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Introduction to TMD factorization theorem



Drell-Yan reaction

o ha(p1) + he(p2) = v*/Z*(q) + X = £~ (1) + €+ (/") + X.

o Differential cross section and angular coefficients.

do

vyp/GG’
Figda ~ 2S00 Ty~ SUW

v d4y —i v
wis = [ 25ie ™ b () Ol )

@ Split original QCD fields into two background and one dynamical component.
q=qi+ g+, A=A+ A7+ B
Background fields obey EOMs. Dynamical fields must be integrated out.
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Power counting rules

@ A is a low-energy scale of QCD. TMD factorization is derived in the limit
>N,  Q@>dq7,
where

P=q¢, ¢=1"-47. 1=2"¢

@ fi-collinear and n-collinear modes ({k™, k™, kr}).

KSR K SDALAQ A~ g
Same power counting for gluon fields components.
@ “Good” and “bad” spinorial components (Y" =n-v, v~ =f-7).
+
7" T~ 2 Y 1
n — n’\‘>\7 A= nN>\> e Y | Aﬁﬁ
&=-—>-q 7 — 4 n > D+[Aﬁ]¢r[ 13
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TMD factorization at LP

@ Leading term of hadronic tensor.

P 2 _ __ + —r— _
Wi ~ Cup (%) {Tr (VZFMZIFn ) ol (xq, bi 1, BN (0, by 1, C) + C-C-}

Twist-(1+1) TMD correlator.

o d\ —ixApT = N
o6 = [ D (o, oEW I (An-+ B) WEO)]p.)

@ Unpolarized case, ¢'[ﬁ+](x, b) = f(x, b).

Wie s ~ Cue (;) /d2k1rd2k27 §P(qr — kit — kar)
[fl(Xh kit 1, Q) (2, kot 1, €) + c.c]
@ Gauge invariance is preserved at LP, but broken at NLP.
au Wiy’ = O(\)

e Valid only for g7 < @ — power corrections!
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Power corrections in TMD factorization



Power corrections

@ Three types of power corrections. Each triangle of the pyramid has the same power
counting in A. [A. Vladimirov, 2307.13054]

* N/ @ — higher-twist contributions.
* kT/Q — parton transverse momentum.

* g7/ Q — transverse component of gauge boson momentum.
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Kinematic Power Corrections
o k1/Q, k¥/@?, etc. correspond to transverse derivatives of twist-two TMD
correlators. This series can be summed up.
@ Unpolarized case.

WKFl’/C fifi CLP( )/d£1d£2/d k1d kQ q— kl — kz)

(kl —§1P1 ( —&apy )5(k1) ( )
‘((k1k2)g — ki'ks — ki k) [ kT, Q)R (&2, kT, Q) + ]

22
where &2 = &10(kiT, k7).
@ Restoration of gauge invariance and frame invariance.

uv _ uv _
GuWpc rr, = (ki + ke )Wipe 1, =0
o Numerical improvement as g7 — 0, but also for small values of Q.
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Leading TMD approximation



Introduction to leading TMD approximation

@ The genuine NLP hadronic tensor contains twist-three TMD correlators.
- r
o) ({2}, b) = g{p,slélzn + b, z2n + By W' (z2n + b) 5 We(zsn)p ),
= T
ol ({2}, b) = g(p. sIEW (210 + b) 5 W(z2n) Fyi[z2m, 23l p. s)
@ These twist-three TMD correlators behave as 1/b in the b — 0 limit. The idea is to
make a redefinition of twist-three TMD correlators.
M _gn b iy B i
by, =93, + E[S ® 2]y, tl}m) &, = finite
The kernel S can be computed perturbatively.

o Integrating over the transverse distance yields

doNLP (758'\“-" T ﬂdUL-TMD a\g’\“-P

’ g ~ A
Q Q
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Operator Product Expansion (OPE)

© Write the twist-three TMD correlators in the path integral formalism and apply
background field method.

q—q+9, Ap = Au+ By
The QCD action splits as
Sacolg + ¥, A+ B] = Saco[q, Al + Sco.[B, Y] + Sint

Last term contains interaction terms between background and dynamical fields.

@ Take leading order (LO) term and fix light-cone gauge (A = 0). Take terms from
Sint and contract dynamical fields.

© After computing the integral, restore gauge invariance.
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Quark contribution

@ Twist-three TMD correlator.

q q q q

@ Projection onto twist-two quark TMD correlator.
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Gluon contribution

@ Twist-three TMD correlator.

q q q q

@ Projection onto twist-two gluon TMD correlator.

Fut
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Projection of twist-3 onto twist-2 (1)

o Notation: 6; = 6(x;, x;) — 0(—x;, —x;). Twist-(142) TMD correlator:

Cr X i
q)[ll;]-u STy b2 6'12Tr |:Fk <'YTM’YTV - *I’YTV'YTM) F} q)[11k](x3a b),
i quark X3
ol] s b g T [ (2405 — 29595 ) 7T | D pa( =0, b)
12 gluon 4 b2 X2 X2 pex ’

@ Technical note: special rapidity divergence must be subtracted. Substitute the
parametrization for the TMD-twist-(1+1) TMD correlators.
+
ol (x,b) = A(x,b) + ...,
+.5
ol by = ...,
Ot+,y5]

ol (% b) = i€3" b, Mhi (x, b) +

a+ 5}

o Find the corresponding expressions for ' € {y",y"+° ic
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Projection of twist-3 onto twist-2 (I1)

o Compare with the parametrization for the twist-(142) TMD correlator.
+
¢[12 J(X1,2,37 b) = ib#szle(M 2,3, b),
O} (103, b) = — i€k b M gi(x12,b) + ...,

¢[11§’u v ](X1,2,3, b) = €¢aMh12(X1,2737 b) ...
+ (b*5P + b)Y bsMPhiz(x123, b) + . ..

o After some combinations of distributions, we get twist-three TMDPDFs in terms of
twist-two ones.

Rl = [4&023(&( 1, b) — il b)) + L0ty )],
L-TMD

Fr 4CF023(Fi (=1, b) — fi(xs, b)) + 2013, (—x2, b)

2| o b2M2 Fba3(fi(—x1, 1(X3, x, le(=xe,
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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. experimental data

o Coefficient A1 = X1/Xy. Q € [80,100] GeV; ATLAS, CMS and LHCb; /s = 8 TeV
run. [A. Arroyo-Castro, |. Scimemi, A. Vladimirov, 2503.24336].
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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 ‘
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Final remarks (Il)

@ What are we working on?

Compute kTqT/Q2, k?—qr/Q3, k;’—qr/Q“, etc.

o Long-term goals? Compute q7/Q%, g%/ Q7 etc.
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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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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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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
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2 2 2
X: K2 k> A kir, ko7, 72)
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G=5 |1+ S T Lt
2 T T T

A. Arroyo-Castro qT /@ correction for DY 13 May 2026 28/28



	Introduction to TMD factorization theorem
	Power corrections in TMD factorization
	Leading TMD approximation
	Final remarks
	Thank you for your attention
	Back up

