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QCD: non-abelian Yang-Mills theory

QCD and jet physics

Jets are emergent property of QCD 
• So?-collinear singularity 
• AsymptoBc freedom 
• Color string breaks

Jets: Parton (quark or gluon) fragmentaBon and hadronizaBon

Dynamics of jets formaBon: from short to long distance in quantum field theory
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Not jets (QED jets?): e  𝜇  𝛾  
Tau jets: 𝜏 
Light Jets: u d s g 
Heavy Jets: c b  
Fat Jets: W Z H t

Jets at the LHC
Jets are produced copiously at the LHC
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Jet TMDs and azimuthal decorrelaBon

• strong coupling measurement 
• jet calibra3on 
• spin asymmetry 
• TMDPDF, TMDFF, nTMDPDF  
• energy loss 
• naive factoriza3on viola3on 
• …

Measurement of the cross section for isolated-photon
plus jet production

JETPHOX (full NLO pQCD for both direct and fragmentation
contributions) +NP corrections
Sherpa (� + (1, 2)�jet at NLO and � + (3, 4)�jet at LO + PS)
uncert.: scales (ren,fact.,frag.) and PDF
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Good description by both calculations
theory is almost always higher than data

B. Bilin, P. Starovoitov (V+)jets measurements with ATLAS and CMS Jets@LHC 28 / 51

Phys. Lett. B 780 (2018) 578

(Liu, Ringer, Vogelsang, Yuan ’19 PRL)



• Large logarithms in jet TMDs 

• sum over all so? and collinear partons not combined with hard jets  
• deviaBon from qT=0 are only caused by parBcle flow outside the jet regions 
• non-global observables (Dasgupta & Salam ’01) 

• Recoil absent for the pTn-weighted recombinaBon scheme (Banfi, Dasgupta & Delenda ’08) 

• N3LL resummaBon for jet qT @ ee and ep (Gu3errez-Reyes, Scimemi, Waalewijn, Zoppi ’18 ’19) 
• NNLL resummaBon for       @ LHC (Chien, Rahn, DYS, Waalewijn & Wu  ’22 JHEP + Schrignder ’21 

PLB ) 
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Jet TMD and its all-order structure

qT =
���

X

i/2 jets

~kT,i

���+O
�
k2T

�

Winner-take-all scheme (Salam; Bertolini, Chan, Thaler ’13)
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Recoil-free azimuthal angle for boson-jet correlaBon
(Chien, Rahn, DYS, Waalewijn & Wu  ’22 JHEP + Schrignder ’21 PLB )
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Our main result consists of a phenomenological study, consisting of numerical results for
the analytic resummation at NNLL accuracy. We include a discussion of the resummation,
perturbative uncertainties, nonperturbative effects, and the matching to fixed order. We
furthermore study features of this observable using Pythia, and compare to our NNLL
result. As promised by the recoil-free axis, we find that the observable is insensitive to
soft effects (hadronization, underlying event), a rather small sensitivity to the jet radius,
and negligible differences when measuring the decorrelation on tracks. The uncertainty
band of our resummed predictions are reduced when going from NLL to NNLL. Our
resummed results are consistent with Pythia, except for the matching corrections from the
NLO cross section (as we didn’t match Pythia to NLO). These matching corrections are
substantial for high jet pT , and arise from the boson being emitted from a leading order
dijet configuration. Though this is formally power suppressed in the back-to-back limit, it
is enhanced by an electroweak logarithm. While we focus on the WTA axis, we also explore
pnT -weighted recombination schemes, and these conclusions also hold there (if n > 1).

The paper is structured as follows: We introduce the kinematic setup and discuss
different observables measuring the transverse momentum decorrelation of the V+jet pair
in section 2. Section 3 establishes the factorization formula, gathers the available ingredient
functions, and includes a brief discussion of factorization violation induced by a Glauber
mode. Section 4 contains various calculations relating to the jet function: The linearly
polarized jet function appearing in our factorization formula, as well as the changes to the
jet function induced by the use of a different recoil-free jet axis or track-based measurements,
respectively. We establish our resummation strategy in section 5 (with certain ingredients
relegated to appendix A) which is then carried out to derive the results in section 6. We
conclude in section 7.

2 Boson-jet correlation

2.1 Geometry of the collision

We begin by describing the geometry of the collision and defining the observable for which
we perform the resummation. It will be instructive to contrast our target observable, the
azimuthal decorrelation, with the closely related radial decorrelation. (These correspond to
the two components of the difference in transverse momentum between vector boson and jet.)
This comparison will demonstrate in detail where simplifications due to the choice of a recoil-
free recombination scheme arise and how non-global effects are suppressed: While using a
recoil-free axis removes non-global logarithms for the azimuthal decorrelation, the radial
variety still suffers from NGLs and needs to include effects related to the technical definition
of this axis. For concreteness we discuss the case of the Winner-Take-All (WTA) axis.

The geometric setup is illustrated in the left panel of figure 1, where we choose to align
the y-axis with the reconstructed jet axis (its projection onto the transverse plane, to be
precise). Our starting point is momentum conservation in the transverse plane, which reads

!pT,a + !pT,b + !pT,S + !pT,c + !pT,V = 0, (2.1)
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Transverse momentum conservaBon:

Transverse momentum imbalance:
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loser, so to speak. The WTA axis is then simply the final pseudo-particle after clustering.
It is in principle possible that many soft emissions are clustered into one highly energetic
pseudo particle that emerges as the winner, but this is extremely unlikely because they
would have to be clustered together first to stand a chance against collinear emissions,
contrary to the expectation that they are spread out over the jet. Thus the WTA axis will
be aligned with one of the collinear emissions, rendering its direction free of soft recoil.

The WTA axis is a particularly powerful tool when combined with SCET, because it
can exploit the parametric hierarchy of the modes in SCET to simplify the calculation: As
stated, the magnitude of the jet axis will be a sum of transverse momenta

|!pT,J | =
∑

i

|!pT,i|, (2.2)

where the sum runs over all emissions in the jet. One consequence of the WTA recombination
is then that soft emissions inside the jet can affect the magnitude as participants in this sum,
but never the orientation, as soft emissions always lose against collinear emissions when
determining with which emission the axis should be aligned. The dependence of the axis
on soft emissions can be expanded away and represents a subleading effect in the effective
theory — and in some cases even the dependence in the magnitude can be expanded away,
with more details laid out in the following two sections.

The azimuthal angle is now directly related to the (dimensionful) offset between vector
boson and reconstructed jet momentum, defined as

!qT ≡ !pT,V + !pT,J

= !pT,J − !pT,c − !pT,a − !pT,b − !pT,S . (2.3)

In the absence of QCD radiation, !qT vanishes, and the limit of small !qT is of interest for
the resummation. The angular decorrelation can be e.g. written as δφ = arcsin qx/|pT,V | ≈
qx/|pT,V |, and is essentially a dimensionless version of the dimensionful !qT .

2.2 Azimuthal and radial decorrelation

Besides the azimuthal decorrelation, which represents the tangential offset qx as shown in
figure 1, we can define a second quantity of interest here, the radial decorrelation, using qy.
Using eq. (2.1) these can be written as

qx = px,V + px,J qy = py,V + py,J (2.4)
= px,V = py,J − py,a − py,b − py,S − py,c

= −px,a − px,b − px,S − px,c

where we used that px,J = 0 due to the alignment of the y-axis with the WTA axis. We
expect the contributions from the beams to be isotropic in the transverse plane (and their x-
or y-dependence therefore to be similar) and the soft function to capture the y-dependence
via its dependence on the geometry of the beam-jet system, so to proceed we need to
understand the relation between !pT,J and !pT,c, i.e. the reconstructed WTA axis and the
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loser, so to speak. The WTA axis is then simply the final pseudo-particle after clustering.
It is in principle possible that many soft emissions are clustered into one highly energetic
pseudo particle that emerges as the winner, but this is extremely unlikely because they
would have to be clustered together first to stand a chance against collinear emissions,
contrary to the expectation that they are spread out over the jet. Thus the WTA axis will
be aligned with one of the collinear emissions, rendering its direction free of soft recoil.

The WTA axis is a particularly powerful tool when combined with SCET, because it
can exploit the parametric hierarchy of the modes in SCET to simplify the calculation: As
stated, the magnitude of the jet axis will be a sum of transverse momenta

|!pT,J | =
∑

i

|!pT,i|, (2.2)

where the sum runs over all emissions in the jet. One consequence of the WTA recombination
is then that soft emissions inside the jet can affect the magnitude as participants in this sum,
but never the orientation, as soft emissions always lose against collinear emissions when
determining with which emission the axis should be aligned. The dependence of the axis
on soft emissions can be expanded away and represents a subleading effect in the effective
theory — and in some cases even the dependence in the magnitude can be expanded away,
with more details laid out in the following two sections.

The azimuthal angle is now directly related to the (dimensionful) offset between vector
boson and reconstructed jet momentum, defined as

!qT ≡ !pT,V + !pT,J

= !pT,J − !pT,c − !pT,a − !pT,b − !pT,S . (2.3)

In the absence of QCD radiation, !qT vanishes, and the limit of small !qT is of interest for
the resummation. The angular decorrelation can be e.g. written as δφ = arcsin qx/|pT,V | ≈
qx/|pT,V |, and is essentially a dimensionless version of the dimensionful !qT .

2.2 Azimuthal and radial decorrelation

Besides the azimuthal decorrelation, which represents the tangential offset qx as shown in
figure 1, we can define a second quantity of interest here, the radial decorrelation, using qy.
Using eq. (2.1) these can be written as

qx = px,V + px,J qy = py,V + py,J (2.4)
= px,V = py,J − py,a − py,b − py,S − py,c

= −px,a − px,b − px,S − px,c

where we used that px,J = 0 due to the alignment of the y-axis with the WTA axis. We
expect the contributions from the beams to be isotropic in the transverse plane (and their x-
or y-dependence therefore to be similar) and the soft function to capture the y-dependence
via its dependence on the geometry of the beam-jet system, so to proceed we need to
understand the relation between !pT,J and !pT,c, i.e. the reconstructed WTA axis and the
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loser, so to speak. The WTA axis is then simply the final pseudo-particle after clustering.
It is in principle possible that many soft emissions are clustered into one highly energetic
pseudo particle that emerges as the winner, but this is extremely unlikely because they
would have to be clustered together first to stand a chance against collinear emissions,
contrary to the expectation that they are spread out over the jet. Thus the WTA axis will
be aligned with one of the collinear emissions, rendering its direction free of soft recoil.

The WTA axis is a particularly powerful tool when combined with SCET, because it
can exploit the parametric hierarchy of the modes in SCET to simplify the calculation: As
stated, the magnitude of the jet axis will be a sum of transverse momenta

|!pT,J | =
∑

i

|!pT,i|, (2.2)

where the sum runs over all emissions in the jet. One consequence of the WTA recombination
is then that soft emissions inside the jet can affect the magnitude as participants in this sum,
but never the orientation, as soft emissions always lose against collinear emissions when
determining with which emission the axis should be aligned. The dependence of the axis
on soft emissions can be expanded away and represents a subleading effect in the effective
theory — and in some cases even the dependence in the magnitude can be expanded away,
with more details laid out in the following two sections.

The azimuthal angle is now directly related to the (dimensionful) offset between vector
boson and reconstructed jet momentum, defined as

!qT ≡ !pT,V + !pT,J

= !pT,J − !pT,c − !pT,a − !pT,b − !pT,S . (2.3)

In the absence of QCD radiation, !qT vanishes, and the limit of small !qT is of interest for
the resummation. The angular decorrelation can be e.g. written as δφ = arcsin qx/|pT,V | ≈
qx/|pT,V |, and is essentially a dimensionless version of the dimensionful !qT .

2.2 Azimuthal and radial decorrelation

Besides the azimuthal decorrelation, which represents the tangential offset qx as shown in
figure 1, we can define a second quantity of interest here, the radial decorrelation, using qy.
Using eq. (2.1) these can be written as

qx = px,V + px,J qy = py,V + py,J (2.4)
= px,V = py,J − py,a − py,b − py,S − py,c

= −px,a − px,b − px,S − px,c

where we used that px,J = 0 due to the alignment of the y-axis with the WTA axis. We
expect the contributions from the beams to be isotropic in the transverse plane (and their x-
or y-dependence therefore to be similar) and the soft function to capture the y-dependence
via its dependence on the geometry of the beam-jet system, so to proceed we need to
understand the relation between !pT,J and !pT,c, i.e. the reconstructed WTA axis and the
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Figure 1. Left: The azimuthal angle between the vector boson (green) and jet axis (blue) is
related to the momentum of the vector boson px,V transverse to the colliding protons (red) and
jet. Collinear initial (purple) and final-state (blue) radiation and soft radiation (magenta) is also
shown. Right: Schematic of the transverse plane: the angle φc between WTA axis (along y axis)
and collective collinear momentum, the angle φij between two generic collinear emissions i and j,
and the angular decorrelation observable δφ. These quantities are of the same parametric size.

and expresses that the vector boson (with transverse momentum #pT,V ) recoils against
emissions off the beams (#pT,a, #pT,b), soft radiation (#pT,S), and the total collinear radiation
in the jet (#pT,c). Note that #pT,c is non-trivial, i.e. possesses both x and y-components, as
we chose to align our coordinate axes with the reconstructed jet axis #pT,J , which in the
WTA case does not follow the collective momentum of all collinear emissions in the jet: As
detailed in ref. [34], the WTA axis always follows the orientation of one input particle (not
necessarily the most energetic one, which would not be collinear safe), whereas the total
momentum in general is not aligned with any individual particle direction.

To illustrate this point, we revisit the WTA recombination scheme and the associated
axis in detail: in sequential jet clustering algorithms, particles are pairwise recombined and
assigned a joint 4-momentum. For the WTA recombination scheme, this joint momentum
is taken massless, and points along the direction of the “harder” of the two particles in
the pair. The criterion to determine which of two particles is the harder is typically the
hierarchy in either the particle energy (“WTA-E-scheme”) or the transverse momentum
(“WTA-pT -scheme”).2 The latter choice is of course more suitable for hadron colliders and
shall therefore be used here. The magnitude of the newly combined pseudo-particle is the
sum of the energies or the scalar sum of transverse momenta — the “winner” absorbs the

2See e.g. ref. [40] vs. [34]. Note that this scheme choice also affects the order in which particles are
clustered, which in the former is determined by their energy, while in the latter it follows from their
transverse momentum.
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loser, so to speak. The WTA axis is then simply the final pseudo-particle after clustering.
It is in principle possible that many soft emissions are clustered into one highly energetic
pseudo particle that emerges as the winner, but this is extremely unlikely because they
would have to be clustered together first to stand a chance against collinear emissions,
contrary to the expectation that they are spread out over the jet. Thus the WTA axis will
be aligned with one of the collinear emissions, rendering its direction free of soft recoil.

The WTA axis is a particularly powerful tool when combined with SCET, because it
can exploit the parametric hierarchy of the modes in SCET to simplify the calculation: As
stated, the magnitude of the jet axis will be a sum of transverse momenta

|!pT,J | =
∑

i

|!pT,i|, (2.2)

where the sum runs over all emissions in the jet. One consequence of the WTA recombination
is then that soft emissions inside the jet can affect the magnitude as participants in this sum,
but never the orientation, as soft emissions always lose against collinear emissions when
determining with which emission the axis should be aligned. The dependence of the axis
on soft emissions can be expanded away and represents a subleading effect in the effective
theory — and in some cases even the dependence in the magnitude can be expanded away,
with more details laid out in the following two sections.

The azimuthal angle is now directly related to the (dimensionful) offset between vector
boson and reconstructed jet momentum, defined as

!qT ≡ !pT,V + !pT,J

= !pT,J − !pT,c − !pT,a − !pT,b − !pT,S . (2.3)

In the absence of QCD radiation, !qT vanishes, and the limit of small !qT is of interest for
the resummation. The angular decorrelation can be e.g. written as δφ = arcsin qx/|pT,V | ≈
qx/|pT,V |, and is essentially a dimensionless version of the dimensionful !qT .

2.2 Azimuthal and radial decorrelation

Besides the azimuthal decorrelation, which represents the tangential offset qx as shown in
figure 1, we can define a second quantity of interest here, the radial decorrelation, using qy.
Using eq. (2.1) these can be written as

qx = px,V + px,J qy = py,V + py,J (2.4)
= px,V = py,J − py,a − py,b − py,S − py,c

= −px,a − px,b − px,S − px,c

where we used that px,J = 0 due to the alignment of the y-axis with the WTA axis. We
expect the contributions from the beams to be isotropic in the transverse plane (and their x-
or y-dependence therefore to be similar) and the soft function to capture the y-dependence
via its dependence on the geometry of the beam-jet system, so to proceed we need to
understand the relation between !pT,J and !pT,c, i.e. the reconstructed WTA axis and the
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Recoil-free azimuthal angle for boson-jet correlaBon

ph ⇠ Q(1, 1, 1)

(also see Gao,Li,Moult,Zhu ’19 PRL,…)

pn ⇠ (p2x/Q,Q, px)nn̄
<latexit sha1_base64="tOSXyTibV3xKxAp+IpLS6H6kfA4="></latexit>

ps ⇠ (px, px, px)
<latexit sha1_base64="pNx07I/xtuUV2QwWOU3q8k5E8h8="></latexit>

d�

dpx,V dpT,J dyV d⌘J
=

Z
dbx
2⇡

e
ipx,V bx

X

i,j,k

Bi(xa, bx)Bj(xb, bx)Sijk(bx, ⌘J)Hij!V k(pT,V , yV � ⌘J)Jk(bx)

<latexit sha1_base64="LPm3JougTVSfc2d0ZNQLzylbBmY="></latexit>

Following the standard steps in SCET2 we obtain the following factorization formula

(Chien, Rahn, DYS, Waalewijn & Wu  ’22 JHEP + Schrignder ’21 PLB )

Fourier transformation in 1-dim Soft function can be obtained by boosted invariance

Effect of soft radiation in jet algorithm is 
power suppressed

Standard SCET2 (CSS …)
<latexit sha1_base64="ty85zfpLvkq6a+E1GJ7vyvbz7sM=">AAACBnicbVDLSsNAFL3xWesr6lKEwSLUTUmKqCspuHFnBfuAJpTJZNIOnTyYmQgldOXGX3HjQhG3foM7/8ZJm4W2HrhwOOde7r3HSziTyrK+jaXlldW19dJGeXNre2fX3NtvyzgVhLZIzGPR9bCknEW0pZjitJsIikOP0443us79zgMVksXRvRon1A3xIGIBI1hpqW8eOT7lCjvJkCGHc+SEWA0J5tntpGqf9s2KVbOmQIvELkgFCjT75pfjxyQNaaQIx1L2bCtRboaFYoTTSdlJJU0wGeEB7Wka4ZBKN5u+MUEnWvFREAtdkUJT9fdEhkMpx6GnO/Mr5byXi/95vVQFl27GoiRVNCKzRUHKkYpRngnymaBE8bEmmAimb0VkiAUmSidX1iHY8y8vkna9Zp/X6ndnlcZVEUcJDuEYqmDDBTTgBprQAgKP8Ayv8GY8GS/Gu/Exa10yipkD+APj8wcsBphG</latexit>

�� ⌧ O(1)
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Figure 10: Normalized �� distribution for Z+jet in Pythia. Left: at the parton level

with or without MPI contributions, as well as at the hadron level (including MPI). Right:

at the hadron level using all or only charged particles for WTA axis definition.

proton-proton collisions at the LHC are simulated with the decay of the Z boson turned

o↵. In experiments the clean, leptonic decay channels of Z boson are reconstructed with

suitable cuts on the lepton kinematics. In these Monte Carlo studies we sum over all the

Z boson polarization states to match our analytic calculation.

In all events, jets are reconstructed using the anti-kt algorithm [? ] with R = 0.5 (also

R = 0.8 or R = 1.0 when studying the jet radius dependence) using FastJet 3 [? ] and

|⌘J | < 2. The azimuthal angle is defined as the one between the Z boson and the leading jet

in each event11. We consider two kinematic regions: pT,J > 60 GeV and pT,J > 200 GeV,

to study the dependence of this observable on the hard energy scale. Two million events

for each region are simulated, providing su�cient statistics to obtain smooth distributions.

We first examine the sensitivity of the azimuthal decorrelation to hadronization and

underlying event in the left panel of figure ??, which shows the �� distributions with or

without hadronization or underlying event contributions. In Pythia the underlying event

is modeled as multi-parton interactions (MPI). We see that the shape of the�� distribution

is remarkably insensitive to hadronization and MPI, which suggests that it is dominated

by perturbative contributions. This is expected: due to our recoil-free jet definition, these

soft contributions do not interfere with the jet finding, and only provide a total recoil of

the V+jet system. Since the azimuthal angle is a vector quantity, the net e↵ect of this

recoil tends to be (close to) zero. There is a change in the normalization of the absolute

cross section, because the additional radiation a↵ects the number of events having a jet

with su�cient transverse momentum.
11Note that in some studies this angle is instead defined for an inclusive jet sample [? ? ]. In our

factorization analysis the contribution from additional jets is power suppressed, assuming �� ⌧ R.

– 32 –

Pythia simulaBon results

• Non-perturba3ve effects (hadroniza3on and MPI) are mild
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Numerical results

• first N2LL resummaBon including full jet dynamics 
• good perturbaBve convergence 
• N3LL resummaBon in on progress  
• interesBng to perform the same measurement at the LHC
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Azimuthal decorrelaBons of jets with the standard jet axis

• All-order resummaBon of azimuthal decorrelaBon of QCD jets  was first studied 
by (Banfi, Dasgupta & Delenda ’08) 

• CSS framework 
• dijet (Sun, Yuan & Yuan ’14 & ’15) jet + V (Sun, Yuan & Yuan ’18; Chen, Qin, Wang, Wei, Xiao, Zhang ’18) 

lepton + jet (Liu, Yuan & Felix  ’19) jet + top (Cao, Sun, Yan, Yuan & Yuan ’18 & ’19) … …

qT =
���

X

i/2 jets

~kT,i

���+O
�
k2T

�

310 L. Chen et al. / Nuclear Physics B 933 (2018) 306–319

fraction xa,b and the Mandelstam variables s, t, u using the maximum outgoing particle p⊥ as 
above.

The vacuum Sudakov factor Spp(Q, b) is defined as

Spp(Q,b) = SP (Q,b) + SNP (Q,b) (2)

where the perturbative SP Sudakov factor depends on the incoming parton flavor and outgoing 
jet cone size. The perturbative Sudakov factors can be written as [35–37]

SP (Q,b) =
∑

q,g

Q2∫

µ2
b

dµ2

µ2

[
A ln

Q2

µ2 + B + D ln
1

R2

]
(3)

At the next-to-leading-log (NLL) accuracy, the coefficients can be expressed as A = A1
αs
2π +

A2(
αs
2π )2, B = B1

αs
2π and D = D1

αs
2π , with the value of individual terms given by the following 

table, where both A and B terms are summed over the corresponding incoming parton flavors.

A1 A2 B1 D1

quark CF K · CF − 3
2CF CF

gluon CA K · CA −2βCA CA

Here CA and CF are the gluon and quark Casimir factor, respectively. β = 11
12 − Nf

18 , and K =
( 67

18 − π2

6 )CA − 10
9 Nf TR . R2 = $η2 + $φ2 represents the jet cone-size, which is set to match 

the experimental setup. The implementation of the non-perturbative Sudakov factor SNP (Q, b)

follows the prescription given in Refs. [62,63]. In the Sudakov resummation formalism, follow-

ing the usual b∗ prescription, the factorization scale is set to be µb ≡ c0
b⊥

√
1 + b2

⊥/b2
max , where 

c0 = 2e−γE and bmax = 0.5 GeV−1 which is chosen to separate the perturbative region from the 
non-perturbative region. The strong coupling runs with the hard scale Q2 = xaxbs. As suggested 
in Ref. [64], the Sudakov effect is dominated by perturbative contributions and insensitive to 
the choices of non-perturbative parts, when the hard scale Q is sufficiently large. We have also 
confirmed this in our numerical calculation.

For AA collisions, by adding additional transverse momentum broadening due to the interac-
tions between QGP and outgoing jets as suggested in BDMPS formalism, one can simply adopt 
the following form of the Sudakov factor,

SAA(Q,b) = Spp + q̂RL
b2

4
(4)

where q̂R = q̂q or q̂g corresponds to quark and gluon jets transverse momentum broadening, 
respectively. One can relate them as q̂g = CA

CF
q̂q . The above expression separates the medium 

broadening effect from the vacuum Sudakov effect. This is due to the fact that both effects have 
well-separated regions in their phase space integral which contribute differently to the transverse 
momentum broadening effects [38,39].

As to direct photon productions in the pQCD framework [65], we use the results computed 
from 2 → 3 matrix elements in Refs. [66,67] to compute the productions of the isolated-photon 
plus a jet

p + p → γ (φγ ,p⊥γ ) + J (φJ ,p⊥,J ) + X.

PerturbaBve Sudakov factor:

ResummaBon formula:
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Jet radius and TMD joint resummaBon for boson-jet correlaBon
(Chien, DYS & Wu  ’19 JHEP)

N1(P1) +N2(P2) ! boson(pV ) + jet(pJ)| {z }
qT

+X

ph ⇠ Q(1, 1, 1)

pnJ ⇠ pJT (R2, 1, R)nJ n̄J

pt ⇠ qT (R2, 1, R)nJ n̄J

ps ⇠ (qT , qT , qT )

pn1 ⇠ (q2T /Q,Q, qT )n1n̄1

Figure 1. Boson+jet production in hadron collisions. Here pV and pJ are the momenta of the
color singlet boson and the jet, and R is the jet radius. By definition ~qT = ~p

J
T + ~p

V
T . The modes

relevant for the observable qT include the soft modes with momentum ps, and the collinear modes
along the two beam directions (n1 and n2) and the jet direction (nJ). Small-angle soft modes are
taken as an independent degree of freedom from those emitted from the jet at wide angle, and its
momentum is denoted as pt. The n1-collinear and n2-collinear modes and soft modes all have a
transverse momentum ⇠ qT , while the nJ -collinear modes carry most of the jet momentum.

quark-gluon plasma (QGP) is produced. Through interactions with the medium, jets in the

event can be significantly modified while the color-singlet boson remains intact that can

serve as a robust reference of the hard scattering process. This makes boson+jet production

a useful channel for studying the properties of QGP though the relation between transverse

momentum broadening and energy loss of jets in high-energy nuclear collisions [45], which

requires a proper resummation of large logarithms [24, 46, 47]. The kinematic information

of the boson+jet system has been explored quite extensively [48–54]. For example, the qT ,

the boson-jet momentum imbalance XJV ⌘ p
J
T /p

V
T , and the azimuthal angle decorrelation

|��JV |: the azimuthal angle between the jet and the boson as measured along the beam

direction, have been experimentally studied in Z+jet [55–59] and �+jet [60] events at the

LHC.

The rest of the paper is organized as follows. In section 2, we analyze all the relevant

degrees of freedom which contribute to qT . We give a detailed derivation of our factorized

expression (2.27) using a two-step matching procedure in SCET. In section 3, we discuss the

renormalization of all the bare functions entering (2.27) and give an all-order resummation

formula in (3.13). We explain the relation between our resummation formula with those in

[24, 25, 28]. The anomalous dimensions relevant for the NLL resummation are also given in

this section. In section 4 we analyze the Sudakov double logarithms, while in section 5.2 we

– 3 –

From the above two equations, one finally has

J k(p2J , ~xT , ✏) !
1X

m=1

hJ k
m({nJ}, R pJ , ✏)⌦ Uk

m({nJ}, R ~xT , ✏)i (2.21)

where h· · · i ⌘ 1

dJ
Tr[· · · ] denotes the trace over all the color indices divided by the dimension

of the color representation of �k
nJ
, and ⌦ is a short-hand notation for

mQ
i=1

R
d⌦~nJi

/(4⇡) with

⌦~nJi
the solid angle of ~nJi in d-dimension. The jet function J k

m with m collinear particles

is defined as

P
↵0
J↵J

nJ J k
m({nJ}, R pJ , ✏) ⌘ 2n̄J · pJ(2⇡)d�1

X

spins

mY

i=1

Z
dEJiE

d�3

Ji

(2⇡)d�2
�

⇣
n̄ · pJ �

mX

i=1

n̄ · pJi
⌘

⇥ �
(d�2)

⇣ mX

i=1

~pJi?

⌘
⇥in({pJ})

���Mk
m(pJ ; {pJ})

ED
Mk†

m (pJ ; {pJ})
��� , (2.22)

and the coft function Um takes the form

Um({nJ}, R ~xT , ✏) = (2.23)
XZ

Xt

e
i
2
poutt ·n̄J~nJT ·~xT h0|U †

n̄J
(0)U †

nJ1
(0) · · ·U †

nJm
(0)|XtihXt|Un̄J (0)UnJ1

(0) · · ·UnJm
(0)|0i.

The set of nJ -collinear particles is defined by the anti-kt algorithm [74] which is used in

jet reconstruction. The phase space constraint imposed by the sequential clustering can

be quite complicated. Alternatively, here we require the angle �Rij between each pair of

collinear particles be smaller than the jet radius R,

�Rij ⌘
q
(�i � �j)2 + (⌘i � ⌘j)2 < R with i < j : 1, 2, · · · ,m. (2.24)

In the small R limit, the above requirement is equivalent to imposing the following step

functions,

⇥in(pJi , pJj ) ⌘ ✓

 
R

2 �
2pJi · pJj
p
Ji
T p

Jj
T

!
, (2.25)

which collectively is denoted by ⇥in({pJ}). The jet algorithm constraint for a coft gluon

with momentum pt is then equivalent to a cone jet algorithm since collinear particles are

clustered and define the jet direction nJ ,

⇥out(pt) ⌘ 1�⇥in(pt, nJ) = ✓

"
nJ · pt
n̄J · pt

�
✓

R

2 cosh ⌘J

◆
2
#
. (2.26)

By making the replacement in (2.21), (2.13) then gives the final factorized expression

d�

d2qTd
2pTd⌘JdyV

=
X

ijk

Z
d
2
xT

(2⇡)2
e
i~qT ·~xTSij!V k(~xT , ✏)Bi/N1

(⇠1, xT , ✏)Bj/N2
(⇠2, xT , ✏)

⇥Hij!V k(ŝ, t̂,mV , ✏)
1X

m=1

hJ k
m({nJ}, R pJ , ✏)⌦ Uk

m({nJ}, R ~xT , ✏)i. (2.27)

– 9 –

ConstrucBon of the theory formalism  
• MulBple scales in the problem 
• Rely on effecBve field theory: SCET + Jet EffecBve Theory (Becher, Neubert, Rothen, DYS ’16 PRL) 

qT ⌧ Q,R ⌧ 1
<latexit sha1_base64="7GdoLFJ+FhJ+wOuMd4KHAxonnYw="></latexit>
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New divergence in the 𝝓-integral
The anomalous dimensions of the global so? funcBon and collinear-so? funcBon are given by 

• Scale separaBon introduced by the narrow cone approximaBon  
• Both so? and collinear-so? funcBons are divergent as  
• 𝝓 dependent term in the RG soluBon between so? and collinear-so? scales reads

<latexit sha1_base64="U8PQnLEaM6384a+D2fWQmJc7VQM=">AAACCHicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZ8boruHFZxV6gM5RMJtOGZpKQZIQyzAu4c6sv4U7c+ha+gw9h2s5Cqz8EPv5zDufkjySj2njep1NZWl5ZXauuuxubW9s7td29jhaZwqSNBROqFyFNGOWkbahhpCcVQWnESDcaX0/r3QeiNBX83kwkCVM05DShGBlrde9gwBj0B7W61/Bmgn/BL6EOSrUGta8gFjhLCTeYIa37vidNmCNlKGakcINME4nwGA1J3yJHKdFhPju3gEfWiWEilH3cwJn7cyJHqdaTNLKdKTIjvVibmv/V+plJLsOccpkZwvF8UZIxaASc/h3GVBFs2MQCworaWyEeIYWwsQm5bhCTBAZSZAbmcpAHKoWWi8K18fiLYfyFzknDP2+c3Z7Wm1dlUFVwAA7BMfDBBWiCG9ACbYDBGDyBZ/DiPDqvzpvzPm+tOOXMPvgl5+MbJxOYyQ==</latexit>

R ⌧ 1

<latexit sha1_base64="Q+H93+Ka7MmvpXqmoV1RojSdt2E="></latexit>

| cos�x|p(µb,Rµb)

the 𝝓-integral is convergent only if 

One encounters such a divergence when the 
collinear-so? scale approaches to the non-
perturbaBve region 

<latexit sha1_base64="2B3dN90VIjo8pZ8+DiDEMUjacDE="></latexit>

�Sglobal =
↵sCF

⇡


2yJ + ln

✓
µ2

µ2
b

◆
+ ln

�
4 cos2 �x

�
� i⇡ sign (cos�x)

�
,

�Scs = �↵sCF

⇡


ln

✓
µ2

µ2
bR

2

◆
+ ln

�
4 cos2 �x

�
� i⇡ sign (cos�x)

�
,

<latexit sha1_base64="L3t/Qzs1JxIExGiztFvwxCAir6U=">AAACDXicbZDLSgMxGIUz9VbHW9Wlm2ARXNWZ4nUhFNy4rGAv0BmGTJppQzOZkGTEMswzuHOrL+FO3PoMvoMPYdrOQlsPBD7O+X/yc0LBqNKO82WVlpZXVtfK6/bG5tb2TmV3r62SVGLSwglLZDdEijDKSUtTzUhXSILikJFOOLqZ5J0HIhVN+L0eC+LHaMBpRDHSxvI8MaTB47Un6Ek9qFSdmjMVXAS3gCoo1Awq314/wWlMuMYMKdVzHaH9DElNMSO57aWKCIRHaEB6BjmKifKz6c05PDJOH0aJNI9rOHV/b2QoVmoch2YyRnqo5rOJ+V/WS3V06WeUi1QTjmcfRSmDOoGTAmCfSoI1GxtAWFJzK8RDJBHWpibb9vokgp5IUg0zEWSejKHhPLdNPe58GYvQrtfc89rZ3Wm1cVUUVQYH4BAcAxdcgAa4BU3QAhgI8AxewKv1ZL1Z79bHbLRkFTv74I+szx+xXJtL</latexit>

�x = ⇡/2
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Azimuthal decorrelaBon of QCD jets in ultra-peripheral collisions 
(Zhang, Dai, DYS, ’23 JHEP)

Dijet production with no nuclear breakup 
ATLAS ‘22

Photon-photon fusion diffractive photo-production 

We apply equivalent photon approximaBon + SCET

• Ui(li,x, R, yi) is the collinear-soft function describing the soft radiation along the di-

rection of the jet, and it is sensitive to the jet direction and the jet boundary. In

addition, the collinear-soft mode p
µ
csi can also resolve any possible collinear con-

stituents of the jet, which can give the so-called NGLs, as discussed in the following

paragraph.

• S(�x, y1, y2) is the transverse momentum dependent soft function which integrates

the radiation from the leading and sub-leading jets, so it dependents on the rapidity

of jets explicitly.

Their one-loop sample diagrams in SCET are given in the right panel of figure 3, and in the

appendix we present the explicit calcultions of the soft and collinear-soft functions at one

loop. Except the factorization scale µ dependence, we also present the soft S and collinear-

soft Ui functions with explicit rapidity scale ⌫ dependence, which stems from rapidity

divergence and the corresponding regulator. In the following subsection we will apply

the collinear anomaly formalism in [72, 73] to resum corresponding rapidity logarithms.

Alternatively, it can be dealt with using the rapidity renormalization group method [74,

75]. Finally, it should be noted that the above factorized expression (3.4) has ignored

the structure from non-global logarithms (NGLs), which start contributing at two-loop

order [60]. The TMD factorization formula including those e↵ects have been discussed in

[51, 52, 76], and one finds that NGLs can be resumed via a fitting function given in [60] at

NLL level. In our phenomenology, we have included their contributions in the resummation

formula.

After performing Fourier transform for (3.4), we obtain the factorized formula in the

coordinate space as follow

d4�

dqxdpTdy1dy2
=

Z +1

�1

dbx
2⇡

e
iqxbxB̃(bx, pT , y1, y2)H(pT ,�y, µ)S̃(bx, y1, y2, µ, ⌫)

⇥ Ũ1(bx, R, y1, µ, ⌫)J1(pT , R, µ)Ũ2(bx, R, y2, µ, ⌫)J2(pT , R, µ), (3.7)

where B̃, S̃ and Ũi are the Fourier transform of B, S and Ui in (3.4), respectively. Except

the Born cross section B̃, all other ingredients are normalized to 1 at the leading order.

Accordingly, as a check one can easily see that at the leading order the above formula (3.7)

degenerate (2.2) for the quark-antiquark pairs production without final-state radiations.

3.2 QCD resummation formalism of final-state radiation

In this section, we present the RG equations for the factorization scale dependent in-

gredients in (3.7), including the hard function H, jet function Ji, soft function S̃, and

collinear-soft function Ũi. After presenting their RG evolution equations, we check the RG

consistency at one loop. In the end, we present the all-order QCD resummation formula

for the azimuthal angular distribution.

– 8 –

• Ui(li,x, R, yi) is the collinear-soft function describing the soft radiation along the di-

rection of the jet, and it is sensitive to the jet direction and the jet boundary. In

addition, the collinear-soft mode p
µ
csi can also resolve any possible collinear con-

stituents of the jet, which can give the so-called NGLs, as discussed in the following

paragraph.

• S(�x, y1, y2) is the transverse momentum dependent soft function which integrates

the radiation from the leading and sub-leading jets, so it dependents on the rapidity

of jets explicitly.

Their one-loop sample diagrams in SCET are given in the right panel of figure 3, and in the

appendix we present the explicit calcultions of the soft and collinear-soft functions at one

loop. Except the factorization scale µ dependence, we also present the soft S and collinear-

soft Ui functions with explicit rapidity scale ⌫ dependence, which stems from rapidity

divergence and the corresponding regulator. In the following subsection we will apply

the collinear anomaly formalism in [72, 73] to resum corresponding rapidity logarithms.

Alternatively, it can be dealt with using the rapidity renormalization group method [74,

75]. Finally, it should be noted that the above factorized expression (3.4) has ignored

the structure from non-global logarithms (NGLs), which start contributing at two-loop

order [60]. The TMD factorization formula including those e↵ects have been discussed in

[51, 52, 76], and one finds that NGLs can be resumed via a fitting function given in [60] at

NLL level. In our phenomenology, we have included their contributions in the resummation

formula.

After performing Fourier transform for (3.4), we obtain the factorized formula in the

coordinate space as follow

d4�

dqxdpTdy1dy2
=

Z +1

�1
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2⇡
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iqxbxB̃(bx, pT , y1, y2)H(pT ,�y, µ)S̃(bx, y1, y2, µ, ⌫)

⇥ Ũ1(bx, R, y1, µ, ⌫)J1(pT , R, µ)Ũ2(bx, R, y2, µ, ⌫)J2(pT , R, µ), (3.7)

where B̃, S̃ and Ũi are the Fourier transform of B, S and Ui in (3.4), respectively. Except

the Born cross section B̃, all other ingredients are normalized to 1 at the leading order.

Accordingly, as a check one can easily see that at the leading order the above formula (3.7)

degenerate (2.2) for the quark-antiquark pairs production without final-state radiations.

3.2 QCD resummation formalism of final-state radiation

In this section, we present the RG equations for the factorization scale dependent in-

gredients in (3.7), including the hard function H, jet function Ji, soft function S̃, and

collinear-soft function Ũi. After presenting their RG evolution equations, we check the RG

consistency at one loop. In the end, we present the all-order QCD resummation formula

for the azimuthal angular distribution.
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Impact parameter dependent Born cross secBon 
from EPA (Fermi 1924; Weizsacker 1934; Williams 1935) 

Also see 《物理学报》 “⾼能重离⼦超边缘碰撞中极化光

致反应” 浦实、肖博⽂、周剑、周雅瑾 
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Collinear anomaly and resummaBon formula

(Zhang, Dai, DYS, ’22)

For the hard scattering process �� ! qq̄, the QCD corrections have been perturbativly

calculated at three loop [77], and the corresponding RG equation of the hard function reads

d

d lnµ
H(pT ,�y, µ) =


�2CF�cusp(↵s) ln

µ
2

M2
+ 4�q(↵s)

�

| {z }
⌘ �H(↵s)

H(pT ,�y, µ), (3.8)

where we have defined the hard anomalous dimension �H(↵s), and M is the invariant mass

of dijet pair defined in (2.4). In the appendix B we present the perturbative expression of

all relevant anomalous dimensions for the NLL resummation.

The one-loop quark jet function for the anti-kT algorithm with radius R is calculated

in [78], and it satisfies the RG evolution equations

d

d lnµ
Ji(pT , R, µ) =


�CF�cusp(↵s) ln

p
2
T
R

2

µ2
� 2�q(↵s)

�

| {z }
⌘ �J(↵s)

Ji(pT , R, µ). (3.9)

From (3.8) and (3.9) one can see that the characteristic scales related to the hard and jet

functions would be µh ⇠ M and µj ⇠ pTR, respectively.

Due to the existence of rapidity divergences, the calculation of soft and collinear-soft

functions involves extra complication which is not seen in the calculation of the hard and

jet functions. In appendix A we present their one-loop calculations in (A.1) and (A.3),

where we introduce a rapidity regulator by modifying the phase-space integrals [79].
Z

ddk !

Z
ddk

⇣
⌫

2k0

⌘
⌘

. (3.10)

Such divergences are artificial because the product of the soft and collinear-soft functions

is independent on the scale ⌫. However, the rapidity divergence introduces additional jet

radius R-dependence, so (3.7) does not achieve complete factorization. By refactorizing

out R-dependence terms within the collinear anomaly framework [72, 73], the product of

soft and collinear-soft functions should be expressed as

Ũ1(b, R, y1, µ, ⌫)Ũ2(b, R, y2, µ, ⌫)S̃(b, y1, y2, µ, ⌫) = R
2Fqq̄(b, µ)W (b,�y, µ), (3.11)

where the reminder function W (b,�y, µ) no longer contains large logarithms of the jet

radius, and the relevant R-dependent logarithms are resummed by the help of the anomaly

exponent Fqq̄(b, µ). Explicitly, their one-loop expressions are given by

Fqq̄(b, µ) =
↵s

4⇡
CF�

cusp
0 ln

b
2
µ
2

b
2
0

+O(↵2
s), (3.12)

W (b,�y, µ) = 1�
↵s

4⇡
CF


�
cusp
0 ln(2 + 2 cosh�y) ln

b
2
µ
2

b
2
0

�
+O(↵2

s), (3.13)

where the reminder function W is normalized to 1 at the leading order, and they satisfy

the following RG equations:

d

d lnµ
Fqq̄(b, µ) = 2CF�cusp(↵s), (3.14)

– 9 –

7.2 Refactorization and the Collinear Anomaly

Because of the dependence of the TPDFs on the hard scale of the underlying process, Eq. (7.5)

is not a useful factorization formula; part of the q2 = +M2 dependence is still hidden in the

product of TPDFs. At one-loop order, the explicit dependence is shown in Eq. (7.14). This

implies that a complete separation of the hard and collinear scales M2 and q2T was not

achieved. In order to complete the factorization and to carry out the resummation of the

large logarithms of the ratio q2T /M
2, it is necessary to control the dependence of the product

of TPDFs at all orders in perturbation theory. In [11], it was shown that in the xT space this

product can be refactorized as follows:

[
Bq/N1

(z1, x
2
T , µ) B̄q̄/N2

(z2, x
2
T , µ)

]
q2

=

(
x2T q

2

b20

)−Fqq̄(x2
T ,µ)

Bq/N1
(z1, x

2
T , µ)Bq̄/N2

(z2, x
2
T , µ) ,

(7.16)

with b0 = 2e−γE and where the exponent Fqq̄ depends only on the transverse coordinate

xT and on the renormalization scale µ. The functions Bi/N of the r.h.s. of Eq. (7.16) are

independent from the hard momentum transfer. All the dependence on q2 is explicit and has

an extremely simple form: It is a pure power, with an exponent Fqq̄. which depends on the

transverse separation xT . We observe that, if one chooses µ ∼ x−1T , the q2 dependent prefactor

resums all of the large logarithms of the hard scale, while Fqq̄(x2T , µ) has a perturbative

expansion in αs(µ) with coefficients of O(1).

Let us briefly review the derivation of the q2 dependence. The argument relies on the

fact that the divergences in the analytic regulator must cancel in the product of the beam

functions. As a consequence, the product is independent of the scale ν associated with the

regulator. Let us introduce the notation
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where we added an extra argument to the functions Bq/N1
and B̄q̄/N2

to make the depen-

dence on ν explicit. The specific form of the ν dependence of the individual functions arises

because of the dependence on the analytic regulator, which has the form (ν/k+)α, and the

power counting of k+ in the two collinear regions, see the example integral Eqs. (7.10) and

(7.11). The factors of b0 are inserted because they arise in the perturbative computation,

see Appendix G, but do not play any role for the argument we now want to make. Taking

the logarithm of the product of the beam functions, the independence from ν leads to the
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Then the one-loop collinear-soft function is written as
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where the rapidity regulator is also expanded at the leading power as suggested in (3.2).

The collinear-soft mode describes low energy radiations emitted from the collinear partons

in the jet at an angle ✓ ⇠ R, and the step functions in the second line indicate that only

emissions outside the jet contribute to transverse momentum imbalance at one loop.

As shown in (3.11), after combing soft and collinear-soft functions the jet radius de-

pendence would be factorized out. At order ↵s, using (A.1) and (A.3), we find

S̃(bx, y1, y2, µ, ⌫)Ũ1(bx, y1, µ, ⌫)Ũ2(bx, y2, µ, ⌫)

= 1 + CF
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+O(↵2

s), (A.4)

where the poles in ⌘ and scale ⌫ dependence in the NLO terms cancel out. Since we consider

R ⌧ 1 in (3.7), the logarithm of R indicates that a complete separation of scales was not

achieved. In order to carry out the resummation of the logarithmic of the jet radius R, one

obtain the refactorized formula in (3.11). At one-loop order we find MS renormalized result

of (A.4) agrees with (3.11) using the exponent Fqq̄ in (3.12) and the reminder function W

in (3.13).

In the above calculation we evaluate both of the one-loop soft and collinear-soft func-

tions in the lab frame where rapidities y1,2 of dijet are arbitrary, and obtain general ex-

pansions of them. However, since the product of the soft and the collinear-soft functions

are boost invariant along the beam axis as given in (3.7), they can also be simultaneously

calculated in the center-of-mass frame of two incoming photons, which would gives the

same result as in (A.4) after combining them together.

B Anomalous dimension

The QCD �-function and the cusp and non-cusp anomalous dimensions in the MS renor-

malization scheme are expanded as

�(↵s) = �2↵s

1X

n=0

�n

⇣
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4⇡

⌘
n+1

, �(↵s) =
1X
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⌘
n+1

. (B.1)

The two-loop coe�cients of the �-function and the cusp anomalous dimensions, and the

one–loop coe�cient of the non-cusp anomalous dimensions read,

�0 =
11
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3
TFnf , �1 =
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A �

20

3
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RefactorizaBon and jet radius resummaBon

Verified at one loop

ResummaBon formula

d

d lnµ
W (b,�y, µ) =

h
� 2CF�cusp(↵s) ln(2 + 2 cosh�y)

i
W (b,�y, µ). (3.15)

In appendix A we present the one-loop calculation of the soft and collinear-soft functions,

and one can easily verify that the rapidity poles are cancelled in the product of S̃ and Ũi,

and also reproduce the refactorization formula (3.11).

With the anomalous dimensions presented for all the ingredients, one can easily verify

that the factorized formula given in (3.7) satisfies the consistency relations for the RG

evolution

d

d lnµ

h
R

2Fqq̄(b, µ)W (b,�y, µ)H(pT ,�y, µ)J1(pT , R, µ)J2(pT , R, µ)
i
= 0. (3.16)

In the end all large logarithms can be resummed by evolving the hard and jet functions

from their intrinsic scales µh and µj to the scale of the reminder function and the anomaly

exponent at µb separately, and at NLL accuracy we have

d4�NLL

dqxdpTdy1dy2
=

Z 1

0

dbx
⇡
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#
U

2
NG(µb, µj), (3.17)

where we have incorporated NGLs resummation e↵ects included by the function UNG. As

shown in [51, 52, 76] the fitting function given in [60] can be used to capture leading-

logarithmic NGLs after choosing proper initial and final evolution scales. In our process,

the resummation of NGLs comes from a non-linear RG evolution between the jet and the

collinear-soft function [52], so we choose the jet scale µj and µb for the reminder function

in the function UNG that is given by

UNG (µb, µj) = exp


�CACF

⇡
2

3
u
2 1 + (au)2

1 + (bu)c

�
, (3.18)

with a = 0.85CA, b = 0.86CA, c = 1.33 and u = ln[↵s(µb)/↵s(µj)]/�0. Since there are two

jet functions in the factorized formula (3.7), we need to include the square of UNG to take

into account the evolution associated with each jet.

4 Numerical results

In this section we will present the numerical results using the resummation formula (3.17),

which captures both non-zero transverse momentum from incoming photons and QCD

evolution of final-state radiations at NLL accuracy.

We see that, after the change of integration variable from qx to ��jj in (3.17), the

theoretical results for ��jj-distribution can be directly obtained where we choose the

intrinsic scales in the resummation formula as

µh = M, µj = pTR, µb =
b0

b⇤(bx)
. (4.1)
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(Becher, Neubert `10)
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We choose the intrinsic scales as

which is also known as Collins-Soper treatment or rapidity renormalizaBon group
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Numerical results

• A good agreement with the ATLAS data in the nearly back-to-back region 
• Photo-producBons may enhance the dijet producBon rate, but should barely 

change the shape

(Zhang, Dai, DYS, ’23 JHEP)
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QCD resummaBon of the azimuthal decorrelaBon of dijets in pp and pA
Gao, Kang, DYS, Terry, Zhang in progress

in SCET [23–25] to obtain the following factorization formula 1

d4�

dycdyddp2Tdqx
=
X

abcd

1

16⇡ŝ2
1

1 + �cd

Z

x

xaf
unsub
a/p

(xa, ka,x, µ, ⇣a/⌫
2)xbf

unsub
b/p

(xb, kb,x, µ, ⇣b/⌫
2)

⇥ Tr
h
Hab!cd(ŝ, t̂, µ)S

unsub
ab!cd

(�x, µ, ⌫)
i
Jc(pTR,µ)Scs

c (kc,x, R, µ, ⌫)

⇥ Jd(pTR,µ)Scs
d
(kd,x, R, µ, ⌫), (2.6)

where |qx| = pT ��, and yc,d represent the laboratory rapidities of outgoing dijet pairs, and

the momentum fraction xa,b is determined by momentum conservation to be

xa =
pT
p
s
(eyc + e

yd) , xb =
pT
p
s

�
e
�yc + e

�yd
�
. (2.7)

The partonic center-of-mass energy reads ŝ = xaxbs, and t̂ = �xapT

p
se

�yc . The Kronecker

delta symbol �cd arises from the symmetry factor due to identical partons in the final state.

The short-hand notation
R
x
indicates the transverse momentum conservation in the x-axis,

and it is defined by
Z

x

⌘

Z
dka,xdkb,xdkc,xdkd,xd�x �(qx � ka,x � ka,x � ka,x � ka,x � �x). (2.8)

In (2.6) funsub
a (xa, ka,x, µ, ⇣a/⌫2) represent the one-dimensional unsubtracted TMD PDFs

for the incoming parton of type a (a = g, u, ū, d, d̄, · · · ), where ka,x is the transverse mo-

mentum of incoming parton along x-axis, µ and ⌫ are standard renormalization scale and

rapidity scale, respectively, and ⇣a is the Collins-Soper parameter. Note that f
unsub
a is

related to the standard two-dimensional TMD PDFs as

f(x, kx) =

Z
dky f(x,kT ), with kT = (kx, ky). (2.9)

After performing Fourier transform, we obtain the factorization formula in b-space as

follows

d4�

dycdyddp2Td��
=
X

abcd

pT

16⇡ŝ2
1

1 + �cd

Z
db

2⇡
e
ibpT ��
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unsub
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(xa, b, µ, ⇣a/⌫
2)xbf̃

unsub
b/p

(xb, b, µ, ⇣b/⌫
2)

⇥ Tr
h
Hab!cd(ŝ, t̂, µ)S̃

unsub
ab!cd

(b, µ, ⌫)
i
Jc(pTR,µ)S̃cs

c (b, R, µ, ⌫)

⇥ Jd(pTR,µ)S̃cs
d
(b, R, µ, ⌫), (2.10)

where the transverse vector b is along the x-axis in our convension. f
unsub
a/p

(xa, b, ) are

one-dimensional TMD PDFs in the coordinate b-space, and it is obvious that they are

equivalent to the standard TMD PDFs.

In (2.10) we define the hard functions Hab!cd and unsubtracted global soft functions

S̃
unsub, and the boldface indicates that they are matrices in the color space, with respect

1A comprehensive description of the TMD factorization formula in the context of SCET for jet production

can be found in the literature, for instance, in Refs. [8, 12, 26].

– 4 –

FactorizaBon and resummaBon formula in SCET

(also see Sun, Yuan, Yuan ’14 PRL)
Nuclear modified TMD PDFs (Alrashed, Anderle, Kang, Terry 
& Xing, ‘22)

Preliminary
Preliminary
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Summary
• TMD jets play essenBal roles in understanding QCD dynamics in many 

aspects. 

• Recoiling-free azimuthal decorrelaBon achieves first NNLL accuracy with 
full jet dynamics, and we find the non-perturbaBve correcBons are mild. 

• Our result can serve as a baseline for studying naive factorizaBon violaBon, 
spin asymmetry and energy loss in QGP. 

• We understand why azimuthal decorrealBon is simpler than standard 
transverse momentum imbalance, and the new divergence in qT 
corresponds to the rapidity divergence of azimuthal decorrelaBon. 

• We study the dijet azimuthal decorrelaBon in pp, pA, AA(UPC) processes 
and find good agreement. 
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