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Polarized gluons

Higgs production

arXiv:1109.1444

Gluons trigger most of the scattering processes at high energies.

When two linearly polarized gluons, one from each hadron, participate in the scattering could give a term independent
of the azimutal angle.

In this way they can contribute to production of scalar or pseudoscalar particle.

Linearly polarized gluon leads to a modulation of the Higgs transverse momentum.

The contribution of linearly polarized gluons is 1 %.

Hadronic part of Higgs production cross section

dσH(A)

d3~q
∼
(

f g
1 ⊗ f g

1 ± wH ⊗ h⊥g
1 ⊗ h⊥g

1

)
For two photons decay we have

dσgg

dqd cos θ
= F1

(
θ,Q =

√
s
) (

f
g

1 ⊗ f
g

1

)
+

F2
(
θ,Q =

√
s
) (

wH ⊗ h
⊥g
1 ⊗ h

⊥g
1

)
when Q = mH we have F1 ∼ ±F2
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Polarized gluons

Quarkonium-pair production
arXiv:1710.01684

Linearly polarized gluons can also generate a cos 2φ(cos 4φ) modulation in azimuthal angle in gluon-fusuion scattering
where a single(double) gluon-helicity flips occur.
Among the quarkonium-associated-production di-J/ψ production has been the object of the largest number of
experimental studies at the LHC and Tevatron: arXiv: 1109.0963, arXiv:1406.2380, arXiv:1406.2380, arXiv:1612.07451.
For TMD factorization to apply, di-QQ production should result from a Single Parton Scattering and Final State
Interaction should be negligible, which is satisfy when quarkonia are produced via CST.
In the limet MQ << MQQ we have F1 ∼ F4.

〈cos 4φ〉 gets close to 50 % in the PQQT
region probed by CMS and ATLAS.

Cross section

dσ

dMQQ dYQQ d~P2
QQT

dΩ
∼ F1

(
f

g
1 ⊗ f

g
1

)
+ F2

(
wH ⊗ h

⊥g
1 ⊗ h

⊥g
1

)
+

cos 2φ
(

F3

(
w3 ⊗ f

g
1 ⊗ h

⊥g
1

)
+ F ′3

(
w′3 ⊗ h

⊥g
1 ⊗ f

g
1

))
+

cos 4φF4

(
w4 ⊗ h

⊥g
1 ⊗ h

⊥g
1

)
〈cos nφ〉 is defined as

〈cos nφ〉 =

∫
dφ cos nφ

dσ

dMQQ dYQQ d~P2
QQT

dΩ∫
dφ

dσ

dMQQ dYQQ d~P2
QQT

dΩ

for n =2, 4.
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Factorization Theorems and TMD

Example: Drell-Yan

arXiv:1111.4996

The cross section can be factorized
as the product of TMDPDFs

The hard component hard is
process dependent and can be
calculated by perturbation theory.

Differential cross section for a Drell-Yan process

dσ

dQ2dydq2
T

=
4π

3Nc

P

sQ2

∑
GG ′

zGG ′
ll′ (q)

∑
ff ′

zGG ′
FF ′ |CV (q, µ)|2

∫
d2~b

4π
e i~b·~qFf←h1

(
x1, ~b;µ, ζ

)
Ff ′←h2

(
x2, ~b;µ, ζ

)
+O

(
qT

Q

)
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Factorization Theorems and TMD

Factorization Theorems and TMDs

arXiv:1111.4996

Hadronic part of Drell-Yan process

dσ ∼
∫

d4ye−iq·y 〈h1 (p, s1) h2 (p̄, s2)
∣∣∣J†µ (y) Jν (0)

∣∣∣ h1 (p, s1) h2 (p̄, s2)〉

Factorized hadronic part

dσ ∼
∫

dbT e−iqT bT
∣∣Cv

(
Q2
)∣∣2 Φf←h1

(x1, bT ) Φf ′←h2
(x2, bT )S (bT )

In this form, we have a double counting of the soft modes. We need to
subtract them from the TMDPDFs.
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Factorization Theorems and TMD

Factorization Theorems and TMDs

arXiv:1111.4996

Factorized hadronic part

dσ ∼
∫

dbT e−iqT bT
∣∣Cv

(
Q2
)∣∣2 Φf←h1

(x1, bT )

Zzero−bin

Φf ′←h2
(x2, bT )

Zzero−bin
S (bT )

The Zzero−bin depends of the regularization scheme.

Soft function

S (bT ) =
Trc

Nc
〈0
∣∣∣T [ST†

n S̃T
n̄

] (
0+, 0−, bT

)
T̄
[
S̃T†

n̄ ST
n

]
(0)
∣∣∣ 0〉

Soft function is a colourless object. arXiv: 1511.05590
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Factorization Theorems and TMD

TMD

We use their definition in impact parameter space. arXiv: 1702.06558

Gluon TMD

Φµν
(

x , ~b
)

=
1

xp+

∫
dλ

2π
e−ixp+λF+µ (λn + bT )W (λ, bT ) F+ν (0)

Quark TMD

Φij

(
x , ~b
)

=

∫
dλ

2π
e−ixp+λq̄i (λn + bT )W (λ, bT ) qj (0)

W (λ, bT ) = W̃ T
n (λn + bT )

∑
X

|X 〉〈X | W̃ T
n (0)

Wilson lines make the operator gauge invariant.
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Factorization Theorems and TMD

δ-scheme and Soft function

arXiv: 1604.07869

Soft Wilson Lines

S̃n̄ (y) = P exp

[
−ig

∫ ∞
0

dσn̄ · A (y + n̄σ)

]
→ S̃n̄ (y) = P exp

[
−ig

∫ ∞
0

dσn̄ · A (y + n̄σ) e−δ+σ
]

Sn (y) = P exp

[
ig

∫ 0

−∞
dσn · A (y + nσ)

]
→ Sn (y) = P exp

[
ig

∫ 0

−∞
dσn · A (y + nσ) e+δ−σ

]

Wilson Lines

W̃n̄ (y) = P exp

[
−ig

∫ ∞
0

dσn̄ · A (y + n̄σ)

]
→ S̃n̄ (y) = P exp

[
−ig

∫ ∞
0

dσn̄ · A (y + n̄σ) e−δ+σx
]

Wn (y) = P exp

[
ig

∫ 0

−∞
dσn · A (y + nσ)

]
→ Sn (y) = P exp

[
ig

∫ 0

−∞
dσn · A (y + nσ) e+δ−σx

]

Only the limit δ → 0 is relevant (and gauge invariant). The different
definition of the regularization in the W and S Wilson lines solve the
zero-bin problem.
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Factorization Theorems and TMD

δ-scheme and Soft function

With the δ-scheme we get

Zzero−bin = S(bT )

Factorized and regularizes hadronic part

dσ ∼
∫

dbT e−iqT bT
∣∣Cv

(
Q2, µ

)∣∣2 Φf←h1
(x1, bT , ε, δ;µ, ζ)√

S (bT , ε, δ;µ, ζ)

Φf ′←h2
(x2, bT , ε, δ;µ, ζ)√

S (bT , ε, δ;µ, ζ)

The term
1√

S (bT , ε, δ;µ, ζ)
regularized the rapidity divergences.

We have a new scale ζ associated with rapidity divergences.
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Factorization Theorems and TMD

Factorization Theorems and TMDs

The cross section for Drell-Yan and SIDIS process can be written as
the product of TMDs. This allows to manage in a consistent way the
rapidity divergences.

We have a nonperturbative well-defined TMD. We provide a
perturbative calculation of TMD to extract its matching coefficient
with unintegrated distribution in the asymptotic large-qT limit
without any reference to particular scattering process.
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Factorization Theorems and TMD

Polarized TMDs and small-b OPE

Decomposition over Lorentz invariants arXiv:0009343, arXiv:1502.05354

Φµνg←h

(
x , ~b
)

= 〈h
∣∣∣Φµν (x , ~b

)∣∣∣ h〉

=
1

2

(
−gµνT f g

1 − iεµνT SLgg
1L + 2h⊥g

1

(
gµνT

2
+

bµbν

~b2

)
+ · · ·

)

f g
1 TMDPDFs of unpolarized gluons up to NNLO. arXiv:1604.07869

gg
1L TMDPDFs of helicity gluons up to NLO. arXiv:1502.05354, arXiv: 1702.06558

h⊥g
1 TMDPDFs of linearly polarized gluons.

OPE a twist-2

Φµν
(

x , ~b
)

=

[(
Cg←q

(
x , ~b
))ab

µν
⊗ φab (x)

]
+

[(
Cg←g

(
x , ~b
))αβ

µν
⊗ φαβ (x)

]
+ · · ·

Unpolarized PDFs

φq←h,ij = 〈h
∣∣φij (x)

∣∣ h〉 =
1

2
fq (x) γ−ij · · ·

φg←h,µν (x) = 〈h |φµν | h〉 = −
1

2
gT
µν fg (x) + · · ·
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Factorization Theorems and TMD

TMD

arXiv:1604.07869

Regularized TMD

Gluon TMD

ΓµνΦren
µν = Zg (ε;µ, ζ) Z3 (ε;µ)−1 S (bT , ε, δ;µ, ζ)−1/2 ΓµνΦbare

µν

Coefficient C

C
[2]
f→f ′ = φ[2] −

∑
r

C
[1]
f→r ⊗ f

[1]
r←f ′ − f

[2]
f←f ′

Lorentz structures allow up to twist-2

Γg = {gµν
T , εµνT , bµTb

ν
T/b

2
T}
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Factorization Theorems and TMD

Matching coefficient

Coefficient C
[2]
g←g

C
[2]
g←g (x , Lµ) = C 2

AD
[2]

C 2
A

(x , Lµ) + CATrNf D
[2]
CATrNf

(x , Lµ) + CF TrNf D
[2]
CF TrNf

(x , Lµ)

with LX = log

(
X 2b2

T

4e−2γE

)
. The functions Di (x , Lµ) can be written as

D
[n]
i (x , Lµ) =

2n∑
k=0

D
[n,k]
i (x) Lk

µ

where i = CATrNf ,C
2
A,CF TrNf
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Factorization Theorems and TMD

Matching coefficients

Coefficient CATrNf

D
[2,0]
CATrNf

= −
8
(
−17 + 16x3x2 + x3 − 6xLog (x)

)
9x

Coefficient CFTrNf

D
[2,0]
CF TrNf

=
8
(

2 (−1 + x)3 + xLog (x)2
)

x
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Summary

Summary

Linearly polarized gluons have phenomenological interest and still
there is a lack of knowledge about them.

Factorization theorems allow identify universal independent object:
→ TMDPDFs.

Using δ-scheme for regularized rapidity divergences we are able to
identified Zzero-bin = S (bT , ε, δ;µ, ζ).

Rapidity divergences have their own renormalization scale ζ.

Coefficient C [2] (x , Lµ) is well defined and only depends of x and
logaritmicaly of bT .
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Summary

Thanks for your attention!!!
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