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observables within TMD evolution: selected
results
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parton model
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Including spin of Nucleon and quark
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Collinear PDFs:

> Universality: once measur'ed, can be apphed to other F(,Qi)
processes |

»Evolution : governed by the DGLAP/BFKL equations  p(, o)



Parton's transverse motion
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Transverse momentum dependent (TMD) PDFs




Probability interpretation of TMDPDFs

Nucleon emerges as a strongly interacting,
relativistic bound state of quarks and gluons

Transversely Polarized
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analogous table exists for gluon TMDs e

TMDPDFs provide new structure of nucleon - 3D structure: both
longitudinal + transverse momentum dependent structure
(confined motion in a nucleon)



in a more generalized picture

Wigner Distributions
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Wigner distribution: F.T. of GTMD
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Spin-orbit correlation —— T-odd TMDs

@ Sivers function: correlation between the transverse spin of the

nucleon and parton transverse momentum

® Boer-Mulders function: correlation between the transverse

spin of the quark and quark transverse momentum
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T-odd TMDs—— Physical picture
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analogous pictures for the Collins and Sivers-type FF



Role of gauge field of QCD---gluon

» gluon rescattering between the hard part (H) and the
target spectator: form the Wilson lines (or gauge-link) to
ensure the gauge invariance of TMDs
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Non-Universality of TMD distributions

DIS: Final-State DY: Initial-State
e v q
: future pointing . pastx pointing
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» open issues regarding TMDs
- sign change of T-odd TMDs between SIDIS and DY

- Universality: TMD might not be universal when
probed through different hard scattering processes



TMD fragmentation functions

UET ¢+ € (0| U™ "
Btk = 572 [ gt Oy O X XIS O 0]

spin-0: A k) = {D“;{ +iEd W;M‘-J}

My, Kr [7/‘6— 7]5+} e k
e T - BTG NI TP - 1 R i e L. b1 1p"To
2P { M, L A |



TMD fragmentation--probability

spin-1/2

interpretation
polarization
quark hadron pictorially TMD FFs (8)
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unpolarized FF
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(A transverse
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Collins Function



Model calculations and extractions
for TMDs

@ model calculations for the nucleon:

@ spectator model: Gamberg, Goldstein 02; Bacchetta, Schaefer,
Yang 03; Gamberg, Goldstein, Schlegel 07; Bacchetta, Conti,
Radici 08.

@ constituent (light-cone) quark model: Courtoy, Scopetta, Vento 09;
Pasquini and Yuan 10.

@ bag model: Yuan 03; Courtoy, Scopetta, Vento 09

@ baryon-meson fluctuation model for the sea quarks: ZL, Ma,
Schmidt 07.

chiral quark soliton model: Wakamatus 09, Lorce, Pasquini 11

@ model calculations for the pion: ZL, Ma 04; Meissner, Metz,
Schlegel, Goeke 08; Gamberg, Schlegel 10. Bastami et.al. 20

Models calculations provide important insights on the
size and the sign of TMDs before the era of global fit



modeling T-odd TMD: Sivers function

T-odd distribution require the presence of the gauge-link
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outline

- Qverview on status of hadron structure
in terms of transverse momentum

distributions(TMDs)

* Phenomenology —— Physical processes
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Physical process: SIDIS
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TMD factorization holds at large @2, and P: = k. = Ao
Two scales: Pr < @?

TMD-PDFs hard scattering TMD-FFs

(Collins, Soper, Ji, J.P. Ma, Yuan, Qiu, Vogelsang, Collins, Metz...)

HERMES, COMPASS, JLabl12, EIC, EicC...



Observables in SIDIS:
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single transverse-spin asymmetries in SIDIS:
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Physical process: Drell-Yan

COMPASS, RHIC, Fermilab, NICA, AFTER...

factorization holds, two scales, M?, and gr<« M
. B -
doP ™Y =3 " fo(x1,k11; Q%) @ fa(wa, ki2; Q%) A6t

direct product of TMDs, no fragmentation process



Observables in Drell-Yan

Case of one polarized nucleon only
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Spin/azimuthal asymmetries

@ General form of the cross section (Target:
unpolarized/transversely polarized)
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SSAs measured at COMPASS Drell-Yan

€ Experimental measurements (transversely polarized target)

0.4?;3[00:\:5?0915”313- - - - Phys. Rev. Lett. 119, 112002 (2017)
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Physical process: e*e- annihilation
Belle, BaBar, BES-IIT .
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TMD factorization/evolution

@ General form of the differential cross section (CSS formalism)

Collins, Soper and Sterman, NPB 250 (1985) 199

b b q b o
10yq, - ") @t Wou(Q: ) + You(Q. 1),

Studied'by Collins et. al.,
PRD94,034014, 16’

¢ WUU (Q; b) dominates in the region g, K Q , all-order resummation

4 Yuu(Q,q.) provides corrections at (;~ ()



Unpolarized Drell-Yan process

@ The structure function Wy can be written as (in b space)

e

Wyu(Q:b) = Hyy(Q: u) Y e ff?;;ﬂ(.rﬁ. b: 1, () “fg‘;p(xp, b: 1, Cp).
q.9

¢ fﬁ;j ; 1s the subtracted distribution function in the b-space and universal.

¢ Hyy(Q; wis the factor associated with hard scattering and scheme-dependent.

¢ scale dependence of TMDs is governed by the TMD evolution

The way to regularize light-cone singularity in TMD definition and subtract
soft gluon contribution defines the scheme for the TMD factorization



TMD evolution

Just like collinear PDFs, TMDs

F(ZB, Qz) also depend on the scale of F(g;, k.. Qz)
l the probe = evolution

RCOH<ZU,Q7;,Qf) RTMD(ajaklaQian)

F(:U,lcgf) Flz,k1,Qy)



TMD evolution

@ TMD evolution for the (F -dependence (energy evolution)

0 Inf>"(z,b; p, (p) b Collins, Soper 81’
N = Kb [dilbi, Ji, Ma, Yuan 04’

a,Cr

K(bu) = — [ln(,u b*) —Ind + 2yg| + O(a?).

@ Evolution for the u-dependence

% ;C >
() fic =20+ Ol
dlnp TEAAXs\H))s
dlnfs‘lb(:v b; i, Cp) (2 s
1 ¥ ? — . R C
d Inp = yr(as(p); ”2) Y= a',-?f (5 —In (Ht)) + O(a3).

@® General structure of the solution

{ _ ) ,
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formalism of TMD evolution

Fourier transform back to the momentum space, one needs the whole b
region (large b): need some non-perturbative extrapolation

Many different methods/proposals

to model this non-perturbative part
. | ol a1 14 L
F(z, ki ;Q) = 22 / d’be L F(2,b;Q) = — f dbbJy(k b)F(z,b;Q)

27 Jo

* ¢ d Q°
F(z,b;Q) ~C® F(z,c/b") < €Xp {— /C/b* F‘u (Alnﬁ + B)} X exp (_Snon—pert(ba Q))

/ j transverse part l

transverse part Non-perturbative: fitted from
(perturbative) d;La/
Collins, Soper, Sterman 85, ResBos, Qiu, Zhang 99¢Echevarria, Idilbi,

Kang, Vitev, 14, Aidala, Field, Gamberg, Rogers, 14, Sun, Yuan 14,
D'Alesio, Echevarria, Melis, Scimemi, 14, Rogers, Collins, 15, Pavia
group 17.. mostly for the proton case



nonperturbative part

Snon-pert (b Q) parameterized as  g;/p(x.b) + gK(b)lng

Qo

parametrize the nonperturbative large b
gj/p(x.b)  behavior that is intrinsic to the proton
target (intrinsic transverse momentum)

g (b) Paramefrize the nonperturbative large b

| behavior of the evolution kernel K(b;p)
should be universal: independent of hadron
types, partons, poliarizations



several parameterizations of Snon-pert(b;@)

» Brock-Landry-Nadolsky-Yuan (BLNY) parametrization 02

(91 + + 9193 In(100 21 22)) )b

» Sun-Isaacson-Yuan-Yuan (SIYY) parametrization 14

ol + g3b® ((wo/21)* + (zo/x2)")

» Echevarria-Idilbi-Kang-Vitev (EIKV parametrization) 14

S (b, Q) = b? (;ﬁ[’qf

> Bacchetta,-Delcano-Pisano-Radici-Signori/PaVia
group (BDPRS parametrization) 17

: 1 19 Ag? b2

gk(b)  almost same ( g,b?) in different parametrizations

gi/p(x,b) quite different



TMD fit of unpolarized data
in most cases the TMD evolution is implemented

Z

Framework W+Y HERMES | COMPASS DY . N of points
production
o 00 s | LONLL W X X v v 98
omosoasos | NLO-NLL [ way X X v v 08 (7)
RESBOS 1l NLONNLL | way X X v v >100 (?)
arii?rﬂascia[.);?c}? LO W v X X X 15638
a;?g:gffg;; L8 i (Sepe::atefy) (sepa.r/ately) i i 652?864(%}
aﬂi“fﬁéﬂi; NLO-NNLL W X X v v 223
a0t | Lo W 1 Q2 bin | 1 (x,Q2 bin v v 500 (?)
Y201 1 ONLONLL | way X v v v 200 (7)
arxf\?:i?oggl)?fﬂ LO-NLL W v v v v 8059
arXii\f?%g.1071473 NNLO-NNLL W X X v v 309
BSV2019 I NNLO-NNLL| — w X X v v 457

arXiv:1902.08474

hard factors

perturbative part of Sudakov form factor




TMD effects in unpolarized SIDIS and pp Drell-Yan
Pt distribution in lepton-Nucleon SIDIS
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Pavia 2017
JHEP 1706, 081

bands are the 68% C.L. uncertainty
from the 200 replicas of the fit
function

= (2)=0.24 (offset=5)
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Q- dependence in Z production
Bacchetta et al, JHEP 1706, 081

CDF DO CDF DO
Vs=18TeV | +s=18TeV Vs=196TeV| +s=1.96TeV

1/o doldqr[GeV ']
o 8

—
(=]

5 10 15 20 5 10 15 20 5 10 15 20 &5 10 15 20
qr[GeV] qr(GeV] qr(GeV] qr(GeV]

Due to the higher Q = M, the range explored 1n qy 1s
much larger compared to all the other observables



Unpolarized process: pi-Nucloen Drell-Yan

Jm
@ Fit SIJ?P (Q,b) to E615 gy data, use SIYY parameterization = Wang, ZL, Schmidt, 17

gfr =0.082+£0.022, ¢5=0394+0103, 91 <91, 95 =Gy
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prediction of qr distribution at COMPASS DY

d*o > dbb —
= —J b Wi 0]
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% [ ¢ Tlee- Experiment measurement
< q ===« Theoretical estimate
3oL ! -
—l b I COMPASS 2015 -NH, data |
: 43GeV <M, <8.5GeV
04F -
02F - -
00 ' PR S WY W N Y WY WY T NN T TN TN TN N SN ST W SN N SN SN NN SN NN NN SN T 1 ]
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Wang, ZL, Schmidt, 17



extraction of polarized TMDs

Type of TMDs | SIDIS ete Drell-Yan | TMD evolution
2015 | oo | Y | Y | X X
i I I I
L%r:ilr;o Sivers v X X X
2BOP2V1 Sivers v X v v
zlc_)“(l)lg Boer-Mulders X v X
2BON:ILIZ Boer-Mulders v ) 4 v X
oz | Phek | x| v | x x
2C0K2To Dir (2 k) X v X X
oo | P | x| v | X x




extraction of sivers function with TMD evolution

Dataset name | Ref. Reaction # Points | Av.Uncertainty
0-08- HERMES =* 0.31 COMPASS 7DY T+voat | 179 12%
_ 0.06 - I - ~ o o 6] a4+ o 1/9 1.1%
£ 0.041 ’ir? 47 e A @y ot | 179 3.4%
s 002 == _{_ L 011 L I dtiy K- | 1/9 5.1%
= E Bk 1 * : [ ~ (1
E E:-: “ﬂ':} T T #5 00 Gompsalt (39] p+a —=h 5 / 40 1.6%
< —0.021 pa9<:<07 ~ Plt7 b | 5/40 2.0%
=0.041 P,y < 0.23 (GeV) —0.11 pl+4" =t 11 / 64 2.6%
» | o w - 3.1%
—0.06 . ; — —02 — — Hermes [35] ”T = T I—+ 1'1 / Et“ “f
0.05 0.10 0.15 0.20 0.25 0.0 05 10 1.5 20 25 P+ = K 12 / 64 6.1%
z gr(GeV) Pty ak- | wys | 108
STAR W+ SHe' +4* »at | 1/4 13.9%
0.6 0.6 JLal ] s I e
o U Ht 4y o K| 174 7.0%
- 0.4 1 = 0.4 SHel +4* a5 K~ 0/4
- 3 SIDIS total 63
0.2+ . 0.2 CompassDY [40] ™ +d = * 2/3 12.2%
I Star. W+ pl+p— Wt 5/5 16.1%
0017 1 0.0 Star.W- 43 | ptepow- 5/5 32.2%
T T r v T T T T Star.Z pl+p— ¥ /Z 1/1 33.%
0 2 4 . [i-_ o] 10 0 2 . h 8 10 DY total 13
ff?'{("‘\ ) l‘”'{f_;l'\ ) Total 76

Bury,Prokudin,Vladimirov 21

1l
lT]SIDIS - _[ffT]DY used

N3LL accuracy




test the sign change of the Sivers function

STAR Collaboration, PRL 116 (2016) 132301

< [ STAR p-p 500 GeV (L =25 pb’) < [ STAR p-p 500 GeV (L =25 pb’)
08195 <P} <10 GeVic 08095 <P} <10Gevic

-0.6F KQ (assuming “sign change”) -0.6F KQ (no “sign change”)

: Global y2/d.of.=7.4 /6 - = Global y?/d.o.f. =19.6 /6
-0.8 3 4% beam pol. uncertainty not shown -0.8 3 4% beam pol. uncertainty not shown
_1 C ] ] 1 1 1 | 1 1 1 1 | _1 C | 1 1 1 1 | 1 L 1 1 |
-0.5 0 0.5 -0.5 0 0.5

yW il

global analysis with and without sign change
Bury,Prokudin,Vladimirov 21

fir py] = —f iT sipis] | f ir ipy] = Hfir(sipis)
/e 0551030 O
p-value (CF) 0.74 0.44
p-value 68%ClL [0.60, 0.34] [0.28, 0.08]
p-value 68%CI (SIDIS) 0.67, 0.42] 0.53, 0.11]
p-value 68%CI (DY) [0.56, 0.17] [0.68, 0.02]

No conclusion on the sign-change yet



Global fit of tranversity & Collins FF

Kang et al (2015)
0.04 Anselmino et al (2013)

Kang et al (2015)
Anselmino et al (2013) ==eeeeees

unfav
S
o
o

-0.04

0 0.2 0.4 0.6 0.8 1

X 0

from SIDIS + e‘e data:

TMD evolution (—) and . fd2 ‘pL‘H-th/J(zh,pl).

PDF evolution (-+-)

h/_; (Zh) = —ZZMhth(/J (Zh)lTrento

different extractions in good agreetment



summary

Study on hadronic structure, particular the 3D
structure in momentum and position space, are
extremely active in the past few years

» Future measurement on unpolarized and polarized
SIDIS and Drell-Yan at existing and planned
facilities combined with phenomenological analysis
can provide more precise information on the
parton structure inside hadrons
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’I Transversely polarized process

@ The transverse single spin asymmetry can be defined as

Spin-dependent Spin-independent(Unpolarized
dﬁb o ¢

d*o -
= W (Q:0) + Yo (Q, q0).
102y, UD/(QW)QE vu(@:0) + Yyu(Q, q1)

[{4AU iB.cin (Fb ; "
Qdyq, ~ Lol / e W@+ Yir(Q ). Sivers

Asymmetry



‘I Transversely polarized process

€ Spin-dependent structure function

Wor(Q:b) = Hur(Q: 1) Y et fraja(wm by 1. Cp) figapy (s bs . Cp)

q.q

Hyp(Q: p) =Hyy(Q: )

Sivers function

-
> La(DY) T R
forgs ks 5, G = /d e fip g (@ e ) in b-space

M,

TMDs follows the same evolution equation in the perturbative region.
400Y)" can be written in a similar form.

The evolution for fm i

Echevarria, Idilbi, Kang, and Vitev, 14" f(z,b,Q) = F x e~ X fla.b, pp)



TMD evolution of up quark Sivers function

x=0.1

a ; i T
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Evolution of pion TMD

~; ffmT g

';/W(fl?. b: Q) =c 3 Spert (Qb:)=S\p  (Q0) F ) Flas(Q)) ZC’JLL & fih(ﬁ’?aﬁ-‘-b)

,_\ij.l ...................... ,*'....,....,....,....
% - Qi=2.4Gch

% — Q=10GeV?

27 == Q' =1000GeV’
Z%: 1
“""‘-.,___ 1
1
....I....:l;....A....;....6

k (GeV)

» the peak of the b-dependent distribution function moves towards the higher b
region when decreasing energy scales
» At high energy scale the distribution has a tail falling off slowly at large 4,

Wang, Lu, Schmidt, JHEP 1708 (2017) 137



Transversely polarized process

€ TMD evolution of the Sivers function

1-IJ""I""I""I
— Q224G
9 ggl = QE10GeY ]
L . 2 2
) -+ Q=100 GeV
2 x=0.1
As 06k
04+
02+
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1 2
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Wang, ZL, PRD 97, 054005 (2018)
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& Sivers asymmetry in TN Drell-Yan

d* Ao d*c
1 = e L
dQdyd-q, | dQ-dyd-q, Wang, ZL, PRD 97, 054005 (2018)
03 ———— . . . 0.3
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twist-3 distributions

@ quark-quark correlator at twist-3 (Bacchetta et.al, 06):

M , €7 P, 514
O(x,pr)=...+ SpT {t‘f — e — f'-’-f- ﬂ;
b o L €T YoPTo
P sy, E
po
f A @ -lm-ﬂ — gt w
MEANER Sl Pyl e Ry
[y s 1 [Srbr]vs | o [ 4]
he fi ]
e SR Y v
T-even T-odd
g\N| U | L T g\N| U | L T
U | [ U f | fr. fr
L 97 | g1, 97 L |g
& e hr | hr, hy T h &r. ; f',fr’%

no parton probability intepretation




Wilson lines -- details

A __—~ eikonal line
. . final state
> interaction
TN —F  R=P k—ILP " k-P (|n SIDIS)
ifrg—J+m . G+eyt i eikonal
N2 _ 42 : ]+ - : _J+ :
(k+qg—-10)*—m?* +1e 27 (k+q)” +1e 2 =" +1e pr'opagaTor

d*¢ d'n

AU(‘D p1) = o 20y e P=PE P (P,S|;(0) A" (1)) yri(£) |P,S )

] tﬂ .G'..lP _ _
( Uleoty ( ) d HA(DGA(P Pl) /dm] 6("? —§ )
g) P-n xX1—

) ”}EU’SW(O)’ 1gfd/l nA“(§+/ln)t W(€) IP.S) gauge
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correlation in mean transvers momentum

0.24}
{h I Bacchetta, Delcarro, Pisano, Radici, Signori arXiv:1703.10157
2 Signori, Bacchetta, Radici, Schnell arXiv:1309.3507

2 Schweitzer, Teckentrup, Metz, arXiv:1003.2190

4 Anselmino et al. arXiv:1312.6261 [HERMES]

3 Anselmino et al. arXiv:1312.6261 [HERMES, high 7]

6 Anselmino et al. arXiv:1312.6261 [COMPASS, norm.]

7 Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.]
8 Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)
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Non-Universality of TMD distributions

L{(’Ejrm) Uu"- (07,00~ OT)U (01, coT;007 ),

= Fi—
U@ bser) = Pexp|—ig [ dcA% (¢ 0% er)|

i bT

U (ar,br;c™) = Pexp —3'9/ dCT’AT(C_uO+aCT):|'
L aT

Ty

[6_1 O:_: é’T]‘

‘ gauge-link in SIDIS
1 . n_ (future-pointing)

in Drell-Yan process (hhy-> 1" X')

o —g-Rby" iy
2[7(g — k)~ +1e 2 =" — 1€

nr

[g_a O:—a £T]

i n_

gauge-link in Drell-Yan
(past-pointing)



T-odd fragmentation functions

+ four diagrams contributes to the imaginary part
(unlike the distribution functions)

R,

+ d ‘ b +H. ¢.
k f/i ;/1 ‘ \
(d)
Collins(-related) function: chiral-odd
(};1{11' 1y 7.9% 1 TRl L . d— 1
= H (2,k3) = ETI[Q:J{;.L]'];H Ys5)-
——This work
0.08 [ - - - -BGGM E
. - t----- Anselmino et.al. ]
half kT’momenT ;ﬁ 0.06 - .
L(1/2) o [ 2, |ET| 11, .2 " el -
H; " Vlg)=2" / rf“k'.-;-jmh Hi (z,k7) ’ f;;fgﬁ?“”““ S
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Unpolarized process—solution

# Solution in b space Collins, Soper 81" Collins, Soper, Sterman 85’
Collins, 11" Collins, Rogers 15" Ji,Ma,Yuan 04’

/ 1 1 Qb hog gl

U — 5 per ,b* — i i
i Q=025 e )

b, ~ b at- ow } \4

CSS prescription b, = b/+/1 + b?/b? * | _
p p /\/ / max b* ~ bma.x a-t I&I'ge b /Jb — (_fo/h*

€ The way to regularize light-cone singularity in TMD definition and
subtract soft gluon contribution defines the scheme for the TMD
factorization

® Flas(Q)) , HyylQ:p) :scheme-dependent coefficients/factors
Prokudin, Sun, Yuan 15’

» Ji-Ma-Yuan (JMY) scheme: ]i,Ma,Yuan, PRD71, 034005; PLB 597,299
» Collins-11(JCC) scheme: . C. Collins, Foundations of perterbative QCD
» Lattice (LAT) scheme: |i,Ma,Yuan, PRD91, 074009



Sudakov form factor of the pion

/T
@ Propose a similar non-perturbative Sudakov form factor 5 fi L (Q.D)

for pion TMD

q/?T
S — girbz + g ]nﬁlng Wang, Lu, Schmidt, JHEP 1708, 137

Qo

g™ (b) = grb? contains information on the nonperturbative
! transverse motion of partons inside pion

@ The unpolarized TMD distribution for the pion

q/m
7 (5, b Q) = ¢ 35 (@0 =Sk @D F(a(Q)) Y O £ ()

dbb
Fajelanksi@) = [ TERLD I 1:Q).



Experimental measurements

@ Pion-N Drell-Yan: early measurements (Unpolarized)
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Recent COMPASS measurements

€ Pion-N Drell-Yan: Experimental measurements (Unpolarized)

counts / 0.05

x10’

COMPASS 2015 NH, data
43 <M, /[(GeV/c?) <85

X distribution of dilepton events

counts / (0.20 GeV/c)

PRL119, 112002 (2017)

x10°
s COMPASS 2015 NH3 data
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beam-spin asymmetry (fwist-3)

HALRON PROGUEC TN PIANE

4 i\ : SIDIS cross section for an unpolarized target:
/ ? ,, -> Contains model independent structure functions
y A do
= K(z,y,Q){ Fovr +Fyu,s
‘I'-Jl"ﬂ'l.\'-h‘. ATTERING FLANE de dQ2 dz d¢h dpiJ_ ( j yj Q ) UU? UU’
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CLAS12 measurement
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Mao ZL 14

Mao,ZL 14

Bastami et al, 2(
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data compared to models
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