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QCD: non-abelian Yang-Mills theory

QCD and jet physics

Jets are emergent property of QCD

• Soft-collinear singularity

• Asymptotic freedom

• Color string breaks

Jets: Parton (quark or gluon) fragmentation and hadronization

Dynamics of jets formation: 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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Jets and 3D imaging

~sT<latexit sha1_base64="aYu9vrRRzJEbQd3kEUpXDOageFw="></latexit>

• Jets are complementary to standard SIDIS 
extractions of TMDs 


• Jet measurements allow independent 
constraints on TMD PDFs and FFs from a single 
measurement


• Azimuthal correlation between jet and lepton 
sensitive to TMD PDFs

Kang, Lee, DYS, Zhao ’23 JHEP

Collins type EEC

Kang, Liu, Mantry, DYS ’20 PRL

Jet charge

Arratia, Kang, Prokudin, Ringer ’19

Liu, Ringer, Vogelsang, Yuan ’19



5

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 )



• 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 pTn-weighted recombination scheme (Banfi, Dasgupta & Delenda ’08)


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

• NNLL resummation for       @ LHC (Chien, Rahn, DYS, Waalewijn & Wu  ’22 JHEP + Schrignder ’21 PLB )

• NNLL resummation for       @ ep & eA (Fang, Ke, DYS, Terry ‘23 JHEP)

• N3LL resummation for       @ ep (Fang, Gao, Li, DYS, Terry ’24 JHEP)

Jet TMDs and 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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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

(Chien, Rahn, DYS, Waalewijn & Wu  ’23 JHEP + Schrignder ’21 PLB )
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Recoil-free azimuthal angle for electron-jet correlation

ph ⇠ Q(1, 1, 1)

Following the standard steps in SCET and CSS, we obtain the following resummation formula

Effects of jet algorithm are suppressed, first 
appear at two loop

Hard factor

Lab frame

TMD PDF Jet functionFourier transformation 
in 1-dim

Fang, Ke, DYS, Terry ’23 JHEP

Standard TMD in back to back limit: Q >> qT ~ lT 𝛿𝝓

<latexit sha1_base64="X/BcGpQABQ5WmbKHvBwmPy1V/sY="></latexit>

pµci ⇠ lT
�
��2, 1, ��

�
nin̄i

<latexit sha1_base64="Ew87pL9e6YADqMaGLomTxvKz9y4="></latexit>

pµs ⇠ lT (��, ��, ��)
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Predictions in e-p

TMD PDF (CSS treatment)

scale choice


b*-prescription to avoid Landau pole


non-perturbative model


Jet function

µb⇤ = 2e��E/b⇤
<latexit sha1_base64="lP6TsBBVRY0VOLLtmgQWbh3JeSs="></latexit>

μH varies between Q/2 and 2Q. μb is fixed 

Sun, Isaacson,Yuan,Yuan ‘14

<latexit sha1_base64="qp4xFSZ6YKkrO2O4ZpR/houcPeU="></latexit>
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Fang, Ke, DYS, Terry ‘23



Collinear dynamics using EPPS16

We include LO momentum broadening of 
the jet within SCETG


ρG : density of the medium

ξ : the screening mass

L: the length of the medium
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Predictions in e-A
We apply nuclear modified TMD PDFs

The process is primarily sensitive to the 
initial state’s broadening effects, thereby 
serving as a clean probe of nTMD PDF 

(Alrashed, Anderle, Kang, Terry & Xing, ’22)

Parameter values are taken from a recent 
comparison between SCETG in e-A from the 
HERMES Ke and Vitev ‘23

(Gyulassy, Levai, & Vitev ’02)

Opacity parameter

Fang, Ke, DYS, Terry ‘23

⽅申 海报 ID74
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N3LL + 𝓞(ɑs2) predictions on lepton jet azimuthal correlation in DIS

• In the large 𝛿𝝓 region the resummation formula receives significant matching corrections

• It is necessary to switch off the resummation and instead employ fixed-order calculations 

Fang, Gao, Li, DYS 25 JHEP
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Figure 4. Varying the transition point r for the N3LL + O(α2
s) results of the δφ distribution at the

EIC (left) and HERA (right). The values of r are indicated in the figure.
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Figure 5. N3LL + O(α2
s) predictions for the δφ distribution at the EIC (left) and HERA (right).

The shaded bands indicate theoretical uncertainties, which include scale variations and uncertainties
from the transition function. Scale uncertainties are evaluated by varying the hard and soft scales
within 0.5Q < µh < 2Q and 0.5 b0/b∗ < µb < 2 b0/b∗, and are combined in quadrature. Additionally,
we vary the transition parameter r in eq. (5.8) over the ranges 0.12 < r < 0.20 for the EIC and
0.14 < r < 0.22 for HERA. Our results are compared to the NLO predictions (blue dashed).

respectively, and varying the transition points within the ranges 0.12 < r < 0.20 for the EIC
and 0.14 < r < 0.22 for HERA. The scale uncertainties are combined in quadrature. In
the small δφ region, the dominant uncertainties arise from both the µh variation and the
µb variation, with both contributions being comparable. In the transition region δφ from
0.3 to 0.6, the uncertainties are primarily dominated by r variation. In the large δφ region,
the uncertainties are primarily dominated by µh variation. Additionally, In figure 5 our
predictions are also compared with the NLO results (blue dashed), which exhibit divergences
as δφ → 0. Incorporating the matching corrections given in eq. (5.7) ensures that our
predictions converge smoothly to the NLO results at larger values of δφ, where resummation
becomes unnecessary. These numerical predictions provide a pathway for precision studies of
QCD and the inner structure of nucleons in DIS, and are particularly relevant for analyses
involving HERA data and forthcoming EIC data.

– 11 –

Y-term
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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

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 ��

xaf̃
unsub
a/p

(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 –

Factorization formula in SCET

Nuclear modified TMD PDFs (Alrashed, Anderle, 
Kang, Terry & Xing, ‘22)

Also see (Sun, Yuan & Yuan ’14 & ’15)
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Numerical results in pA
Gao, Kang, DYS, Terry, Zhang ’23 JHEP
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Numerical results in pA
Gao, Kang, DYS, Terry, Zhang ’23 JHEP
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Numerical results in pA
Gao, Kang, DYS, Terry, Zhang ’23 JHEP
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Numerical results in pA

shadowing effect in the small-x region 
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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
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=
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⇥ Ũ1(bx, R, y1, µ, ⌫)J1(pT , R, µ)Ũ2(bx, R, y2, µ, ⌫)J2(pT , R, µ), (3.7)
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Photon Wigner distribution: (Klein, Mueller, Xiao, Yuan, ’20, also 
see Ji, ’03; Belitsky, Ji, Yuan, ’04, …)
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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. 

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

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



Diffractive dijets photo-production
• The CGC calculation of diffractive di-jet photo-production, 

accompanied by a semi-hard gluon emission, has been 
studied in Iancu, Mueller & Triantafyllopoulos ’21; Iancu, Mueller, 
Triantafyllopoulos, & S. Y. Wei ’23 

• The Born cross section for semi-inclusive diffractive back-to-back dijet production is 
expressed  as


• Within the CGC formalism, the gluon distribution of the pomeron is related to the 
gluon-gluon dipole scattering amplitude 

dipole amplitude 



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 


• Some recent theory progress: 

• Fracture Functions: Chen, Ma, Tong ‘21 ’24 + Chai ‘19

• Glauber SCET: Lee, Schindler, Stewart ’25

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

陈开宝’s talk



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 
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Summary
• Recoiling-free azimuthal decorrelation achieves first N3LL accuracy with 

full jet dynamics, and we find the non-perturbative corrections are mild.


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


• In diffractive di-jet production process the production of color octet dijets 
expands the color space, enabling the emission of soft gluons in the initial 
state. This mechanism significantly influences the total transverse 
momentum distribution. 


• Our new results quantitatively capture the overall trends in the q⊥ 
distribution and the asymmetry observed by the CMS Collaboration, a 
sizable discrepancy between the experimental data and theoretical 
calculations remains. 
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Thank you


