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Transverse momentum dependent = TMD
TMD distributions measure
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TMD factorization describes pr-spectrum of the "double-inclusive processes" at small-pr,
where the transverse momentum is dominantly generated by the intrinsic motion of partons.
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TMD factorization formula (in ¢-prescription)

Rapidity TMDs
anon(lalous dimer)lsion F ~ (P|q[staple link]q|0)
CS-kernel
\ l |
i(b-ar)— 2D<b wyn( &
dPS ZHff( ) /d2 (C >Ff<—h($1: b)Fyrp(w2,b)
ft

» Formulated in position space (evolution!)
» FEach data-point is a convolution of three independent nonperturbative functions

» FEach function is responsible for a separate kinematic variable
DY SIDIS
dPS = dQ dqr dy dPS = dQ dgr dx dz
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Kinematic region of TMD factorization
Factorization regions
qr < 0.25Q TMD factorization
ar ~ Q> A

_ { qr S A
collinear factorization

nonpertrubative regime
qr > A

“resummation” regime
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[Bacchetta,et al,1901.06916]
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Currently the commonly used cut is gr < 0.25Q
To push it further one needs power corrections
[Balitsky,17-21; Beneke, et al, 17-18; Ebert, et al, 20; ...]
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Extraction of a TMD requires many experiments

Data points for unpolarized TMDPDF
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> 2< Q< 150GeV

» Drell-Yan (LHC,Tevatron, RHIC, fix
targets)

» SIDIS (Hermes, Compass, JLab)
» SIA (Belle, Babar)
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Extraction of a TMD requires many experiments

Data points for unpolarized TMDPDF
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Many different TMDs already at the leading power
Multiple physics topics (some are not transparent)

CS-kernel
D(b’ /“L) = _K(b7 /J‘)/2
hk) @ wek) @ - @
Unpolarized Boer-Mulders
L k) @—- @—| k) @— @
Helicity Kozinian-Mulders,“worm” gear

1 2
fi(x,kr) é é hekD é . 6 Nowadays
) ’ glr(X,k;) B ransversity k)

2 know something
ek @ - @ | T

Kozinian-Mulders,

Sivers “worm” gear Protzelostty about every TMD.
2 L 2
D1 (2, k) Hi (2, k) What can we learn
unpolarized Collins -
FE - from TMDs?
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Many different TMDs already at the leading power
Multiple physics topics (some are not transparent)

e - -
confining potential
CS-kernel \‘,,Lgmm
D(b,p) = K(b,p)/2 o
—————— 005
/ ( “'/\ ) /’7 ( \’/\ ’ 04 06 08 10 12 rx"m
o (x.k2) ., | At (xk2) - :ms // JAV,Phys.Rev Lett, 125 (2020) 19]
frr (x,k7)
t R
T g, (0, k;)
|

tensor charge

GLOBAL
SIDIS + 1A
SIS

02 04 06 08 &I ... 02 04 06 08 @
[JAM20,Phys Rev.D 102 (2020) 5]
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Many different TMDs already at the leading power
Multiple physics topics (some are not transparent)

Similar for gT(.t) [JAM, EIC YR]
N
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W(x,b, ,k;)

Wigner distributions

fan,/” Nﬂr
K
f (x ’kT )

transverse momentum
distributions (TMDs|
semi-ingds

f(x,b;)
lim f(z,b) = f()

impact parameter
distributions

Parton densities
inclusive and semi-inclusive processes
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TMD distributions are nonperturbative 3D functions
However, they match 1D PDFs at b — 0 boundary

r=10"
Foen r
R v Fucplz,b) ‘s ‘(_ b~B b
1 H 1 o )
: & IR 2
] ‘ I 29 28 i =
- 200 3
, P8 Sig o =
C£% S 2
1 ; o ;\ S 1l 5
> [ =Y ) =2 &
> | | £ el
! D e o |
- \E“fzm\% 5
ol g 120 T S
S E T~
Vi - e dent il
2 w=0 [N b

F(z,b) = [q(z) + as (p(z) In(b?p?) + ...) + o@“.]J +\b2... + ..

N
Lead.power OPE Higher power OPE
up N3L,O e.g. [V.Moos,AV,2008.01744]

F(z,b) = C(z,b) ® q(x) fn p(,b) eR
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The theory side of the TMD—PDF matching is known very accurately

Great progress in last 2-3 years

Extraction of

H = [
| = R 2 . 3
' o CH-R s » TMD evolution (CS kernel) N°LO
i 2T =
; § ] E;E ; “E E [AV,17; Li,Zhu,17]
1 - o T | 1 - .
- ISRt 3 » unpolarized TMDs at N3LO
L :g' & 2 | é [Ebert,et al,20; Luo,et al,19]
o' @ (] . .
= = | Tz » twist-3/4 computations
I n=0 a9 b
i = 1=
table from [Moos,AV,20]
Twist of Twist-2 Twist-3 Order of
Name Function leading | distributions | distributions || leading power Ref.
matching | in matching | in matching || coef.function
unpolarized fi(x,b) tw-2 filx) - N°LO (o) | [21, 22]
Sivers fir(2.b) tw-3 — T(—x,0,x) NLO (a}) [23]
helicity g1L(x,b) tw-2 g1(x) Ty(x) NLO (a}) [16, 17]
worm-gear T | gyr(z.b) || tw-2/3 91(x) Ty(x) LO (a?) [13, 14]
transversity hy(z,b) tw-2 hy(x) Ti(x) NNLO (a?) [19]
Boer-Mulders | hi(z.,b) tw-3 - T, (—,0,z) LO (a?) [14]
worm-gear L | hij (2,b) || tw-2/3 hy(x) Tn(x) LO (a?) [13, 14]
pretzelosity hiy tw-3/4 - Tn(z) LO (a?) eq.(4.8) eR
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Matching to PDF leads to high predictive power, but is also a pitfall —

Xu(x,Q), comparison » Different PDF set are different
» Especially in a “TMD-important”
e region z ~ 0.1 — 0.7
O socer i » Different flavor decomposition
: » As the result: SIDIS+DY fit [SV19]
[ PDF & FF sets [ /N, ]
HERA20 & DSS 0.76
T T T R HERA20 & JAM19 0.93
10° 107 10° N 10 107 1
NNPDF31 & DSS 1.00
NNPDF31 & JAM19 1.65
3
Result of a TMD fit is 100% HERA20 & DSS (N°LO) | 088
d dent PDF i !
e 1 use NNPDF31 & DSS (N*LO) | 1.31

w'n
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Obviously, one must include PDF uncertainty into the fit

Including PDF uncertainty “straightforwardly”

» PDF uncertainty is larger than the experimental precision
» e.g. LHC 5-7% vs. 1%

» TMD factorization formula (in comparison to DIS) is sensitive to different z-domain
» Strongly depends on the PDF set

2
s /. Xtotat/ Npt
L < SV19 fit
NNPDF+DSS
H SIDIS+DY
Npt = 1039
fit made for central replica
<+ distribution of x2 for 1000
replicas of NNPDF

0[‘) 1 2 3 4 5 eR
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PDF essentially changes behavior of TMD = PDF-bias

d-quark x=0.3

u-quark x=0.3

b[Gev ']
SV19 fit, 40 random replicas of NNPDF3.1 (same fyp)
fnp must be fit for each PDF replica

fnp must be flavor dependent
In some sense, fyp should capable to compensate issues of PDFs

So, together they form a TMD distribution with uncertainty band

W'R
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Flavor dependence of unpolarized TMD

» Complecated profile » Simple profile

» 5 parameters » Flavor dependent

»> no-flavor dependance » 2 parameters per flavor

_——
(+1 global)

M1 =)+ Xz,
M=)+ dow +2(1 —2)Xs o fnp(x,b) = exp (—ﬁb
wp(e,b) = exp [T HAawFall D), —
fnp(z.b) Pxp( Ve =
2 10 Xiotat/ Nt
K Xiotat/ Nt NNPDF3.1
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Flavor dependence of unpolarized TMD

DY only (457 points) DY only (457 points)
) SV19 model2 flavor-dependent model
input PDF . | x*/Npt input PDF . | x2/Np:
HERA20 0.97 HERA20 0.90
NNPDF31 1.14 — NNPDF31 0.97
CT18 1.26 CT18 0.98
MSHT20 1.39 MSHT?20 0.89
“ NNPDF3.1 e HERA20 dt ") MSHT20 e CTI18
L | 1 . . . “"n L , . ; .k . , . ; . m.a allll H”ﬂtnrrmz
Similar fit-quality for different PDFs! e
R
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Towards realistic uncertainty band for unpolarized TMD

m =HERA20 g =NNPDF31 g =CT18 g =MSHT20 90GeV

d'x=0.1

o 1 B 3 0 o 1 2 3 0 0 1 2 3

uBar x=0.1 dBar x=0.1

sBar x=0.1

The final uncertanty band is ~ x5 original SV19
Future direction: simultaneous fit of TMDs and PDFs eR
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Despite PDF-bias problem small-b matching essentially reduce parametric freedom.
It is not so for non-unpolarized TMDs, where collinear counter parts are unknown
In this case, one can use only the data as input (or models)

Example: Sivers function

» Notably huge uncertainties
» Can be used to determine collinear part = Qiu-Sterman function QR
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Extracting Qiu-Sterman function

b=0.11/GeV = p = 10GeV
1 2
Ty(=2,0,25 1) = - (1 + CF%(M;)%) Fisgen(@,b)

Ca(m) [dy[F . @ 39U o) (LT 2. 2 d
) [ g (500) + 2260 (<205 ) | + O(a2) + 002)

Ny
(G = (1Tl +|Tul)

B BPv20 PV20

EKT20 JAM20

Ty(—,0,2;10 GeV)
Ty(—,0,2;10 GeV)

B BPv20 PV20

_EKTZﬂ _]AMZO ) d
102 0.1 1 02 o1 1
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Extracting Qiu-Sterman function

b=0.11/GeV = p = 10GeV

Ty(0.zi0) = =+ (14 Cran(u) ) Firge o)

1
. d 3y°7
Seel) [T gy (20) + 26 (0.2, 00) |+ 0tad) + 00

Ny
(G = (1Tl +|Tul)

2
\ s
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—~ —~
] Z
O \ O
= N i
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Discussion point: anti-quark Sivers function ~ quark Sivers function
» describes SIDIS/DY puzzle
» Follows from models (e.g. [V.Braun, et al, 09])

» Not forbidden by intuition (Sivers is qgg-interference term)

HERMES 7+ STAR W*/Z
‘ ‘ ) w }
= ol L 05
> = . i £ i
T T T T
KN -
- 05 l % %: { ; ;}
= i ==
0.1 0.0
i R ! !
0013 H < z 2 1 68 10
F— : o5 { ar (GeV)
0 I BT
olebbe g | T e ”
I - —0.4 —02 0.0 02 04
0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 Y
SSA in SIDIS ~ 1-5% SSA in DY ~ 10'30°R
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Discussion point: anti-quark Sivers function ~ quark Sivers function
= one cannot confirm Sivers sign-change

fir(SIDIS) = —fi#(DY)

0.12f ] 7 Dreli-Yan

0.10} | ! '

008f ; O Xy = <o >\/\/\ >M
# 006} ! ’

2
B Xiow = ~foms

0.04f
SIDIS

%z& /)VH, q %1/ q
2 100 110 q/—»— q/—«—

flJ;_p(sea) — —fllT(sea)

More accurate data is needed eR
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Conclusions

The TMD factorization is vastly expanding topic
» On-going theory development
» Increasing detailing of phenomenology

» More and more connections to other QCD topics

Collinear PDF < TMDs interplay
» TMD extractions are sensitive to collinear physics
» Unpolarized TMDs could reduce the precision of PDFs
» Polarized TMDs potentially more precise information for higher-twist distributions
A model-independent extraction of TMD distributions needs accurate data (EIC, JLabl12)
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