselmino et al ‘17
U ¢
8 _0.06F+ . . Baccl:hetta etlal 21
0.2 0.4 0.6 0.8 & 0.2 0.4 0.6 0.8 &
Zheng, Dong, Liu, Sun, Zhao (2GZANTC
[
0.00';_* 0.04+
—~ -0.01} — 0.03+
- -
= -0.02} = 0.02}
o B Bacchetta et al. (2022) gy ko
® onl Zeng et al. (2022) ® a0l
Echevarria et al, (2021) ———-—-A
0.04 BE This work u 0.00
l A A henbndabalodol A A b ndodd Al | dnded A A A A L Ldl A A Aeed. A A A Al
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2
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Fernando and Keller (2023)

hidden layers

DNN¢ Fernando

- \XO; X and Keller (2023
layer XX QXKL

' N
t&@."n\t*‘«ﬁh'{
i A

S
A \"A\”A"/ ) \\'
LIRNE L

TC18; Boglione

‘\,"A'/
IR

ﬁﬁé§%ﬁ§§® etal. (2018)
AN N
N AN 001 raGev —
& W@ € —0.08F ;-0 — TGI8 |
002 107 107
X
4.0 0.64
< §§ §§1§ Extractions of the Sivers
2 20 9 function are mostly consistent
< 05 008 between groups
10.0 10.00
2.8 0.90
- o 073 Need to better understand the
8 1 0.45 sea quarks. Also, evolution is
< 08 s nontrivial (twist3).
0.0 10.00
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SL
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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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ENT —)f(hlhz)X pr

(NB: Dihadronobservables areollinear twist-2)

.2 2 779 2\ 70 (5 RT3
sin® 6 ) e Hy " (2, M) H, (Z’Mh)/Artru-CoIIins asymmetry

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

a12R =

2 hq(a}) H;(z, Mz)

ASin(¢R+¢s) - Z

or = T () DI )
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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Anselming et al. (2007, 2009, 2013, 2015);
Goldstein, et al. (2014); Kang, et al. (20B&dicj et al. (2013, 2015, 2018);
Benel et al. (2020)5 Q! f, & AlAZD20)Cammarotaet al. (2020)Gamberget al. (2022);
Cocuzzaet al. (2024); Zheng, et al. (202BQglione et al. (2024) He, Ji (1995);

Barone, et al. (1997);
Schweitzer, et al. (2001);
Gamberg Goldstein (2001);
Pasquinjet al. (2005);
Wakamatsu (2007);
Cloet et al. (2007);

QCDPhenofor
Transversity

Herczeg2001); Lorce(2009);
Erler RamseyMusolf (2005); Gupta, et al. (2018);
PospeloyRitz (2005); USl=te)s Yamanaka, et al. (2018);
Severijns et al. (2006); charges Hasan, et al. (2019);

Lattice
QCD,
Models

Cirigliang et al. (2013);
Courtoy et al. (2015);
Yamanaka, et al. (2017);
Liu, et al. (2018);
GonzalezAlonso, et al. (2019)

Alexandroy et al. (2019, 2023
Yamanaka, et al. (2013);
Pitschmannet al. (2015);

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

Liu, et al. (2019);

Gao, et al. (2023)

5q5/0 do (W (z) — Bi(z)]  gr = ou— dd
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Kang, et al. (2016) 5 Q! f & a.N2020)
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