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Collinear factorization
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TMD factorization
TMD = Transverse Momentum Dependent
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High-energy factorization
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The hard scale is:

Inclusive UPC di-jets at small x

à the small-x gluon’s transverse momentum (di-jet imbalance)
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Qs(x) � ⇤QCD
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|p1t|, |p2t| ⇠ P � Qs
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|kt|2 = |p1t + p2t|2 = |p1t|2 + |p2t|2 + 2|p1t||p2t|cos��
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(*) the photon may also be virtual,
but a large Q2 value is not needed

The semi-hard scale is:
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The “TMD” regime: factorization 
for nearly back-to-back jets
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The back-to-back regime at LO

• a factorization can be established in the small x limit, for nearly 
back-to-back di-jets Dominguez, CM, Xiao and Yuan (2011)

|p1t|, |p2t| � |kt|, Qs

hard factors
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The back-to-back regime at LO

• a factorization can be established in the small x limit, for nearly 
back-to-back di-jets Dominguez, CM, Xiao and Yuan (2011)

|p1t|, |p2t| � |kt|, Qs

hard factors
the gluon TMDs have the following operator definition:

linearly-polarized gluon TMDunpolarized gluon TMD
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Some remarks
• gauge links are missing in the previous definition, their structure for 

this process implies that the gluon TMDs are of the Weizsäcker 
Williams type, which at small-x gives

similarly for HWW with projection onto the other 2d Lorentz structure
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Some remarks
• gauge links are missing in the previous definition, their structure for 

this process implies that the gluon TMDs are of the Weizsäcker 
Williams type, which at small-x gives

similarly for HWW with projection onto the other 2d Lorentz structure

• factorization may be rewritten

= 0 in BFKL regime
projection onto

“non-sense” polarization projection onto linear polarization
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Matching to
BFKL/high-energy factorization
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TMD regime vs BFKL regime
• TMD factorization requires kt to be small:

• nevertheless, TMD factorization can be matched to BFKL:

this is very different from the BFKL regime
which requires kt to be large: 

Kotko, Kutak, CM, Petreska, Sapeta, van Hameren (2015 - 2016)
Altinoluk, Boussarie, Kotko (2019)

|p1t|, |p2t| � |kt|, Qs

|p1t|, |p2t|, |kt| � Qs
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TMD regime vs BFKL regime

hard factors now kt dependent

• TMD factorization requires kt to be small:

• nevertheless, TMD factorization can be matched to BFKL:

this is very different from the BFKL regime
which require kt to be large: 

Kotko, Kutak, CM, Petreska, Sapeta, van Hameren (2015 - 2016)
Altinoluk, Boussarie, Kotko (2019)

|p1t|, |p2t| � |kt|, Qs

|p1t|, |p2t| � Qs

|p1t|, |p2t|, |kt| � Qs
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ITMD factorization
ITMD factorization emerges from CGC calculations in the limit

|p1t|, |p2t| � |kt|, Qs

|p1t|, |p2t| � Qs

TMD regime

ITMD

+ (kt/Pt)n
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P � Qs

resummation of 
kinematic twists
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ITMD factorization
ITMD factorization emerges from CGC calculations in the limit

|p1t|, |p2t| � |kt|, Qs

|p1t|, |p2t| � Qs

|p1t|, |p2t|, |kt| � Qs

TMD regime BFKL regime

ITMD

+ (QS/kt)n+ (kt/Pt)n
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P � Qs

resummation of leading 
twist saturation corrections
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Genuine higher-twist corrections
ITMD factorization emerges from CGC calculations in the limit

|p1t|, |p2t| � |kt|, Qs

|p1t|, |p2t| � Qs

|p1t|, |p2t|, |kt| � Qs

TMD regime BFKL regime

ITMD

CGC

+ (QS/kt)n+ (kt/Pt)n

+ (QS/Pt)n

• CGC and ITMD can be compared numerically 
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P � Qs

Altinoluk, Boussarie (2019)

Fujii, CM, Watanabe (2020) Boussarie, Mäntysaari, Salazar, Schenke (2021)

resummation of
genuine higher twists
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NLO corrections
and

QCD evolution
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Resumming large logarithms
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Real emission diagrams

linearly-polarized gluon TMD involved at NLO, even for photo-production

Altinoluk, Boussarie, CM and Taels (2020)

see also 
Caucal, Salazar and Venugopalan (2021)

Bergabo and Jalilian-Marian (2022)
Iancu and Mulian (2023)
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Virtual diagrams

see also Taels, Altinoluk, Beuf and CM (2022)
Bergabo and Jalilian-Marian (2022)

Caucal, Salazar and Venugopalan (2021)

full NLO CGC is UV, soft, collinear finite, 
rapidity divergences give small-x evolution 
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The back-to-back regime at NLO
Taels, Altinoluk, Beuf and CM (2022)

Sudakov and small-x logs aren’t completely separated in phase space!

this is due to an over-subtraction of the small-x rapidity logarithms

full NLO + TMD limit 
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To obtain

and then write 

, re-summing the small-x logs and Sudakov logs separately, the 
rapidity subtraction must be altered
This leads to a kinematically-constrained small-x evolution

Kinematically-constrained evolution
Taels, Altinoluk, Beuf and CM (2022)
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To obtain

and then write 

, re-summing the small-x logs and Sudakov logs separately, the 
rapidity subtraction must be altered
This leads to a kinematically-constrained small-x evolution

Kinematically-constrained evolution

Caucal, Salazar, Schenke, Venugopalan (2022)

Taels, Altinoluk, Beuf and CM (2022)

confirmed beyond large Nc and double logs in

à in the small-x evolved LO contribution, the kernel of the JIMWLK 
equation now contains an extra theta term

<latexit sha1_base64="A2n+7JHYV7gLVRj8UVFIDBPH7XI="></latexit>

d�NLO
TMD

” = ” d�LO
TMD

⇥
✓
�↵sNc

4⇡

◆
ln

2
(P2|x� y|2)

<latexit sha1_base64="9d1D2A/VvnTuJgBJJREBzmToZgA="></latexit>

FWW (x, kt;P ) = � 4

g2

Z
d2xd2y

(2⇡)3
e�ikt·(x�y)e�Ssud(P,x�y)

⌦
Tr

⇥
(@iUx)U

†
y(@iUy)U

†
x

⇤↵
x

24

<latexit sha1_base64="8XKBQIRL/0o+w4RANUTWiMLxL8w=">AAACHnicbZDLSgMxFIYz3q23qks3wSIoYp0pVl2KblxWsCp0pkMmPTMNzVxIzghl6JO48VXcuFBEcKVvY1q78HYg4eP/zyE5f5BJodG2P6yJyanpmdm5+dLC4tLySnl17UqnueLQ5KlM1U3ANEiRQBMFSrjJFLA4kHAd9M6G/vUtKC3S5BL7GXgxixIRCs7QSH657mIXkLkSQmxt99q7frQ/vMOdwg1C2hi0a3sj6g38qF1zlYi66Pnlil21R0X/gjOGChlXwy+/uZ2U5zEkyCXTuuXYGXoFUyi4hEHJzTVkjPdYBC2DCYtBe8VovQHdMkqHhqkyJ0E6Ur9PFCzWuh8HpjNm2NW/vaH4n9fKMTz2CpFkOULCvx4Kc0kxpcOsaEco4Cj7BhhXwvyV8i5TjKNJtGRCcH6v/BeualXnsFq/OKicnI7jmCMbZJNsE4cckRNyThqkSTi5Iw/kiTxb99aj9WK9frVOWOOZdfKjrPdPyFyhqw==</latexit>

✓
h
(k+g /k

+
f )P

2 � k2
g

i



Conclusions
• to match collinear physics and small-x physics in the linear BFKL 

regime, the necessity of a kinematical constraint in the small-x 
evolution was recognized a long time ago (led to CCFM equation)

• more recently, that necessity also emerged in CGC calculations, 
often in connection with the issue of negative NLO cross sections

• now it also appears in the context of two-scale processes and 
TMD physics

• inclusive UPC di-jets provide a good testing ground for these 
theoretical developments, measurements in the TMD regime 
would be very welcome

Ciafaloni (’88); Andersson, Gustafson, Samuelsson (’96); 
Kwiecinski, Martin, Sutton (’96); Salam (’98)

Beuf (2014); Hatta, Iancu (2016);
Iancu, Madrigal, Mueller, Soyez, Triantafyllopoulos (2019) 
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Small-x improved TMD factorization

off-shell
hard factors

several gluon TMDs
for the small-x targetstandard collinear pdf

for the large-x projectile
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ITMD factorization (schematically) 

leading-twist
hard factors kimenatic

higher twists
universal

perturbative
tail

leading-twist
saturation corrections
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off-shell
hard factors

several gluon TMDs
for the small-x targetstandard collinear pdf

for the large-x projectile
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ITMD factorization (schematically) 

leading-twist
hard factors kimenatic

higher twists
universal

perturbative
tail

leading-twist
saturation corrections
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improvement wrt TMD factorization is all-order resummation of kinematic 
twists, which allows proper matching to BFKL physics at large kt

Kotko, Kutak, CM, Petreska, Sapeta, van Hameren (2015 - 2016)
Altinoluk, Boussarie, Kotko (2019)

off-shell
hard factors

several gluon TMDs
for the small-x targetstandard collinear pdf

for the large-x projectile
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ITMD factorization (schematically) 

leading-twist
hard factors kimenatic

higher twists
universal

perturbative
tail

leading-twist
saturation corrections
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improvement wrt HEF factorization is all-order resummation of leading twist 
saturation corrections, which unveils the process-depenpent TMDs and 

allows matching to TMD physics at low kt

Kotko, Kutak, CM, Petreska, Sapeta, van Hameren (2015 - 2016)
Altinoluk, Boussarie, Kotko (2019)

off-shell
hard factors

several gluon TMDs
for the small-x targetstandard collinear pdf

for the large-x projectile
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