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Soft-Collinear Effective Theory
• Soft-Collinear Effective Theory (SCET) is the effective field theory for 

processes with energetic particles such as jet production at high-energy 
colliders.  

• Typically such processes involve a scale hierarchy  

• In SCET, the physics associated with the hard scale Q2 is integrated out and 
absorbed into Wilson coefficients.  

• SCET involves two different types of fields, collinear and soft fields to 
describe the physics associated with the two low-energy scales pJ2 and ps2. 

Bauer, Pirjol, Stewart et.al. ’01, ’02;  Beneke, Diehl et.al. ’02



• The result of a SCET analysis of a jet cross section is often a factorization 
theorem  

• Hard function;  Jet function;  Soft function 

• The theorem is obtained after expanding in the ratios of the scales and 
holds at leading power.  

• Each of the functions is only sensitive to a single scale.  

• The individual functions furthermore fulfill renormalization group (RG) 
equations. By solving RG equations one can resum the large perturbative 
logarithms 

Soft-Collinear Effective Theory



• Schematic representation of the scale separation and of the calculational 
procedure in renormalization group improved perturbation theory. 

Resummation by RG 



• SCET with Glauber operator Rothstein, Stewart ‘16

Small 𝒙 factorization in SCET
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Glauber Modes



• SCET factorization with Glauber operator Neill, Pathak, Stewart ‘23

Small 𝒙 factorization in SCET

Small 𝒙 Factorization = Rapidity Factorization

Factorization formula



Small 𝒙 factorization in SCET

Slides from Aditya Pathak



Small 𝒙 factorization in SCET

Slides from Aditya Pathak



Gap fraction and Glauber modes



Gap fraction at the LHC

y

�

Figure 4. Definition of gap region for dijet system in the rapidity and azimuthal plane. If any
jet radiating into the gray region with transverse momentum is larger than Q0, then this event is
vetoed. The two red dashed lines indicate the approximated cuts used in [13], which imposed the
veto only in the region between these two lines

in the recent paper [47] which presented a version of the BMS equation which allows for

their all-order resummation. It would be interesting to analyze this in our e↵ective field

theory framework. The corresponding e↵ective theory would involve boundary modes to

describe the emissions near the gap boundary. The problem is however challenging because

the gap fraction is suppressed by a power of �y in the limit �y ! 0.

4.2 Gaps between jets

We now perform the resummation for the gap fraction at the LHC, as measured by the

ATLAS experiment [48, 49]. The gap fraction is defined as the fraction of dijet events that

do not have an additional jet with transverse momentum greater than a given veto scale

Q0 in the rapidity interval bounded by the dijet system, and we will study it as a function

of pT , the average transverse momentum of the two leading jets. More explicitly, the gap

fraction is defined as the ratio of the cross sections with and without veto

R(pT , Q0) =
�2�jet(pT , Q0)

�2�jet(pT , Q0 = pT )
. (4.4)

Below, we will compute R(pT , Q0) for di↵erent gap sizes defined by the rapidity di↵erence

�y between the two leading jets. The precise geometry of the gap is shown in Figure 4.

The jets are reconstructed with the anti-kT jet algorithm with R = 0.6 and are required

to have rapidity |y| < 4.4.

The ATLAS paper [48] observed that MC predictions are not always consistent with

ATLAS data. For example the NLO predictions matched to PYTHIA [51] and HERWIG

[52] using POWHEG [50] are lower than data, especially in the region of large jet pT

and rapidity di↵erence �y between the jets. Specifically, for 210 GeV < pT < 240 GeV

and 4 < �y < 5, POWHEG+HERWIG underestimates the data by about 40%, and

POWHEG+PYTHIA by about 20%.

For small values of Q0, the gap fraction R(pT , Q0) involves large logarithms of the

form ↵
n
s ln

m
pT /Q0. It is interesting to perform systematic soft gluon resummations to

try to understand the di↵erence between theoretical prediction and experimental data.

The resummation of the leading logarithms has been studied in the papers [13, 53, 54].
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• Gap fraction originally suggested on the basis of 
color flow considerations in QCD Bjorken ’93 

• BFKL evolution at large gap 
• soft wide angle gluon resummation at small Q0 
• ATLAS ’11 ’14 observes data and Monte Carlo 

predictions is not totally satisfactory 
• fixed-order calculations matched with parton 

shower tend to be below data at large 𝚫y  
• HEJ (BFKL logs) overestimates data at large pT

pT =
1

2
(pT, jet1 + pT, jet2)

pT, jet3 > Q0
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• Gap fraction originally suggested on the basis of 
color flow considerations in QCD Bjorken ’93 

• BFKL evolution at large gap 
• soft wide angle gluon resummation at small Q0 
• ATLAS ’11 ’14 observes data and Monte Carlo 

predictions is not totally satisfactory 
• fixed-order calculations matched with parton 

shower tend to be below data at large 𝚫y  
• HEJ (BFKL logs) overestimates data at large pT

pT =
1

2
(pT, jet1 + pT, jet2)

pT, jet3 > Q0

average pT of the two hardest jets increases to 5
times or more of the veto scale Q0, the HEJ predic-
tion starts deviating from data, underestimating the
amount of radiation (i.e. the prediction for the gap
fraction is larger than the data). This behavior is
expected, since the component of events added with
naı̈ve tree-level matching increases with increasing
!pT . This component receives no systematic treat-
ment of soft resummation within HEJ, a situation
which would be improved by a complete matching
with a parton shower. Progress in this direction has
recently been made in Ref. [39].
The POWHEG description includes the effects of col-
linear emissions through the shower formulations,
and the theoretical predictions perform well for both
kinematic distributions in Fig. 1 (particularly when
using the PYTHIA shower). However, as can be seen
in the right plot, for larger rapidity spans and modest
!pT , the POWHEG description undershoots the data.
Indeed, POWHEG contains no systematic resumma-
tion of all the leading-logarithmic terms for large
"y. Overall, the study reported by ATLAS shows
best agreement with the predictions of POWHEGþ
PYTHIA, but all the studies involve a hierarchy of

transverse scales and, therefore, by construction,
will favor the description with the systematic col-
linear resummation of a parton shower.
Note that the results for POWHEGþ HERWIG are
consistently below the data (i.e. the events contain
too many jets). The differences between the results
from POWHEGþ PYTHIA and POWHEGþ HERWIG

should be considered as a theoretical uncertainty
connected to the different shower algorithm.

As a final comment, to cleanly separate the two drivers
of additional jet activity (a large ratio of transverse scales
and a large rapidity separation), it is obviously necessary to
use a selection criterion which does not automatically
generate a hierarchy in the transverse scales as the rapidity
span increases.

B. CMS results

CMS has reported a study [10] on dijet production
with just a simple selection criteria on the transverse
momenta of jets. Jets are reconstructed by using the
anti-kT algorithm with R ¼ 0:5 and are required to have
pT > 35 GeV. Events are then required to contain at least
one forward jet (3:2< j!fj<4:7) and at least one central
jet (j!cj< 2:8), where ! is the pseudorapidity of the jets.
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FIG. 1 (color online). Both plots from the ATLAS study [5] on the gap fraction, defined as the fraction of events with no additional
jets in the rapidity region between the tagging jets, as a function of the difference of the rapidity of the two jets. In the left-hand side
plot, the tagging jets are the most forward and most backward jets, while in the right-hand side plot, they are the two hardest jets in
each event. In both plots, !pT is the average transverse momentum of two tagging jets. All jets are required to have pT > 20 GeV and
absolute rapidity jyj< 4:4.

PROBING HIGHER-ORDER CORRECTIONS IN DIJET . . . PHYSICAL REVIEW D 85, 114034 (2012)
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Resummation

• Factorization formula to all order is unknown due to glauber gluons 
• In LL and large Nc limit 

• scale setting                           and 
• focus on central jets, small gap & no collinear logs

the non-global e↵ects were included by reweighing with a K factor. The most detailed

theoretical study so far was [16], which resummed all large logarithms at LL in the large-

Nc limit by solving the BMS equation and also compared directly to the experimental

measurement. One limitation of this work is that the veto region was approximated by a

rectangle in the rapidity and azimuthal angle plane, see Figure 4. This made it possible to

obtain all NGLs by boosting the same solution of the BMS equation. In our computation

we will take into account the exact veto region used by ATLAS. Rather than relying on

the BMS equation, we will use our parton shower to resum all large logarithms.

Formula (2.1) was derived for leptonic collisions. The factorization formula for dijet

production at hadron colliders also includes PDFs fa(x, µ) and has the form

d�(Q0)

d�y d pT

=
X

a,b= q,q̄,g

Z
dx1dx2 fa(x1, µ)fb(x2, µ)

⇥
1X

m=2

⌦
H

ab

m({n}, ŝ, pT , µ) ⌦ Wm({n}, pT , Q0, µ)
↵

(4.5)

where ŝ = x1x2s is the partonic center-of-mass energy. The functions Wm({n}, pT , Q0, µ)

consist of a matrix element of the Wilson lines in the operator Sm+2 for the incoming and

outgoing partons, together with collinear fields of the two incoming ones. The functions

Wm contain rapidity logarithms due to Glauber gluon exchanges, which induce a depen-

dence on the large scale pT . This dependence has to be present in order to cancel the scale

dependence of the super-leading logarithms mentioned in Section 3. These double loga-

rithms of µ/pT arise from evolving the hard function and have a scale dependence which

cannot cancel against the single-logarithmic scale dependence of the purely soft matrix

element and the PDFs. We will discuss the factorization for the hadron-collider observable

in detail in a forthcoming paper. For the moment, we will concentrate on the leading

logarithms in the large-Nc limit, where these complications are absent and the resummed

cross section takes the simple form

d�(Q0)

d�y d pT

=
X

a,b= q,q̄,g

Z
dx1dx2fa(x1, µf )fb(x2, µf )H

ab

2 (ŝ,�y, pT , µh)hU2m(µs, µh)⌦̂1i .

(4.6)

The hard function H
ab

2
accounts for the process with two partons in the final state, and

all kinematics and color information is encoded in the hard events generated by Mad-

Graph5_aMC@NLO. The tree-level generator computes the exact color dependence of

the amplitudes, but to interface with a parton shower such as PYTHIA, it randomly as-

signs a possible large-Nc dipole color structure to each tree-level event. We use this color

information to start our shower, which then computes the evolution from 2 partons in the

final state to m partons, as encoded in the matrix elements U2m defined in (2.6). Since we

use full tree-level amplitudes, our hard function also contains terms of subleading color.

The paper [32] has modified MadGraph in such a way that the full color information

is written into the event file. Using this, one could perform a computation in the strict

large-Nc limit.
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Figure 5. The gap fraction as a function of the jet transverse momentum pT (left plot) and the
gap energy Q0 (right plot). The red line shows the LL result for the gap fraction; the error band is
obtained from scale variation. The ATLAS data is plotted in blue.

We choose µf = µh = pT as the central values for the factorization and hard scales,

and set the soft scale to be µs = Q0. A lower value of µf would enhance the gap fraction

and bring our results closer to the ATLAS measurements. However, the high value is

appropriate since the hard anomalous dimension has two parts, a soft contribution related

to non-global logarithms and a collinear part inducing the usual Altarelli-Parisi evolution.

In our shower, we only evolve with the soft part of the anomalous dimension and to avoid

the necessity for additional collinear evolution we have to to evaluate the PDFs at the high

scale.

In our calculations we use NNPDF23LO [44] PDF sets with ↵s(mZ) = 0.130 and use

one-loop running for ↵s. In Figure 5 we show the resummed gap fraction in comparison

with the ATLAS measurements [14]. In the left plot, we keep Q0 = 20GeV fixed and vary

the transverse momentum pT of the jets, while the right plot shows the gap fraction as a

function of Q0 for 210 GeV < pT < 240 GeV. ATLAS has performed measurements for

di↵erent rapidity separations between the jets. We want to avoid collinear enhancements

and focus on fairly central jets, since we do not resum collinear logarithms for the time

being. Specifically, we use 1 < �y < 2 in the left plot and 2 < �y < 3 in the right one.

To estimate the uncertainty of our predictions we vary the scales µh and µs by a factor of

two around their default values µh = pT and µs = Q0. The µs variation is larger, except

at low pT . In the plots we show the envelope of the two variations. We observe that the

results are marginally compatible with the experimental measurements within the fairly

large uncertainty bands, but it is clear that the theoretical description at LL accuracy is

fairly poor. This should be contrasted to the O(↵s) fixed-order result shown in orange

and the result obtained with PYTHIA [45] (solid green line) shown in Figure 6. We will

call the O(↵s) prediction leading order (LO), even though strictly speaking the leading-

order gap fraction is R(pT , Q0) = 1. Neither the fixed-order result nor PYTHIA describe

the ATLAS perfectly, but both yield a better description than the LL result. (In their

paper ATLAS uses POWHEG matched PYTHIA, which agrees with the data well for this
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paper ATLAS uses POWHEG matched PYTHIA, which agrees with the data well for this

– 13 –

µf , µh 2 [ pT /2, 2 pT ]

µs 2 [Q0/2, 2Q0]

Balsiger, Becher, DYS ‘18



• Gap fraction originally suggested on the basis 
of color flow considerations in QCD Bjorken ’93 

• Forshaw, Kyrieleis, Seymour ’06 have analyzed 
the effect of Glauber phases in the exclusive jet 
cross section directly in pQCD 

• Collinear logarithms starting at 4 loops: 
Super-leading logs 

• Even 15 years after this effect was discovered, 
leading order resummation is unknown, 
process dependence is unknown, … 

• At forth order there are 1,746,272 
diagrams !!! 

• We apply renormalization-group approach and 
obtain the all-order results of leading SLLs 
Becher, Neubert, DYS ’21 PRL

y

�

Figure 4. Definition of gap region for dijet system in the rapidity and azimuthal plane. If any
jet radiating into the gray region with transverse momentum is larger than Q0, then this event is
vetoed. The two red dashed lines indicate the approximated cuts used in [13], which imposed the
veto only in the region between these two lines

in the recent paper [47] which presented a version of the BMS equation which allows for

their all-order resummation. It would be interesting to analyze this in our e↵ective field

theory framework. The corresponding e↵ective theory would involve boundary modes to

describe the emissions near the gap boundary. The problem is however challenging because

the gap fraction is suppressed by a power of �y in the limit �y ! 0.

4.2 Gaps between jets

We now perform the resummation for the gap fraction at the LHC, as measured by the

ATLAS experiment [48, 49]. The gap fraction is defined as the fraction of dijet events that

do not have an additional jet with transverse momentum greater than a given veto scale

Q0 in the rapidity interval bounded by the dijet system, and we will study it as a function

of pT , the average transverse momentum of the two leading jets. More explicitly, the gap

fraction is defined as the ratio of the cross sections with and without veto

R(pT , Q0) =
�2�jet(pT , Q0)

�2�jet(pT , Q0 = pT )
. (4.4)

Below, we will compute R(pT , Q0) for di↵erent gap sizes defined by the rapidity di↵erence

�y between the two leading jets. The precise geometry of the gap is shown in Figure 4.

The jets are reconstructed with the anti-kT jet algorithm with R = 0.6 and are required

to have rapidity |y| < 4.4.

The ATLAS paper [48] observed that MC predictions are not always consistent with

ATLAS data. For example the NLO predictions matched to PYTHIA [51] and HERWIG

[52] using POWHEG [50] are lower than data, especially in the region of large jet pT

and rapidity di↵erence �y between the jets. Specifically, for 210 GeV < pT < 240 GeV

and 4 < �y < 5, POWHEG+HERWIG underestimates the data by about 40%, and

POWHEG+PYTHIA by about 20%.

For small values of Q0, the gap fraction R(pT , Q0) involves large logarithms of the

form ↵
n
s ln

m
pT /Q0. It is interesting to perform systematic soft gluon resummations to

try to understand the di↵erence between theoretical prediction and experimental data.

The resummation of the leading logarithms has been studied in the papers [13, 53, 54].

– 11 –
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Gap fraction and super-leading logs



All-order Super-leading logs: Kampe de Feriet function 

Consistent factorization needs Glauber Becher, Hager, Jaskiewicz, Neubert, Schwienbacher ‘24

14

All-order evolution of leading Super-Leading Logs
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Correlation observables
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Azimuthal correlation in the back-to-back limit

• jet calibration at pp  
• strong coupling measurement 
• spin asymmetry 
• TMDs, Nuclear TMDs 
• QGP at HIC  
• naive factorization violation 
• …

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

In the back-to-back limit, 
one needs all-order results 
( log(π-Δ𝜙) resummation )
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Azimuthal decorrelations of jets with the standard jet axis

• All-order resummation of azimuthal decorrelation 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.

Perturbative Sudakov factor:

Resummation formula:



• Large logarithms in jet TMDs 

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

• Recoil absent for the pT weighted recombination scheme (Banfi, Dasgupta & Delenda ’08) 

• N3LL resummation for jet qT @ ee and ep (Gutierrez-Reyes, Scimemi, Waalewijn, Zoppi ’18 ’19)

Jet TMDs and all-order structure

qT =
���

X

i/2 jets

~kT,i

���+O
�
k2T

�

n→∞  Winner-take-all scheme (Salam; Bertolini, Chan, Thaler ’13)
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• NNLL resummation of V+jet for  𝛿ϕ @ pp (Chien, Rahn, DYS, Waalewijn & Wu  
’22 JHEP + Schrignder ’21 PLB ) 

• NNLL resummation for  𝛿ϕ @ ep & eA (Fang, Ke, DYS, Terry ‘23 JHEP) 
• NNNLL resummation for  𝛿ϕ @ ep (Fang, Gao, Li, DYS, Terry ’24 JHEP) 
• NNLO WTA qT slicing for jets (Fu, Rahn, DYS, Waalewijn & Wu ’25 PRL) 
• NNLL resummation of dijets for  𝛿ϕ and qT @ pp (Fu, Rahn, DYS, Waalewijn 

& Wu ’26 JHEP) 
• NNLO WTA qT slicing for hadron + jets @ ep (Dong, Fang, Gao, Li, DYS, Zhu 

’26 submitted to PRL) 
• NNNLO two cut off (WTA qT + hadron qT) SIDIS @ ep (Dong, Fang, Gao, Li, 

DYS, Zhu, Zhu ’26 submitted to PRL) 
• WTA qT slicing for jets and hadron @ UPC 0nXn (Chen, Chen, Fang, DYS, Xing 

in progress)

WTA jet TMDs and all-order structure
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Recoil-free azimuthal angle for boson-jet correlation

ph ⇠ Q(1, 1, 1)

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

(Chien, Rahn, DYS, Waalewijn & Wu  ’23 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 …)
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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 simulation results

• Non-perturbative effects (hadronization and MPI) are mild

Tacking jets
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Numerical results

• first N2LL resummation including jet dynamics 
• good perturbative convergence 
• N3LL+O(𝛼s2) resummation at the LHC in on progress  
• interesting to perform the same measurement at the LHC

(Chien, Rahn, DYS, Waalewijn & Wu  ’23 JHEP) Fu, Rahn, DYS, Waalewijn & Wu ’26 JHEP
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QCD resummation of the azimuthal decorrelation of dijets in pp and pA
Gao, Kang, DYS, Terry, Zhang ’23 JHEP

in SCET [23–25] to obtain the following factorization formula 1
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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
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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
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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
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d
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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].
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Factorization and resummation formula in SCET

Nuclear modified TMD PDFs (Alrashed, Anderle, Kang, Terry & Xing, ‘22)
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Numerical results in pA

shadowing effect in the small-𝒙 region 
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TMD resummation for the vector 
boson and hadron angular correlation at hadron colliders

(Fang, Gao, Kang, DYS in progress)
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Azimuthal decorrelation 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 approximation (Fermi 1924; Weizsacker 1934; Williams 1935) + 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.
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Numerical results

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

change the shape

(Zhang, Dai, DYS, ’23 JHEP)



Diffractive dijets photo-production
• Diffractive di-jet production provide rich information on nucleon internal structure. 

• In cases of diffractive tri-jet production, where a semi-hard gluon is emitted towards 
the target direction and remains undetected, the experimental signature of this process 
becomes indistinguishable from that of exclusive di-jet production.  

• Recent studies have shown that the cross section for coherent tri-jet photo-production 
significantly surpasses that of exclusive di-jet production Iancu, Mueller & Triantafyllopoulos ‘21 

• The production of color octet hard quark-anti-quark dijets enables the emission of soft 
gluons from the initial state. This mechanism significantly influences the total 
transverse momentum q⊥ distribution of the dijet. 

diffractive production of exclusive dijets diffractive production of (2+1) jets 

DYS, Y. Shi, C. Zhang, J, Zhou, Y. Zhou ’24 JHEP



Factorizaton and resummation 
• By treating the gluon DTMD as if it were an ordinary TMD, we assume that the 

standard TMD factorization framework can be used in the back-to-back region 
Hatta, Xiao & Yuan ’22 

• We refactorize the gluon DTMD as the matching coefficients and the integrated 
pomeron gluon function 

DGLAP evolution of the pomeron gluon DPDF ?

additional static source term in the modified DGLAP equation 
Iancu, Mueller, Triantafyllopoulos, & Wei  ‘23

Glauber SCET Rothstein, Stewart, `16 



Numerical results and measurements in UPCs 
DYS, Y. Shi, C. Zhang, J, Zhou, Y. Zhou ’24 JHEP

• Incorporating the initial state gluon 
radiation offers a more accurate 
representation of the CMS data 

• Difference remains. 
The azimuthal asymmetry: Our result 
underestimates the asymmetry at low 
q⊥ and overshoots it at high 



UPC and heavy quarks (fermion)



• When we talk about electron–electron scattering, we really measure 
the inclusive process  

• It will be sufficient to assume that the total energy fulfills  

• We will now analyse the above process up to terms suppressed by 
powers of the expansion parameter  

• The effective Lagrangian 

Soft effective theory in QED



• The field hv cannot describe other fermion lines which have different 
velocities. To account for all four fermion lines, we need to include four 
auxiliary fermion fields 

• We need different fields to represent the electrons along the different 
directions in the effective theory, while all of these were described by a 
single field in QED 

Soft Photons in Electron–Electron Scattering 



• The interaction terms  

• In principle we could also write down interaction terms involving only two 
fields such as  

• Their Wilson coefficients are zero if the velocities are different, since the 
corresponding operator would describe a process in which a fermion 
spontaneously changes its velocity, which violates momentum 
conservation.  

• We could also write interactions terms with covariant derivatives or more 
fields, but these are higher-dimensional operators, whose contributions are 
suppressed by powers of the electron mass 

Soft Photons in Electron–Electron Scattering 



• We end up with Wilson lines along the directions of all particles in the 
scattering process. 

Effective Lagrangian



• We consider  

• The joint impact parameter and transverse momentum dependent cross section 

• The resumed cross section reads 

• Sudakov factor in the large mass approximation

Azimuthal asymmetries of muon pair production in  UPCs
DYS, Zhang, Zhou, Zhou ‘23

Hatta, Xiao, Yuan & Zhou  ’21 PRL & PRD



• However, at RHIC energy, where the muon mass is roughly the same order of pT or M, the 
soft factor receives the sizable finite lepton mass correction 

• The soft factor reads 

• The resumed formula 

Azimuthal asymmetries of muon pair production in  UPCs
DYS, Zhang, Zhou, Zhou ‘23

Li, Li, DYS, Yang, Zhu ’13, Catani, Grazzini, & Torre ’14 
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• However, at RHIC energy, where the muon mass is roughly the same order of pT or M, the 
soft factor receives the sizable finite lepton mass correction 

• The soft factor reads 

• The resumed formula 
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• Compared to the previous study, our resummation formula takes into account the full 
finite lepton-mass correction.  

• Its correction to the unpolarized cross section is tiny 

• The contribution from the muon mass effect to the asymmetries is quite sizable 

Azimuthal asymmetries of muon pair at RHIC
DYS, Zhang, Zhou, Zhou ‘23



More EFTs
<latexit sha1_base64="JtE+I+XKPuDGyupiumbBDlSW5Ws=">AAACF3icbZDLSsQwFIZT79bbeNm5CQ6Cq6EVb8tBN24EBWcUpqWk6elMMGljkgpjmQdx51Zfwp24dek7+BBmLgud8YfAx/+fQw5/LDnTxvO+nKnpmdm5+YVFd2l5ZXWtsr7R1HmhKDRoznN1GxMNnGXQMMxwuJUKiIg53MR3Z/385gGUZnl2bboSQkHaGUsZJcZaUWXrPgokKIkDzrHAgWYCX0SVqlfzBsKT4I+gika6jCrfQZLTQkBmKCdat3xPmrAkyjDKoecGhQZJ6B1pQ8tiRgTosBxc38O71klwmiv7MoMH7u+NkgituyK2k4KYjh7P+uZ/Wasw6UlYskwWBjI6/CgtODY57leBE6aAGt61QKhi9lZMO0QRamxhrhskkOJA5oXBpYzKQAlsuddzbT3+eBmT0Nyv+Ue1w6uDav10VNQC2kY7aA/56BjV0Tm6RA1E0SN6Ri/o1Xly3px352M4OuWMdjbRHzmfP9wgnoQ=</latexit>

q? ⌧ m ⇠ M
<latexit sha1_base64="h52jeTWZZIqm/5vnBmU6zLv6cvs=">AAACFnicbZDLSgMxFIYz9VbHW7VLN8EiuCoz4m1ZdONGqGAv0ClDJj3ThiYzMckIZeh7uHOrL+FO3Lr1HXwI08tCqwcSPv7/HM7hjyRn2njep1NYWl5ZXSuuuxubW9s7pd29pk4zRaFBU56qdkQ0cJZAwzDDoS0VEBFxaEXDq4nfegClWZrcmZGEriD9hMWMEmOlsFS+DwMJSuKAcyym/01YqnhVb1r4L/hzqKB51cPSV9BLaSYgMZQTrTu+J003J8owymHsBpkGSeiQ9KFjMSECdDefHj/Gh1bp4ThV9iUGT9WfEzkRWo9EZDsFMQO96E3E/7xOZuKLbs4SmRlI6GxRnHFsUjxJAveYAmr4yAKhitlbMR0QRaixeblu0IMYBzLNDM5lmAdKYMvjsWvj8RfD+AvN46p/Vj29PanULudBFdE+OkBHyEfnqIauUR01EEUj9ISe0Yvz6Lw6b877rLXgzGfK6Fc5H9/5DZ4J</latexit>

q? ⌧ m ⌧ M
<latexit sha1_base64="hVO2Dug85t7nFlZo/jH61HKAVpg=">AAACF3icbZDLSsQwFIZT79bbeNm5CQ6Cq6EVb8tBN24EBWcUpqWk6elMMGljkgpjmQdx51Zfwp24dek7+BBmLgud8YfAx/+fQw5/LDnTxvO+nKnpmdm5+YVFd2l5ZXWtsr7R1HmhKDRoznN1GxMNnGXQMMxwuJUKiIg53MR3Z/385gGUZnl2bboSQkHaGUsZJcZaUWXrPgokKIkDzQQWOOAcX0SVqlfzBsKT4I+gika6jCrfQZLTQkBmKCdat3xPmrAkyjDKoecGhQZJ6B1pQ8tiRgTosBxc38O71klwmiv7MoMH7u+NkgituyK2k4KYjh7P+uZ/Wasw6UlYskwWBjI6/CgtODY57leBE6aAGt61QKhi9lZMO0QRamxhrhskkOJA5oXBpYzKQAlsuddzbT3+eBmT0Nyv+Ue1w6uDav10VNQC2kY7aA/56BjV0Tm6RA1E0SN6Ri/o1Xly3px352M4OuWMdjbRHzmfP9zlnoQ=</latexit>

q? ⇠ m ⌧ M

“Boost in dynamical” - Xiangdong Ji
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“Boost in dynamical” - Xiangdong Ji

HQET SCET-Mb-HQET



Lepton pair production in UPCs 
Toward a precision test of the resummation formalism 

DYS, Zhang, Zhou, Zhou ‘23

Sudakov factor in the limit
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We expand the above expression at one loop and find they reproduce the coefficients c2 and c4



Lepton pair production in UPCs 
Toward a precision test of the resummation formalism 

DYS, Zhang, Zhou, Zhou ‘23

• We improve the accuracy of the previous calculations beyond the double leading logarithm 
approximation.  

• Notably, the single logs arising from the collinear region are greatly enhanced by the small 
mass of the leptons.  

• Our findings demonstrate the accessibility of these subleading resummation effects through 
the analysis of angular correlations in lepton pairs produced in UPCs.

Precision physics at Heavy ion collisions



Recent UPC measurements at RHIC
Phys.Rev.C 111 (2025) 1, 014909

• At higher pT, UPC measurements are 
consistent with QED when the Sudakov 
effects are included


• RHIC measurements show the importance 
of including the radiation of final-state soft 
photons in UPCs.



NNLL’ resummation of azimuthal decorrelation for boosted heavy 
quark pair production at the LHC

Dai, Liu, DYS 26 JHEP
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N (Pa) +N (Pb) → Q (pc) + Q̄ (pd) +X (pX)



NNLL’ resummation of azimuthal decorrelation for boosted heavy 
quark pair production at the LHC

Dai, Liu, DYS 26 JHEP

Most precise resummation results for heavy quark azimuthal 
decorrelation in pp collisions



Small 𝒙 and AI



Fast BK solution

• GPU accelerated solution to BK equation with resummation corrections from 
kinematical constraint and DGALP terms Kutak, Li, Stasto, Straka ‘25 

• Physics-Informed Global Extraction of the Universal Small-x Dipole Amplitude Dai, 
Li, Pang, Qin, Wei, Zhang, Zhao ‘26 

• Fast BK solution with Transformer Gao, Kang, Penttala, DYS ’25 JHEP 

• We train a transformer model to learn the energy dependence of the dipole 
amplitude, replacing repeated time-consuming numerical BK evolutions during 
the fit by fast emulator predictions.



Fast simulation: BMS v.s. BK

• NGL resummation is governed by the non-linear BMS equation, physically 
interpreted as a dipole shower. Banfi, Marchesini, Smye ’02 

• This non-linear NGL evolution connects to the BK equations via conformal duality 
Caron-Huot ‘18 

• BMS equation can be solved via Monte Carlo dipole shower. Dasgupta, Salam ’01, 
Balsiger, Becher, DYS ‘18
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4ε
ϑ̄sWab(k) [u(k)Gak(Q)Gkb(Q)→Gab(Q)]



Nested-GPT for variable-multiplicity parton showers:  
A case study in the resummation of non-global logarithms

Li, DYS, Shi, Sun ’26 

• We introduce Nested-GPT, a hierarchical autoregressive Transformer architecture for simulating 
the variable-multiplicity parton-shower histories.

Application in small-𝒙 shower? Shi, 
Wei, Zhou ‘23
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Summary
• Gap fraction 

• Superseding logs from Glauber regions 

• Correlations 

• Precision calculation 

• TMD background 

• nPDF, nuclear shadowing 

• Heavy quark 

• Fermion mass effects 

• Smal x and AI 

• Fast global fit 

• Fast simulation
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Thank you


