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Introduction to TMD factorization theorem



Why TMD distributions?

o Low-g7r measurements. Transverse dependence of partonic distributions cannot be
neglected.

o TMDPDFs encode non-perturbative information of the hadron than ordinary PDFs.

@ In this work, we consider unpolarized Drell-Yan reaction.
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Composite background field method

@ Hadronic tensor for Drell-Yan:

v d4 —i v
W= 3 [ 5255 b )X (XIS (O o)
X
JE=gvka, Y=gk (1+°) + el (1—-7")

@ Write the hadronic tensor in the path integral formalism. Split original QCD fields
into two background and one dynamical component

q(x) = qa(x) + ga(x) + ¥ (x),
A(x) = AL (x) + AL (x) + B*(x)

* Background fields obey equations of motion.
* Dynamical fields should be integrated out — leads to the computation of the
electroweak (EW) current.
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Power counting rules

o Let A be low-energy scale of QCD, such that A ~ A/Q. TMD factorization is
derived in the limit

2 2 2 2
Q° >N, Q° > q7,
where @* =712 — g% =2q7q™ + q%.

qHN{1717A}Qy y}LN{1717A_1}Q_17 qul

@ f-collinear and n-collinear modes:

KES{LAAQ, K SV LANQ

@ “Good” and “bad” spinorial components (Y" =n-v, v~ =fA-7):
¥
éﬁ:P—qﬁy nﬁ:P+qﬁ7 gn:P—qna 7]n:P+CIn7 Pi: 2
2
571/n~>\7 nﬁ/nNA
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Electromagnetic current at NLP

o LP current is just two “good” components.

Jﬁtp = gﬁ')#fn + gn'}#fﬁ

@ Diagrams contributing to NLP current are

i

z 07
Jlﬁnematic NLP — T ”“fﬁgfn - ”“fn fna

Fierie = €&t (D — =) &0 —igls [ = = 25 ) Aurés
genuine NLP nrta, T 8:7 i n n i i A, TSA
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TMD correlators (1)

o Twist-2. T' € {y",7™% ic*"~°}

olil(z,b) = (p, s|EW' (zn + b) 5 WE(O)lp )

o Twist-3.

_ r
4)[21;],#({2}7 b) = g(p, S|§[Zln + b7 zn+ b]FH+ WT(Z2n + b)EWT5(23")|p> 5>7

of7,({2}. b) = g(p. SEW' (210 + b) 5 W(zn) i lzam, zsnlé .5

@ Wilson line in the light-cone direction:

W(x) = Pexp (ig /0 o Av(x+ an)>
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Renormalized TMD correlators

@ TMD correlators are parametrized in terms of TMDPDFs (in momentum-fraction
space).

ol (x, b) = fi(x, b) + ie" bust, Mf5(x, b)

@ Renormalized TMD correlators depend on two renormalization scales.
@ Ultraviolet (UV) scale, p.

@ Rapidity scale: ¢/ for ii/n-collinear hadron.

o Evolution equations.
Mzdd O ({2}, bi 1, Q) = Gn({zhwi 11, ) + Sm({2huas 1, ) ({23, i1, €),
¢ Cq’EVFA]A({Z},b:u,O = —D(b, )N} ({2}, b; 11, )

Correlators with different twist configurations do not mix in the evolution.
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Hadronic tensor up to NLP (1)

@ Factorization: W"" ~ (Hard coefficient) ® (7-coll. hadron) ® (n-coll. hadron).

—u 1 72
W = ;Cee e >

n,m

— —_ + — - -
Tr (VZF;’VZ‘/Fn ) ol (1, by pa, C)‘DEM](XL bip, O) + ... },

4 /112 n,m q_

x 00100, 51,0 (0 + %500 (¢ ) ) B 0o )+

—~ 1 2 a*Tr Pfj; V/fn + n’Tr “Fm /F
wer o = Lo, (L) Z{ (el'mreln) (vel'mretn)

1
v —i
g‘f\ij T durdupduzd(uy + uz + u3){

-1

(CAT22(7 ) = iy T3, )] (50— wyoli L2 ..

Py
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Power corrections

@ Three types of power corrections: A/Q, kr/Q, g7/Q. [A. Vladimirov, 2307.13054]
* N/Q — higher-twist contributions.

* k7/@Q — parton transverse momentum.
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Kinematic Power Corrections

@ For the unpolarized TMDPDF f;:

2
Wélpyc’flfl ~ Crp (%) /d£1d€2 / d*kid* ko (5(4)(q — ki — ko)
3(ki" = &pi)d(ky — E2py )o(kD)S(K3)
[((kike)g™ — Kk — kD) JEr, ki Ol ki, @)

where &1, = €12(kirT, k37).

o Comparison with LP.
2
Wi gs ~ Cup (%) /d2k1Td2k2T §P(ar — kit — ko)

fl(le kT;N’? )fl(X27 kT;N‘v )

@ Restoration of gauge invariance and frame invariance.

0 W o~ (e + ) (ko) — kiKY — K kE) = 0
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Why g71/Q correction

o Compute the angular coefficients.

4mal "o
do~ Y TaSi(0,6),  Ta= o (-@) Y S Wz AiAe
G,G’

o Twist-3 TMDPDFs are almost impossible to extract from data.

@ So far, the cross-section is described in terms of the KPCs.

@ We desire to improve the theoretical prediction for higher values of gr.
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Leading TMD approximation



Introduction to leading TMD approximation

o Twist-three TMD correlators exhibit singular behaviour at b — 0.

~ 1 L -
cl)twist-3 = ¢twist-3 + *¢twist-27 lim ¢twist-3 = finite
b b—0

@ Second term produces g1/Q correction.

doNLP g&gNLP 4 ﬂdUL—TMD

Q I

—gNLP
do

AL
Q
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Theoretical approach

@ New twist-3 TMD correlators:
~ bY
Do p(x1,2,3, by p) = Pa u(x1,2,3, b; 1) — E[S. ® P11]uv(x1,2,3, b; 1)

such that lims_,o ®0), (x1,2,3, p) = finite.
@ Operator Product Expansion (OPE) for the twist-2 TMD correlator:
®11(x, b) = Go¢(Lp; prore) & fean(X; pore) + O(b?), Ly = In(udpeh?)
This relation can be inverted perturbatively (set pope = p):
feonl(x; 1) = Gy ¢(Lbi 1) ® 11 (x, b) + O(b%)
e Twist-3 OPE:

bl/ v
L (1,23, bi 1) = 15 G (Lvi 1) ® fon(x; 1) + O()

o Altogether:

[Se © ®11]"" (31,23, bi 1) = Ch7(Loi 1) ® Cy5(Lbi ) @ Pra(x, b)
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LO calculation (1)

@ Quark contribution.

Fiut

Left:

. e F e% fe%
ig?Cr / dy §(zin+ b) 5 P-$(zsn — y)(057" = n"y7.)a(y) 9 D(y — 220 — b)
Right:

. - « « l—‘
ig? / dy §(y)(0i7" = n"yr)$(zin + b — y)Pi 5 &(23n)0a Dy — 22n)
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LO calculation (1)

@ Gluon contribution.

Pt

Left:

—ingF/ddy Tr{P,$(23n_y)ny$(y—zln—b)P+g}FM+(zzn+b)Ay(y)

Right:

,ingF/ddy Tr{P,$(Z3nfy)'y”$(ylenfb)P+g}FM+(22n)AV(y)
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Matching twist-3 TMDPDFs onto twist-2

@ We got some expression from previous diagrams. For example:

= 3.0 % 25 (00, ) — 0, %)

quark

—_ +
X E Tr {I‘k <fyu'y,, - i—j'yy'yu) F} ¢'[111k](—xl, b) + O(b°, a3)
K

¢[2F1],H(X1,2,37 b; 1)

o First, substitute parametrization for the twist-2 TMD correlator. Then, compare
with the parametrization for the twist-3 TMD correlator.

We get twist-3 TMDPDFs in terms of quark and gluon twist-2 TMDPDFs.
Notation: 8 = 0(x;, x;) — 0(—xi, —x;).

22, Crbos (Xl — S f(—x1, b) — 2fi(xs, b))

X1

n 1
fs :W[

L-TMD

+ %ngfg(—XQ, b)} +0(2%)
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Final result

@ gNLP coefficients in the L-TMD approximation.

- 8ra? -2 Il
e = ST S gtagag| 2Tl se 256 gk,
3N.sQ Q
f,G,G’
a 87TCM2 —4 ’ ’ ~
zl?: TMD _ em2 Z Q4AZA6/ |QT\ zf? zfg JE TMD
3N.sQ =, T

@ Convolutions finite at gr — 0. First TMDPDF evaluated at (xi, b). Second one
evaluated at (x2, b).

Ltvo 1 [ bdb 72\ ~2D(bk)
JE = 5/0 -, (Jo(blarl) + L(blarl)) (5)

Sqq®ﬁf_i:tsqq®f_ifi7ﬁsqq®f_i:Ff_isqq®fi
+5qg®fg(f1ifl)_(ﬂiﬁ)5qg®ﬁz}

@ Quark and gluon coefficient functions (at as order):

sag(X) = % sg(x) = as(1— x), 5@ F(x) = /1 %s(y)f (;)

X
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Theoretical prediction vs. experiment

o Coefficient A1 = X1/Xy. [A. Arroyo-Castro, |. Scimemi, A. Vladimirov,
2503.24336]. Measurement at Q € [80,100] GeV made by ATLAS, CMS and LHCb
during the /s = 8 TeV run.
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Final remarks



Final remarks (1)

@ Conclusions.

‘ gt/ Q correction is “hidden” in twist-three terms‘

‘ Leading TMD approximation is in complete agreement with data ‘

A. Arroyo Castro qT /@ correction for DY 4 March 2026 23 /31



Final remarks (Il)

o What are we working on?

Leading TMD approximation is complete agreement with data

o Long-term goals? Compute q3/Q, q3/Q3, etc.
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@ https://indico.fis.ucm.es/event/37/.
e Hadron tomography and EIC and JLaB physics.

QCD

evolution
2

«O» «Fr « E»

« =)

DA




Thank you for your attention!
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Back up



Composite background field method

Path integral. (Anti-)causal sectors.

@ We split fields into background (which obey EOMs) and dynamical components:

g = g 4 gl 4

+) _ Al
AR = A L A BH

Background field gauge:

DA + AS1BEH = .

Hadronic tensor is matrix element of effective operator:

v s _js(=)
Lo (v) ~ 187 [gl(y) I g) (0) € .
q=v+95+an

o Light-cone gauge:
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gNLP angular coefficients

S TP = S8 TR 4 65 )] — 2055 TE (v + hohi )]
+258 Tl {figs + g5 fital — 2rS T [{hihg + hehi-}al,

a i = 255 TEUAR + 6 A)s] 4 2irS T [{h he + hahi }s]
+2¢ q J1 [{flgz +g fits] — 2irf§ jll[{hlth + hehf}sL

s =255 I {figs + g Ays] - 2irS T [{hihe + hohi )]
—2% TR +f fi}s] — 2ir®S T/ [{hihe + hahi }s],

Q !

4MngNLP = +q A [{figs +g5filal — 2rff JF{hihg + hahi-}a]

—28 AR + 6 Aal + 208 T/ [{hhe + hohi }a]
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Matching of twist-three TMD distributions

A [435CF923 (=1, b) — i, 5)) + a0 ™2 (e, )},
g =0,
i = b2l\1]2 [4a5 Crl23 (fl(th b) — fi(xs, b)) + aﬁm%fg(*xz, b)} )
& =0
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Kinematic Power Corrections

o Ratio between KPCs and LP Drell-Yan cross section at gr = 0 [A. Vladimirov,
2307.13054].

L.40 1.40

_ "if__{'m‘t; 3 dﬂ__fKPC
L35F Tdeyp L35F “diyp ARTZ3
1.30 1.30
1.25 1.250
1.20 1.20F
1.15 115}
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@ Fraction momentum.
2 2 2
X: K2 k> A kir, ko7, 72)
1 1T 2T
G=5 |1+ S T Lt
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