Angular structure of Drell-Yan reaction
in the TMD factorization approach

Alexey Vladimirov

Complutense University of Madrld

59th Rencontres de Moriond 2025



figure from [Gehrmann-De Ridder et al.

. lepton plane
\//A\ / X

P 6,0 & "
M// \\/\: X z % P2 y/

hadron plane

2301.11827]

Q? momentum of hard probe

qr transverse momentum

y rapidity of hard probe

0, ¢ angles of lepton pair (in CS frame)

for TMD



Angular decomposition of EW-boson production

do _3 doV+t
dpZ dy” dm” dcos 0 d¢p T l6m dpZ dy* dm”

1
{(1 +cos® ) + 5 Ao(1 —3cos’0) + A; sin26 cos¢
1
+5 A sin?6 cos2¢ + Az sin€ cos ¢ + As cos6
+As sin? 6 sin 2¢ + A sin20 sing + A7 sin6 sin ¢}.

Reach source of EW information

» 1 integrated (normalization
& ( . ) » All possible combinations of
» 8 angular structure functions

Ao...7 couplings .
» (roughly) correspond to > Az, Ag ~ M—Z
different polarizations z
Z /~-boson

Hadron’s part

Collinear factorization: good description down to g ~ 20GeV
TMD factorization: this talk
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TMD factorization theorem adds partons’
transverse momentum into the description
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There are only 3 distributions at LP

do _i doU+L
dp% dy? dm* dcos§d¢ 167 dpZ dy? dm?

{(1 +cos’ ) + % Ap(1 —3cos?0) + A; sin26 cos¢

+sin20 cos2¢ + Az sin6 cos ¢ cosG

sin2 6 sin2¢ + Ag sin26 sin¢ + A7 siné sin ¢}.
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There are only 3 distributions at LP
do 3 doV+t

dp% dy? dm? dcos 6 d¢ “l6r dp% dy? dm?

1
{(1 +cos’ ) + 5 Aol = 3cos’6) + A sin26 cos¢d

1
~ hf‘hf‘ sin29 cos2¢ + A3 sinf cos ¢ cosG

ATLAS i sin2 6 sin2¢ + Ag sin20 sing + A7 sinf sin ¢}.
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There are only 3 distributions at LP

do _3 doV+t
dpZ dy” dm” dcos 0 d¢p T l6m dpZ dy* dm”

1
{(1 +cos’ ) + 5 Aol = 3cos’6) + A sin26 cos¢d

1
+sin29 cos2¢ + Az sin6 cos ¢ 059

sin2 6 sin2¢ + Ag sin20 sing + A7 sinf sin ¢}.
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Structure of power corrections in TMD factorization

Leading power (LP)

v
Next-to-Leading power (NLP)

N2LP

N3LP

Higher-twist
corrections

Kinematic
power corrections

i
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TMD-with-KPC factorization theorem

KPCs = twist-2 terms at gr < Q
» Restore EM-gauge invariance
Restore frame-invariance

>
» Same TMD distributions
>
| 4

Q|
ol

Same coefficient function

Valid in the same region as
L original TMD factorization
ar € Q

@ » lim dokpc = dopp
Q—o0

A It is descendant of LP term

03
2 0 =X
K
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Q3 \

I A

TMD-with-KPC
factorization theorem
[AV,2307.13054]
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Main difference from LP expression is the structure of convolution integral ]
do
KPC o |Cv(Q)? /d2k1d2k26(qT —k; — ko)
T

ppp(polarizations) F (&1 (z1, ki1 ,2), k%, Q) F(£2(x2, k1,2), k3, Q)

do
LP i |CV(Q)|2/d2k1d2k25(qT — k1 — ko)
T

pzlj‘; (polarizations) F'(z1, k2, Q)F(x2, k2,Q)

L= .

2

o ki — k3 + /(K7 k3, 72) 2 k3 — k7 + /(K7 k3, 72)
a=211+ : =214
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do 3 doU+L
AO & A2 dpZ d? dn” dcos0 g 167 dpf dy dn”

1
{(l +c0s%0) + 4 Ag(1 —3cos?@) ¥ A sin26 cos ¢
Vi |
1
+§ A> sin? 6 cos2¢ |+ A3 sin€ cos ¢ + Ag cosf

+As sin” 6 sin2¢ + Ag sin26 sing + A7 sin6 sin¢}.

J_
Az ~ (0% + a%)1 [2(k1) (dke) — (Kike) + .| [0 = a?)q M’; (2 + )q%]
2 1l
Ao ~ (v +a?); [kc';k H(vz_az)qhzl\/[f; +a2)qf5£1]

» Double-BM at leading power
» Mixing with fi f1
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Double Boer-Mulders part at LHC
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eh (b= 0.) » First (7) evidence of twist-three effect at
010 LHC
» Very primitive model is used, a better
0.05 fit is required
» KPC part is larger than the double-BM
0.00 part
o7 e e 1 » There is a quadratic ~ q2./Q? deviation
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» In “standard” TMD factorization N2LP
» BM-part is negligible

» KPC part describes it very well!

» Problems at large y

» There is quadratic ~ q% /Q? deviation
(same-size as in Ag)

Power for TMD 6 Feb 2025 11 /14



Lam-Tung relation= Ag — Asg

Ao~ Ay o

jellad
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Lo
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. By <2
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» Totally dominated by KPC

» TMD factorization work in a wider region (because Y-term is ~ a?2)
» Double Boer-Mulders part is negligible
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A 1 Problem with A,
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KPC + &£
Aq tot
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Ay and As have % corrections
[A.Arroyo, I.Scimemi, AV,2503.24336]

‘Works very well!




Conclusion

Power corrections for TMD factorization are important ]

» Systematization of the theory of TMD factorization
» KPC at all powers

» Leading ¢g7/Q correction

» Good description of low-g7 part of angular structures
» Evidences of twist-three effects at LHC
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Backup
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Different types of power corrections
[
o

o

&

200 1. g1 /Q-corrections
160 Y-term
120 .
2. A/Q & M/Q-corrections
HBO higher-twist
E 60 target-mass
co 3. kr/Q-corrections
20 kinematic
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Different types of power corrections
[

L)
S
5

1. gr/Q-corrections
Y-term

2. A/Q & M/Q-corrections
higher-twist
target-mass

3. kr/Q-corrections
kinematic

[AV,2307.13054]
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Different types of power corrections
[
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S
5

1. gr/Q-corrections
Y-term

2. A/Q & M/Q-corrections
higher-twist
target-mass

3. kr/Q-corrections
kinematic

[AV,2307.13054]

10 20 30 40 60 80 120
r(GeV)

A.Vladimirov Power for TMD



d
Kpo =10y (Q)F [ Pladkeb(ar —ka — o)
T

ppp(polarizations) F(£1 (21, k1,2), ki, Q, Q%) F(€2(z2, k1,2), k3, Q, Q%)

d
LP ﬁ = |CV(Q)|2/d2k1d2k25(QT_kl — ko)
T

p},‘; (polarizations) F(z1, k3, Q, Q) F(z2, k3, Q, Q%)

kr k2
Ppp = P;I?E +6 + ag + ..

restoration of g.inv.
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d
KPC ﬁ = [Cv(Q)? /d2k1d2k25(qT —ki —ka)
T

ppp(polarizations) F(£1 (21, k1,2), ki, Q, Q%) F(€2(z2, k1,2), k3, Q, Q%)

do
LP |Cv(Q)|2 /d2k1d2k26(qT —k; — ko)
dqr
phy (polarizations) F(z1,k3, Q, Q) F(z2, k3, Q, Q)
&
A4q;
k3 T2
usual LP 03
region n
a2
AN Ry ) : &
y o Re = >
" 0 o g
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KPC part explicitly [AV, 2307.13054]
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Important

» Restoration of gauge invariance v

» Restoration of re-parametrization invariance v
» still some redundant dependence on definition of TMD (for transversely polarized
processes)

» Note: for the unpolarized channel can be bootstrapped from LP term
» At ¢ = ¢ = Q% KPC can be resummed




Remainder: EM gauge invariance

9\ —
"W =0, =3 (q+ﬁ“ +q nt — z—) Wy =0
by,

Remainder: frame (reparametrization) invariance

AM A2 nt — n't =nt,
13 [T — = _ M __ .
L= T T e wl . A+ AP
q q at s>t =t 4 — — ————nH
T T at  2(¢t)?
For physical variables in implies (here for I)
Ak
kip — k'{p = K7, kb = Kby = kb — AF — ((k2A) — A?) —

2(kaA) — A2

;o
2q+q7 ) ) T2 — Ty = T2,

1:1—>:1:'1::c1(1+
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» Mostly change the normalization
» ~ 1% at LHC energy
» ~ 50 — 100% at HERMES

» Estimation for SV19 (¢ = 0)
2GeV?
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A do _ 3 doVtt
3 dp% dy? dm? dcos6d¢ ~ 167 dpZ dy? dm”

{(1 +cos 0) + % Ao(1 —3cos®) + A; sin26 cos ¢

1
+§ As sin? @ cos2¢ Ay cos@

+As sin® @ sin2¢ + Ag sin 26 sin + A7 sin@ sin ¢}A

(gk1) — (ko)

Az ~ (av)l(av)q[ 0

] [fiqfiqz — f1afiq)

» Similar to A4 but with Q! suppression
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= 3
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do 3 doU+E

A5 , o , 7 077 dy? dn? dcosf dp 167 dp dy? dn”

1
{(1 +cos?0) + 5 Aol - 3cos’0) + A; sin26 cos¢

1
+5 Ay sin?@ cos2¢ + Az sinf cos¢ + Ay cos 6

+|A5 sin” 0 sin2¢ + Ag sin 20 sing + A7 sin@ sin¢].

2(gk1)(gkz) — (kiks
As ~ (v2 + a2)l(va — av)q[ (ak1)( M)2 ( )] [hf‘th‘q — hf‘th‘q]

k? + k2)((gk gk
Ag ~ (v + a?)(va — av), [( s 2)23\412) + 2))] [hf‘th‘q — hf‘th‘q]
A7 =0

» As,7 are T-odd

» As is leading power [As for Ay alike A4 for o],

> Ag~ Q71

» As are non-zero only due to Z/v interference, thus extra I'z /Q-factor

» ATLAS measured As < 0.2 — 1%, Ag S 0. —0.3%,A7 < 0. — 0.1% (4uncertainties)
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