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THE DRELL–YAN PROCESS AS A PROBE OF THE HADRONS STRUCTURE

H1(P1) + H2(P2) −→ V∗(q) + X(pX) −→ ℓ−(l1) + ℓ+(l2) + X(pX)

A
(
H1H2 → l+l−X

)
= u(l1)ieΓ

µ
Vv(l2)DV(q)µν ⟨X|iejνV|H1H2⟩

The differential cross section:
dσ

dM2dΩdYd2qT
=

|A|2

128πS
=
α2

e
8S

∣∣∣DV

(
M2
)∣∣∣2WµνLµν

Lµν - Standard QED calculation
Wµν - Sensitive for an internal hadron structure 2 / 23



STRUCTURE FUNCTIONS ARE MEASURABLE SOURCE OF INFORMATION

ABOUT HADRONS

The lepton angular decomposition is usually parameterized in the following way

dσ
dM2dYd2qTdΩ

∝
[

1 + cos2 ϑ+
1
2

A0

(
1 − 3 cos2 ϑ

)
+ A1sin (2ϑ) cosϕ+

1
2

A2sin
2 ϑ cos (2ϕ)

+ A3sinϑ cosϕ+ A4cosϑ+ A5sin
2 ϑ sin (2ϕ) + A6sin (2ϑ) sinϕ+ A7sinϑ sinϕ

]
,

The lepton angular decomposition is usually parameterized in the following way

dσ
dM2dYd2qTdΩ

∝
[ the only contribution for γ∗︷ ︸︸ ︷

1 + cos2 ϑ+
1
2

A0

(
1 − 3 cos2 ϑ

)
+ A1sin (2ϑ) cosϕ+

1
2

A2sin
2 ϑ cos (2ϕ)

+ A3sinϑ cosϕ+ A4cosϑ+ A5sin
2 ϑ sin (2ϕ) + A6sin (2ϑ) sinϕ+ A7sinϑ sinϕ︸ ︷︷ ︸

present for Z0 and W±

]
,

where the structure functions are given by the polarized cross sections

A0 =
2dσ(00)

dσU+L , A1 =
dσ(+0) + dσ(0+) − dσ(−0) − dσ(0−)

√
2dσU+L

, A2 = 2
dσ(+−) + dσ(−+)

dσU+L ,

A3 =
√

2cl
dσ(+0) + dσ(0+) + dσ(−0) + dσ(0−)

dσU+L , A4 = 2cl
dσ(++) − dσ(−−)

dσU+L ,

with
dσU+L =

∑
r∈{0,+,−}

dσ(rr), cl =
2vlal

v2
l + a2

l
.

3 / 23



STRUCTURE FUNCTIONS ARE MEASURABLE SOURCE OF INFORMATION

ABOUT HADRONS

The lepton angular decomposition is usually parameterized in the following way

dσ
dM2dYd2qTdΩ

∝
[ the only contribution for γ∗︷ ︸︸ ︷

1 + cos2 ϑ+
1
2

A0

(
1 − 3 cos2 ϑ

)
+ A1sin (2ϑ) cosϕ+

1
2

A2sin
2 ϑ cos (2ϕ)

+ A3sinϑ cosϕ+ A4cosϑ+ A5sin
2 ϑ sin (2ϕ) + A6sin (2ϑ) sinϕ+ A7sinϑ sinϕ︸ ︷︷ ︸

present for Z0 and W±

]
,

where the structure functions are given by the polarized cross sections

A0 =
2dσ(00)

dσU+L , A1 =
dσ(+0) + dσ(0+) − dσ(−0) − dσ(0−)

√
2dσU+L

, A2 = 2
dσ(+−) + dσ(−+)

dσU+L ,

A3 =
√

2cl
dσ(+0) + dσ(0+) + dσ(−0) + dσ(0−)

dσU+L , A4 = 2cl
dσ(++) − dσ(−−)

dσU+L ,

with
dσU+L =

∑
r∈{0,+,−}

dσ(rr), cl =
2vlal

v2
l + a2

l
.

3 / 23



STRUCTURE FUNCTIONS ARE MEASURABLE SOURCE OF INFORMATION

ABOUT HADRONS

The lepton angular decomposition is usually parameterized in the following way

dσ
dM2dYd2qTdΩ

∝
[ the only contribution for γ∗︷ ︸︸ ︷

1 + cos2 ϑ+
1
2

A0

(
1 − 3 cos2 ϑ

)
+ A1sin (2ϑ) cosϕ+

1
2

A2sin
2 ϑ cos (2ϕ)

+ A3sinϑ cosϕ+ A4cosϑ+ A5sin
2 ϑ sin (2ϕ) + A6sin (2ϑ) sinϕ+ A7sinϑ sinϕ︸ ︷︷ ︸

present for Z0 and W±

]
,

where the structure functions are given by the polarized cross sections

A0 =
2dσ(00)

dσU+L , A1 =
dσ(+0) + dσ(0+) − dσ(−0) − dσ(0−)

√
2dσU+L

, A2 = 2
dσ(+−) + dσ(−+)

dσU+L ,

A3 =
√

2cl
dσ(+0) + dσ(0+) + dσ(−0) + dσ(0−)

dσU+L , A4 = 2cl
dσ(++) − dσ(−−)

dσU+L ,

with
dσU+L =

∑
r∈{0,+,−}

dσ(rr), cl =
2vlal

v2
l + a2

l
.

3 / 23



THE STRUCTURE FUNCTIONS CAN BE CALCULATED IN QCD

Factorization:

σ
(
H1 + H2 → ℓ− + ℓ+ + X

)︸ ︷︷ ︸
Hadronic cross section

=
∑
a,b

Fa ⊗ Fb︸ ︷︷ ︸
Parton Distributions

⊗ σ̂
(
a + b → ℓ− + ℓ+ + X

)︸ ︷︷ ︸
Partonic cross section within the perturbative QCD
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dσ ∝


L(rr′)

∑
a,b

∫ 1

0
dx1fa

(
x1, µ

2
F

)∫ 1

0
dx2fb

(
x2, µ

2
F

)
dσ̂(rr′)

ab Collinear factorization

L(rr′)

∑
a,b

∫ 1

0

dx1

x1

∫
d2p1T

π
Fa

(
x1,p2

1T, µ
2
F

)∫ 1

0

dx2

x2

∫
d2p2T

π
Fb

(
x2,p2

2T, µ
2
F

)
dσ̂∗(rr′)

ab kT-factorization
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THE STRUCTURE FUNCTIONS CAN BE CALCULATED IN QCD

dσ ∝
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dx1fa
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x1, µ
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F
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0
dx2fb
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x2, µ
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F

)
dσ̂ab Collinear factorization

∑
a,b

∫ 1

0

dx1

x1

∫
d2p1T

π
Fa

(
x1,p2

1T, µ
2
F

)∫ 1

0

dx2

x2

∫
d2p2T

π
Fb

(
x2,p2

2T, µ
2
F

)
dσ̂∗ab kT-factorization

Collinearly: p1 = x1P1, p2 = x2P2

High-energy: p1 = x1P1 + p1T, p2 = x2P2 + p2T with p2
1 = −p2

1T, p2
2 = −p2

2T

Collinear — kT-factorization relation:

dσ̂∗
p1T,p2T→0−−−−−−→ dσ̂.

xfa
(

x, µ2
)
=

∫ µ2

0
dk2

TFa

(
x, k2

T, µ
2
)
.
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THE LAM–TUNG RELATION BREAKING IS NOT COMPLETELY EXPLAINED

▶ The Lam–Tung relation is of the form:

ALT := A0 − A2 = 0.

▶ Fulfilled up to the NLO (for V+jet) in collinear perturbative QCD

▶ Breaking of Lam–Tung relation may be traced back to a difference between partonic and
hadronic collision planes −→ sensitivity to partons’ transverse momenta

5 / 23



MOTIVATION FOR INCLUDING THE PARTONS’ TRANSVERSE MOMENTA

Consider the cross section with one off-shell parton

dσ =

∫
dx1f

(
x1, µ

2
)∫

dx2

∫
d2kT

πk2
T
F
(

x2, k2
T, µ

2
)
|Φ|2dPS.

The impact factor Φ is related to the collinear amplitude Acoll by∫
dφ
π

|Φ|2 ≈ θ
(
µ2 − k2

T

)
|Acoll|2k2

T +O

((
kT

µ

)4
)
.
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MOTIVATION FOR INCLUDING THE PARTONS’ TRANSVERSE MOMENTA

dσ =

∫
dx1f

(
x1, µ

2
)∫

dx2

∫
d2kT

πk2
T
F
(

x2, k2
T, µ

2
)
|Φ|2dPS.

∫
dφ|Φ0|2 ∝ k2

T

∫
dφ|ΦLT|2 ∝ k4

T
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kT-FACTORIZATION APPROACH

▶ We want to take into account the effects of partons’ transverse momenta =⇒ kT-factorization

▶ The leading contribution comes from the gluons

g∗g∗ −→ qqV∗

kT-factorization

qvalg∗ −→ qV∗

Hybrid factorization

7 / 23



kT-FACTORIZATION APPROACH

▶ We want to take into account the effects of partons’ transverse momenta =⇒ kT-factorization

▶ The leading contribution comes from the gluons

g∗g∗ −→ qqV∗

kT-factorization

qvalg∗ −→ qV∗

Hybrid factorization

7 / 23



kT-FACTORIZATION APPROACH

▶ We want to take into account the effects of partons’ transverse momenta =⇒ kT-factorization

▶ The leading contribution comes from the gluons

g∗g∗ −→ qqV∗

kT-factorization

qvalg∗ −→ qV∗

Hybrid factorization
7 / 23



SCATTERING AMPLITUDES FROM THE SPINOR - HELICITY FORMALISM

Example diagram:

From the expression for full diagram

Aab,µ
ij,σ3σ4

= −ig2
(

TaTb
)

ij
Aµ
σ3σ4

,

we can extract the spinorial part

Aµ
σ3σ4

=uσ3(p3)/P1
/v1

v2
1
Γµ

V
/v2

v2
2

/P2vσ4(p4) = ? ,

where
Γµ

V = (v + aγ5)γ
µ,

which can be divided into left and right chiral parts

Aµ
σ3σ4

= (v + a)Rµ
σ3σ4

+ (v − a)Lµ
σ3σ4
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THE SPINOR - HELICITY FORMALISM

We introduce the spinorial notation

pAȦ := pµσ
µ

AȦ
, pȦA := pµσȦA

µ =⇒ /p := pµγµ =

[
0 pAȦ

pȦA 0

]

Dirac bispinors uσ and vσ are defined as

u+(p) = [p| :=
[
λ(p)A 0

]
, u−(p) = ⟨p| :=

[
0 λ(p)Ȧ

]
,

v+(p) = |p] :=
[
λ(p)A

0

]
, v−(p) = |p⟩ :=

[
0

λ(p)
Ȧ

]
.

in order to satisfy the Dirac equation and such that they have specified helicity (chirality)

P+ |p⟩ = |p⟩ , P+|p] = 0, P− |p⟩ = 0, P−|p] = |p], where P± :=
1± γ5

2
. (1)

A lot of products vanish automatically

⟨p1 | γµ1 . . . γµn | p2] = [p1 | γµ1 . . . γµn | p2⟩ = 0 = ⟨p1|γµ1 . . . γµn+1 |p2⟩ = [p1 | γµ1 . . . γµn+1 | p2], (2)

if n is even.
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]
,

v+(p) = |p] :=
[
λ(p)A

0

]
, v−(p) = |p⟩ :=

[
0

λ(p)
Ȧ
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SCATTERING AMPLITUDES FROM THE SPINOR - HELICITY FORMALISM

Example diagram:

From the above identities

(1) =⇒ Rµ
+− = 0 = Lµ

−+,

(2) =⇒ Rµ
++ = Rµ

−− = 0 = Lµ
++ = Lµ

−−.

=⇒ We are left with two non-vanishing terms:
Rµ
−+ and Lµ

+−.

RȦA
−+ =⟨p3 | /P1

/v1

v2
1

P+γ
ȦA /v2

v2
2

/P2 | p4]

= − 2S

v2
3v2

2

√
p+3 p+4

p0̇0
4 p1̇0

3 vȦ1
3 v0̇A

2
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SYMMETRIES SIMPLIFY CALCULATION

Spinorial products satisfy the following identities

[p1 |Γ± | p2⟩ = ⟨p1 |Γ∓ | p2], [p1 |Γ± | p2] = −⟨p1|Γ∓|p2⟩.

where Γ± – any composition of the gamma matrices and one of the projections P±.

This leads to the relations between left and right chiral amplitudes

Rµ
−+ = Lµ

+−, Lµ
−+ = Rµ

+−, Rµ
−− = −Lµ

++, Lµ
−− = −Rµ

++,

=⇒ 1 independent expression for each diagram
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THE CONSIDERED GLUON TMD MODELS

▶ The Gaussian model

▶ The Jung–Hautmann (JH) model

▶ The Kimber–Martin–Ryskin (KMR) model

▶ The “Weizsäcker–Williams” (WW) model (in analogy with photon flux) + modified
“Weizsäcker–Williams” (WW’) model

12 / 23



THE CONSIDERED GLUON TMD MODELS

▶ The Gaussian model — GBW saturation model

FG

(
x, k2

T

)
= N2(1 − x)7 exp

[
−
(

x
x0

)λ k2
T

k2
0

]
,

with parameters k0 = 1 GeV, N2 = 28.44 GeV−2, λ = 0.29 and x0 = 3 · 10−4.

▶ The Jung–Hautmann model

▶ The Kimber–Martin–Ryskin model

▶ The “Weizsäcker–Williams” model + modified “Weizsäcker–Williams” model
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THE CONSIDERED GLUON TMD MODELS

▶ The Gaussian model

▶ Jung–Hautmann (JH) model — Catani–Ciafaloni–Fiorani–Marchesini (CCFM) evolution
equation - 3 versions from different fits (2013, 2018, 2023) from TMDlib.
[arXiv:1312.7875v2, arXiv:1804.11152v2, arXiv:2312.08655v3]

F(x, kT, µ) = F0(x, kT, µ0)∆s(µ, µ0)+

∫
dz
z

∫
dq2

q2 θ(µ−zq)∆s(µ, zq)P(z, q, kT)F
(x

z
, kT + (1 − z)q, µ

)
,

where the Sudakov form factor is of the form

∆s(µ, µ
′) = exp

[
−
∫ µ2

µ′2

dq2

q2

∫ 1−µ′/q

0
dz

CAαs
(
(1 − z)2q2)
π

1
1 − z

]
,

and P(z,Q, kT) is the unintegrated splitting function.

▶ The Kimber–Martin–Ryskin model

▶ The “Weizsäcker–Williams” model + modified “Weizsäcker–Williams” model
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THE CONSIDERED GLUON TMD MODELS

▶ The Gaussian model

▶ The Jung–Hautmann model

▶ The Kimber–Martin–Ryskin model

FKMR

(
x, k2

T, µ
2
)
=

Tg(kT, µ)

k2
T

αs
(
k2

T
)

2π

∫ µ/(kT+µ)

x
dz

Pgg(z)
x
z

fg
(x

z
, k2

T

)
+
∑

q

Pgq(z)
x
z

fq
(x

z
, k2

T

) ,
with the Sudakov factor of the form

Tg(Q, µ) = exp

−∫ µ2

Q2

dp2

p2
αs(p2)

2π

∫ µ/(p+µ)

0
dzz

Pgg(z) +
∑

q

Pqg(z)

,
where Pij(z) are the DGLAP splitting functions and fi(x, µ2) are the collinear PDFs.

▶ The “Weizsäcker–Williams” model + modified “Weizsäcker–Williams” model
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THE CONSIDERED GLUON TMD MODELS

▶ The Gaussian model

▶ The Jung–Hautmann model

▶ The Kimber–Martin–Ryskin model

▶ The “Weizsäcker–Williams” model (in analogy with photon flux)

FWW

(
x, k2

T

)
=

N1

k2
0
(1 − x)7x−λ ×


1 k2

T < k2
0

k2
0

k2
T

k2
T ≥ k2

0
.

The modified “Weizsäcker–Williams” model

F ′
WW

(
x, k2

T, µ
2
)
=

xfg
(
x, µ2)

k2
0

[
1 + log

(
µ2

k2
0

)] ×


1 k2
T < k2

0

k2
0

k2
T

k2
T ≥ k2

0
.

where fg
(
x, µ2) is gluon PDF and the parameters have values N1 = 0.6111, k0 = 1 GeV and

λ = 0.29.
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THE CONSIDERED GLUON TMD MODELS

▶ The Gaussian model

FG

(
x, k2

T

)
= N2(1 − x)7 exp

[
−
(

x
x0

)λ k2
T

k2
0

]
− Narrow in kT

▶ The Jung–Hautmann model

▶ The Kimber–Martin–Ryskin model

▶ The “Weizsäcker–Williams” model

FWW

(
x, k2

T

)
=

N1

k2
0
(1 − x)7x−λ ×


1 k2

T < k2
0

k2
0

k2
T

k2
T ≥ k2

0
− Wide in kT

+ modified “Weizsäcker–Williams” model.
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NORMALIZATION TO THE TOTAL DRELL–YAN CROSS SECTION

Problem: Some models do not describe the Drell–Yan cross-section data well.

Phenomenological solution: Normalization + x rescaling (Motivated by different kinematics in the
collinear and non-zero kT approaches)

We considered three modifications of KMR and WW’ models of the form

F (1)
(

x, k2
T, µ

2
)
= N(1)F

(
x, k2

T, µ
2
)
,

F (2)
(

x, k2
T, µ

2
)
= N(2)F

(
x/2, k2

T, µ
2
)
,

F (3)
(

x, k2
T, µ

2
)
= N(3)F

(
x/4, k2

T, µ
2
)
.
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NORMALIZATION TO THE TOTAL DRELL–YAN CROSS SECTION

Model χ2/d.o.f
WW 0.53

WW(1) 3.02
WW(2) 1.82
WW(3) 0.98
KMR(1) 3.08
KMR(2) 1.90
KMR(3) 1.13
JH2013 1.07
PB2018 3.04
PB2023 2.10
Gauss. 1.74
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RESULTS FOR THE PARITY CONSERVING STRUCTURE FUNCTIONS: A0
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RESULTS FOR THE PARITY CONSERVING STRUCTURE FUNCTIONS: A2
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RESULTS FOR THE PARITY CONSERVING STRUCTURE FUNCTIONS: ALT
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RESULTS FOR THE PARITY CONSERVING STRUCTURE FUNCTIONS: A1
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RESULTS FOR THE PARITY VIOLATING STRUCTURE FUNCTIONS: A3
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RESULTS FOR THE PARITY VIOLATING STRUCTURE FUNCTIONS: A4
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COMPARISON OF THE RESULTS FOR DIFFERENT TMD MODELS
REDUCED χ2 FOR THE STRUCTURE FUNCTION DATA

χ2
n/d.o.f =

1
Npoints

Npoints∑
i=1

(
Ath

n,i − Adata
n,i

)2

σ2
i,data + σ2

i,th
where σi,th = 0.12 · Ath

n,i.

χ2
min/d.o.f = min

{
χ2/d.o.f

}
≈ 2.50 where χ2/d.o.f =

1
5

4∑
n=0

χ2
n/d.o.f.

χ2/d.o.f for the structure function data:

Model WW WW(1) WW(2) WW(3) KMR(1) KMR(2) KMR(3) JH2013 PB2018 PB2023 Gauss.
χ2/d.o.f 3.83 4.50 2.84 2.50 4.34 3.02 2.78 2.91 4.77 4.28 5.56

χ2
LT,min/d.o.f = min

{
χ2

LT/d.o.f
}
≈ 1.43

Model WW(3) KMR(3) JH2013 Gauss.
χ2

LT/d.o.f 1.43 4.02 7.37 25.33
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COMPARISON OF THE TMD MODELS
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COMPARISON OF THE TMD MODELS
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SUMMARY

▶ The Drell–Yan process is an excellent probe of internal hadron structure: five non-vanishing
structure functions, three kinematical variables dependence (qT, Y, M2).

▶ Wide in kT Weizsäcker-Williams TMD model, among the models we considered, was found to
give the best overall description of the data within the presented formalism.

▶ In particular, an even better description was found for the Lam–Tung combination.

▶ We continue the program of constraining gluon TMD with Drell–Yan observables by:

• fitting TMD to a wider set of data,

• extending the formalism to include off-shell quarks,

• A future goal: Inclusion of the NLO corrections in kT-factorization
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LEADING DIAGRAMS
LIPATOV EFFECTIVE VERTEX

Γµνρ =
2
S

[(
x1 +

2k2
1T

x2S

)
Pµ

1 +

(
x2 +

2k2
2T

x1S

)
Pµ

2 − (k1T − k2T)
µ

]
Pν

1 Pρ
2 23 / 23



RELATIONS BETWEEN COLLINEAR AND HIGH ENERGY CHANNELS

The qvalg∗ → qV channel

▶ contains g → q LO DGLAP splitting for qvalq → V matrix element and the NLO qg → qV
contribution.

▶ neglects the NLO loop corrections for qq → V.

The g∗g∗ → qqV channel

▶ contains g → qsea, g → q NLO DGLAP splittings for the qseaq → V matrix element

▶ and g → qsea, g → q LO DGLAP splittings for qseag → qV and qg → qV respectively.

▶ contains the leading contribution to the NNLO collinear gg → qqV matrix element.

▶ neglects the loop corrections for qseag → qV, qg → qV and qq → V.
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RELATIONS BETWEEN COLLINEAR AND HIGH ENERGY CHANNELS

(a)

(b)

(c)

(d)
(a) g → qsea splitting
(b) g → q splitting
(c) g → qsea and g → q splittings
(d) g → q splitting
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PROOF OF THE BISPISNOR PRODUCTS IDENTY

The charge conjugation acts in the following way

Cψ = C
[
ηA

χȦ

]
=

[
χA

ηȦ

]
= ψ

T
, satisfies: C2 = 1, CγµC = γµ, Cγ5C = γ5,

and is anti-linear. Now we will define another anti-linear operator

Q := γ5C, which satisfies Q2 = −1, QγµQ−1 = γµ, Qγ5Q−1 = −γ5.

For any two bispinors we have that
Qψ1Qψ2 = ψ1ψ2.

It can be directly shown that Q|p] = |p⟩, Q |p⟩ = −|p], and in consequence

[p3 |Γ | p4⟩ =|p3⟩Γ |p4⟩ = Q|p3]ΓQ|p4] = Q|p3]QΓ|p4] = |p3]Γ|p4] = ⟨p3 |Γ | p4], [p3 |Γ | p4] = −⟨p3|Γ|p4⟩.

Q exchanges the projections QP±Q−1 = P∓, so

[p3 |Γ± | p4⟩ = Q|p3]Γ±Q|p4] = Q|p3]QΓ∓|p4] = ⟨p3 |Γ∓ | p4], [p3 |Γ± | p4] = −⟨p3|Γ∓|p4⟩.
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THE AMPLITUDES SQUARED

Full amplitude Aµ is given by the sum of all diagrams.
▶ For the qvalg∗ → qV∗, there are two diagrams with the same color structure, which gives the

amplitude
Aµ = Aµ

1 +Aµ
2 = −igTa

ij
(
Aµ

1 + Aµ
2

)
,

so the amplitude square is

Mµν =
1

N (N2 − 1)

∑
i,j,a

AµAν
=

g2

2N
AµAν

.

▶ For the g∗g∗ → qqV∗, the amplitude can be decomposed into symmetric (S) and antisymmetric
(A) parts in the adjoint color indices

Aµ :=
8∑

n=1

Aµ
n = Aµ

S +Aµ
A, where Aµ

S := −ig2
(

1
N
δabδij + dabcTc

ij

)
Aµ

S , Aµ
A := g2f abcTc

ijA
µ
A.

In the amplitude squared, the symmetric and antisymmetric parts in the adjoint color indices
do not interfere:

Mµν =
1

(N2 − 1)2

∑
i,j,a,b

AµAν
=

g4 (N2 − 2
)

2N (N2 − 1)
Aµ

SAν
S +

g4N
2 (N2 − 1)

Aµ
AAν

A = Mµν
S +Mµν

A .
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THE AMPLITUDES SQUARED
COMPARISON WITH THE TRACE METHOD

The spinorial matrix Aµ
n appearing in the amplitude Aµ

n is defined by:

Aµ
n = uσ3(p3)A

µ
nvσ4(p4).

In an analogous way we define the matrices Aµ
S ,A

µ
A.

The amplitudes squared can be computed as traces

∑
σ3,σ4

Mµν
S =

g4 (N2 − 2
)

2N (N2 − 1)
Tr
[(
/p3 + m3

)
Aµ

S

(
/p4 − m4

)
A†ν

S

]
,

∑
σ3,σ4

Mµν
A =

g4N
2 (N2 − 1)

Tr
[(
/p3 + m3

)
Aµ

A

(
/p4 − m4

)
A†ν

A

]
.

Using the trace formulas one can check numerically the helicity structure functions of the form

Mrr′ = ε(r)µ Mµνε(r
′)

ν ,

where r, r′ ∈ {+,−, 0} are basis polarizations of V∗.
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THE CUTTED CROSS SECTIONS

From the obtained squared amplitudes one can derive the polarized cross sections by integrating
over the phase space with the parton distributions.

▶ qvalg∗ → qV∗

dσ(qvalg∗)
r1r2

dM2dYd2qT
=
∑

f

∫
dxq℘f ,val

(
xq, µ

2
F

)∫ d2kT

πk2
T
F
(

xg,k2
T, µ

2
F

) 2
(8π)2xq(1 − xF)S2M

(qvalg∗),f
r1r2 ,

▶ g∗g∗ → qqV∗

dσ(g
∗g∗)

r1r2

dM2dYd2qT
=

∫
dx1

∫
d2k1T

πk2
1T

F
(

x1,k2
1T, µ

2
F

)∫
dx2

∫
d2k2T

πk2
2T

F
(

x2,k2
2T, µ

2
F

)(2π)4

2S
M(g∗g∗)

r1r2

dzdϕκ
8(2π)9 .
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REDUCED χ2 FOR THE RESULTING STRUCTURE FUNCTIONS

χ2
n/d.o.f =

1
Npoints

Npoints∑
i=1

(
Ath

n,i − Adata
n,i

)2

σ2
i,data + σ2

i,th
where σi,th = 0.12 · Ath

n,i.

χ2
min/d.o.f = min

{
χ2/d.o.f

}
≈ 2.50 where χ2/d.o.f =

1
5

4∑
n=0

χ2
n/d.o.f.

Model WW(3) KMR(3) JH2013 Gauss.
χ2

0/χ
2
min 0.84 1.26 0.52 0.82

χ2
1/χ

2
min 0.15 1.10 0.98 0.70

χ2
2/χ

2
min 1.29 0.27 1.56 4.35

χ2
3/χ

2
min 1.34 1.78 2.40 0.55

χ2
4/χ

2
min 1.39 1.15 0.35 4.70

The ratios of χ2 per degree of freedom of each structure function (χ2
n) for each TMD model to the minimal

global reduced χ2 — χ2
min.
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