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QCD and 3D imaging of nucleon
Transverse momentum distribu<ons (TMDs) encode the quantum correla<ons between 
hadron polariza<on and the mo<on and polariza<on of quarks and gluons inside it.

Imaging a hadron 
would provide 
insights on QCD

• Both longitudinal and transverse 
mo<on 

• Large Lorentz boost in longitudinal 
direc<on, but not in transverse 
momentum 

• Correla<on between hadron spin with 
parton(quark, gluon) orbital angular 
momentum
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Transverse momentum distribu<ons of quarks
• Three classical processes used to probe quark TMDs

• Typical “two-scale” problem:  
transverse momentum of final par<cle (qT)   <<   scaDering energy (Q) 

• Theory tools: factoriza<on theorem; renormaliza<on group evolu<on; 
effec<ve field theory …



Theory Formalism in Semi-Inclusive DIS 

Theory framework: Collins-Soper-Sterman, Ji-Ma-Yuan, So5-Collinear Effec9ve Theory ……

TMD factoriza<on theorems have been 
established at the leading power of qT2/Q2

Some recent progresses on factoriza<on theorem at the sub-leading power
See Jyotirmoy Roy’s talk



QCD jets and 3D proton imaging at the EIC

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

• Recent inves<ga<ons at both the RHIC 
and LHC have validated jets as 
effec<ve tools for probing the spin 
structure of the nucleon.  

• Jets are complementary to standard 
SIDIS extrac<ons of TMDs 

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

• Azimuthal correla<on between jet and 
lepton sensi<ve to TMD PDFs (X. Liu, 
Ringer, Vogelsang, F. Yuan ’19 PRL, ……)



Simula<on results

The jet distribution matches the struck-quark kinematics

Jets 
includes ISR, FSR, 
hadronization, and 
the beam remnants 

e

quark

Arra9a, Kang, Prokudin, Ringer ‘19



Arra9a, Kang, Prokudin, Ringer ‘19

Theory predic<ons and measurements in DIS

H1 collaboration, ’22 
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Azimuthal correla<ons of QCD jets

• All-order resumma<on of azimuthal correla<on of QCD jets  was first studied by 
(Banfi, Dasgupta & Delenda ’08) 

• sum over all sod and collinear partons not combined with jets  
• caused by par<cle flow outside the jet regions 
• non-global observables (Dasgupta & Salam ’01) 

• CSS framework (indirect formalism, construct azimuthal angle from qT) 
• dijet (Sun, Yuan & Yuan ’14 & ’15) 

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.

Perturba<ve Sudakov factor:

Resumma<on formula:

collinear

soft
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Jet radius and TMD joint resumma<on for boson-jet correla<on
(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)
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Construc<on of the theory formalism  
• Mul<ple scales in the problem 
• Rely on effec<ve field theory: SCET + Jet Effec<ve 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 sod func<on and collinear-sod func<on are given by 

• Scale separa<on introduced by the narrow cone approxima<on  
• Both sod and collinear-sod func<ons are divergent as  
• 𝝓 dependent term in the RG solu<on between sod and collinear-sod 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-sod scale approaches to the non-
perturba<ve 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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Numerical results

• NLL resumma<on is consistent with the LHC data (qT & ΔΦ) 
•  ΔΦ distribu<on for dijet produc<on can be a clean probe of factoriza+on viola+on 

(Collins & Qiu ’07, Rogers & Mulders ’10, ……) 
• NLL result has 20-30% scale uncertain<es. Higher-order is necessary. 

� �� �� �� �� �� ��
�

�

�

�

�

Figure 6. Comparison between the NLL cross section calculations with Pythia simulations, in
the high p

J
T case (top row) and the low p

J
T case (bottom row). In all the plots, the red curves

are the theoretical predictions with the scale choice in (5.1), and the error bands are shown as the
shaded regions. The histograms are the Pythia results at parton (dashed lines) and hadron (solid
lines) levels.

the LO result has an artificial kink structure. The kink structure comes from the neg-

ligence of two jet events with p
J
T < 30 GeV due to such a kinematic cut. Explicitly, at

LO pT and qT are the transverse momenta of leading and subleading jets, respectively.

When qT > 30 GeV, the lower limit of the pT integral is qT . On the other hand, for

qT < 30 GeV the lower limit is frozen at 30 GeV. Hence, we observe such kink structure

near qT ⇠ 30 GeV. The investigation of the kink and its treatment is beyond the scope of

this paper and left for future work.

We also compare our theoretical calculation of the azimuthal angle decorrelation ��

between the boson and the leading jet with the experimental result at
p
s = 7 TeV in [56].

In the numerical integration, we boost the tree-level partonic event such that the boson

and the leading jet have total transverse momentum ~qT as

~qT = qT (sin�q, cos�q). (5.7)

After performing this transformation, the Z boson and the leading jet are not back to back

in the transverse plane. Hence, we obtain the distribution of the azimuthal angle ��(Z, j1)

– 24 –
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Azimuthal decorrela<on of QCD jets in pp, pA & UPC(𝛾𝛾) 
(Zhang, Dai, DYS, ’22 JHEP,  Gao, Kang, DYS, Terry, Zhang ’23 JHEP)

The factoriza<on formula

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

ph ⇠ Q(1, 1, 1)

pnJ ⇠ pJT (R2, 1, R)nJ n̄J

<latexit sha1_base64="y5ZLd1bdqYVFxLmpqx/w+Tp6AU8="></latexit>

pµci ⇠ pT (��2, 1, ��)nin̄i

<latexit sha1_base64="OgIf5kMdhMyiRZjZyb0Z15quxT8="></latexit>

pµs ⇠ pT (��, ��, ��)
<latexit sha1_base64="SdFQL68llXH3WFO5Vivjdn9zx9o="></latexit>

pµcsi ⇠
pT ��

R
(R2, 1, R)nin̄i

Indirect Direct
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Numerical results in pp, pA

• NLL resumma<on result is consistent with LHC 
data  

• Open ques<ons: 
• Higher resumma<on accuracy? SIDIS is known 

at N4LL accuracy 
• BeDer angular resolu<on? 
• Reduce contamina<on from UE? 

• One possible solu<on: 
• Recoil-free jet defini<on   
E.g. an<-kT clustering algorithm +       -weighted 
recombina<on scheme

(Zhang, Dai, DYS, ’22 JHEP,  Gao, Kang, DYS, Terry, Zhang ’23 JHEP)

(also see Sun, Yuan, Yuan ’14)

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

<latexit sha1_base64="R8BCqLV83Pbg6GE3vetAlPoMwdQ=">AAACBnicbZC7TsMwFIadcivhVmBksaiQmKoEcRsrWBiL1LSVmhA5rtNadRzLdpCqKDsbK7wEG2LlNXgHHgK3zQAtv2Tp03/O0Tn+I8Go0o7zZVVWVtfWN6qb9tb2zu5ebf+go9JMYuLhlKWyFyFFGOXE01Qz0hOSoCRipBuNb6f17iORiqa8rSeCBAkachpTjLSxPBG2H3hYqzsNZya4DG4JdVCqFda+/UGKs4RwjRlSqu86Qgc5kppiRgrbzxQRCI/RkPQNcpQQFeSzYwt4YpwBjFNpHtdw5v6eyFGi1CSJTGeC9Egt1qbmf7V+puPrIKdcZJpwPF8UZwzqFE5/DgdUEqzZxADCkppbIR4hibA2+di2PyAx9EWaaZiLMPdlAg0XhW3icRfDWIbOWcO9bFzcn9ebN2VQVXAEjsEpcMEVaII70AIewICCZ/ACXq0n6816tz7mrRWrnDkEf2R9/gDQZpi2</latexit>

pnT



• Recoil absent for the      -weighted recombina<on scheme (Banfi, Dasgupta & Delenda ’08) 

• N3LL resumma<on for jet qT @ ee and ep (Gu9errez-Reyes, Scimemi, Waalewijn, Zoppi ’18 ’19) 

• NNLL resumma<on for       @ pp (Chien, Rahn, DYS, Waalewijn & Wu  ’22  JHEP + Schrignder ’21 PLB) 
• NNLL resumma<on for       @ ep & eA (Fang, Ke, DYS, Terry ‘23 JHEP)

Recoil-free jet and all-order structure

Winner-take-all scheme (Bertolini, Chan, Thaler ’13)

<latexit sha1_base64="q8netc4eUKHmmIX0oooTMgEYe8M=">AAACC3icbZDLSgMxFIYzXut4q7p0EyyCqzIjXncFNy4r2At2hpLJZNrQTCYkZ4Qy9BHcudWXcCdufQjfwYcwvSy09YfAx3/O4Zz8kRLcgOd9OUvLK6tr66UNd3Nre2e3vLffNFmuKWvQTGS6HRHDBJesARwEayvNSBoJ1ooGN+N665FpwzN5D0PFwpT0JE84JWCthyBmAkig+rxbrnhVbyK8CP4MKmimerf8HcQZzVMmgQpiTMf3FIQF0cCpYCM3yA1ThA5Ij3UsSpIyExaTi0f42DoxTjJtnwQ8cX9PFCQ1ZphGtjMl0DfztbH5X62TQ3IVFlyqHJik00VJLjBkePx9HHPNKIihBUI1t7di2ieaULAhua7NI8GBynLAheoWgU6x5dHItfH482EsQvO06l9Uz+/OKrXrWVAldIiO0Any0SWqoVtURw1EkUTP6AW9Ok/Om/PufExbl5zZzAH6I+fzB/FfmvM=</latexit>

��

<latexit sha1_base64="R8BCqLV83Pbg6GE3vetAlPoMwdQ=">AAACBnicbZC7TsMwFIadcivhVmBksaiQmKoEcRsrWBiL1LSVmhA5rtNadRzLdpCqKDsbK7wEG2LlNXgHHgK3zQAtv2Tp03/O0Tn+I8Go0o7zZVVWVtfWN6qb9tb2zu5ebf+go9JMYuLhlKWyFyFFGOXE01Qz0hOSoCRipBuNb6f17iORiqa8rSeCBAkachpTjLSxPBG2H3hYqzsNZya4DG4JdVCqFda+/UGKs4RwjRlSqu86Qgc5kppiRgrbzxQRCI/RkPQNcpQQFeSzYwt4YpwBjFNpHtdw5v6eyFGi1CSJTGeC9Egt1qbmf7V+puPrIKdcZJpwPF8UZwzqFE5/DgdUEqzZxADCkppbIR4hibA2+di2PyAx9EWaaZiLMPdlAg0XhW3icRfDWIbOWcO9bFzcn9ebN2VQVXAEjsEpcMEVaII70AIewICCZ/ACXq0n6816tz7mrRWrnDkEf2R9/gDQZpi2</latexit>

pnT

<latexit sha1_base64="q8netc4eUKHmmIX0oooTMgEYe8M=">AAACC3icbZDLSgMxFIYzXut4q7p0EyyCqzIjXncFNy4r2At2hpLJZNrQTCYkZ4Qy9BHcudWXcCdufQjfwYcwvSy09YfAx3/O4Zz8kRLcgOd9OUvLK6tr66UNd3Nre2e3vLffNFmuKWvQTGS6HRHDBJesARwEayvNSBoJ1ooGN+N665FpwzN5D0PFwpT0JE84JWCthyBmAkig+rxbrnhVbyK8CP4MKmimerf8HcQZzVMmgQpiTMf3FIQF0cCpYCM3yA1ThA5Ij3UsSpIyExaTi0f42DoxTjJtnwQ8cX9PFCQ1ZphGtjMl0DfztbH5X62TQ3IVFlyqHJik00VJLjBkePx9HHPNKIihBUI1t7di2ieaULAhua7NI8GBynLAheoWgU6x5dHItfH482EsQvO06l9Uz+/OKrXrWVAldIiO0Any0SWqoVtURw1EkUTP6AW9Ok/Om/PufExbl5zZzAH6I+fzB/FfmvM=</latexit>

��
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Recoil-free azimuthal angle for boson-jet correla<on

ph ⇠ Q(1, 1, 1)

(Gao, Li, Moult, Zhu ’19,…)

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

Direct (recoil free)
<latexit sha1_base64="ty85zfpLvkq6a+E1GJ7vyvbz7sM=">AAACBnicbVDLSsNAFL3xWesr6lKEwSLUTUmKqCspuHFnBfuAJpTJZNIOnTyYmQgldOXGX3HjQhG3foM7/8ZJm4W2HrhwOOde7r3HSziTyrK+jaXlldW19dJGeXNre2fX3NtvyzgVhLZIzGPR9bCknEW0pZjitJsIikOP0443us79zgMVksXRvRon1A3xIGIBI1hpqW8eOT7lCjvJkCGHc+SEWA0J5tntpGqf9s2KVbOmQIvELkgFCjT75pfjxyQNaaQIx1L2bCtRboaFYoTTSdlJJU0wGeEB7Wka4ZBKN5u+MUEnWvFREAtdkUJT9fdEhkMpx6GnO/Mr5byXi/95vVQFl27GoiRVNCKzRUHKkYpRngnymaBE8bEmmAimb0VkiAUmSidX1iHY8y8vkna9Zp/X6ndnlcZVEUcJDuEYqmDDBTTgBprQAgKP8Ayv8GY8GS/Gu/Exa10yipkD+APj8wcsBphG</latexit>

�� ⌧ O(1)

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

ph ⇠ Q(1, 1, 1)

pnJ ⇠ pJT (R2, 1, R)nJ n̄J

<latexit sha1_base64="y5ZLd1bdqYVFxLmpqx/w+Tp6AU8="></latexit>

pµci ⇠ pT (��2, 1, ��)nin̄i

<latexit sha1_base64="OgIf5kMdhMyiRZjZyb0Z15quxT8="></latexit>

pµs ⇠ pT (��, ��, ��)
<latexit sha1_base64="SdFQL68llXH3WFO5Vivjdn9zx9o="></latexit>

pµcsi ⇠
pT ��

R
(R2, 1, R)nin̄i

Indirect Direct

<latexit sha1_base64="y5ZLd1bdqYVFxLmpqx/w+Tp6AU8="></latexit>

pµci ⇠ pT (��2, 1, ��)nin̄i

<latexit sha1_base64="OgIf5kMdhMyiRZjZyb0Z15quxT8="></latexit>

pµs ⇠ pT (��, ��, ��)
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Numerical results

• first NNLL resumma<on including full jet dynamics (an<-kT algorithm + WTA) 
• non-perturba<ve effects (hadroniza<on and MPI) are mild

(Chien, Rahn, DYS, Waalewijn & Wu  ’22 JHEP + Schrignder ’21 PLB )
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Linearly-polarized gluon jets

-� -� -� -� -� -� -� �

�

�

��

��

The linearly-polarized jet func9on describes the effect of a spin-superposi9on of the 
gluon ini9a9ng the jet

We  provide  evidence  
for  contribu9ons  from  
linearly-polarized  gluon 
jet  func9ons using 
MCFM

JL
g (~b?, µ, ⌫) =


1

d� 3

⇣ gµ⌫?
d� 2

+
bµ?b

⌫
?

~b 2
?

⌘�2(2⇡)d�1!

N2
c � 1

h0|�(! � n̄·P)�d�2(P?)Ba
n?µ(0)e

i~b?·~̂k?Ba
n?⌫(0)|0i

<latexit sha1_base64="zm8XOs55sT598t49SIM6fxBpRgw="></latexit>

The first non-vanishing order is one loop

JL(1)
g (~b?, µ, ⌫) = �1

3
CA +

2

3
TFnf

<latexit sha1_base64="Z9XyIfb19AgKJ7STcKhgqYwJ3ZQ="></latexit>
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Recoil-free azimuthal angle for electron-jet correla<on

ph ⇠ Q(1, 1, 1)

Following the standard steps in SCET and CSS, we obtain the following resumma<on formula

Hard factor

Lab frame

TMD PDF Jet func9onFourier transforma9on 
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 (��, ��, ��)

Similar to Transverse-EEC in back to back

Chien, Rahn, DYS, Waalewijn & Wu  
’22 JHEP + Schrignder ’21 PLB 
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Predic<ons in e-p

TMD PDF (CSS treatment)

scale choice 

b*-prescrip<on to avoid Landau pole 

non-perturba<ve model 

Jet func<on

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>

Uf
NP = exp


�gf1 b

2 � g2
2
ln

Q

Q0
ln

b

b⇤

�

<latexit sha1_base64="B6T8Sg8sWKfE3sbftQtQ/ctoM4c="></latexit>

UJ
NP = exp


�g2

2
ln

Q

Q0
ln

b

b⇤

�

Fang, Ke, DYS, Terry ‘23



Collinear dynamics (nPDF) 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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Predic<ons in e-A
We apply nuclear modified TMD PDFs

The process is primarily sensi9ve to the 
ini9al 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
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Precision calcula<on for jets in DIS
• Precision calcula<ons in DIS are essen<al for enhancing our understanding of partonic 

interac<ons and the internal structure of nucleons. 
• The high-order calcula<on has reached N3LO accuracy for jet produc<on in DIS Currie,  

Gehrmann, Glover, Huss, Niehues, & Vogt ’18 
• Several global event shape distribu<ons in DIS are know at N3LL + 𝓞(ɑs2) 

• thrust Kang, Lee, & Stewart ‘15 
• (transverse) energy energy correlator Li, Vitev, & Zhu ’20, Li, Makris, Vitev ‘21 
• 1-jevness Cao, Kang, Liu & Mantry ‘23

Arra9a, Kang, Prokudin, Ringer ’19 Li, Vitev, & Zhu ’20, Li, Makris, Vitev ‘21
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N3LL + 𝓞(ɑs2) predic<ons on lepton jet azimuthal correla<on in DIS
Fang, Gao, Li, DYS 2408.XXXXX

• All ingredients are known at N3LL+ 𝓞(ɑs2), except the two loop jet func<on j2 .  
• It was extracted numerically from the Event2 (Gu9errez-Reyes, Scimemi, Waalewijn, Zoppi ’19) 
• A preliminary numerical results are also calculated from SodSERVE (Brune SCET2023) 

• We study dijet produc<on in e+e-, and compare two-loop singular cross sec<on and 𝓞(ɑs2) 
predic<ons from NLOJET++ generator to extract j2

Integrated cross sec<on:

Two-loop coefficient:
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N3LL + 𝓞(ɑs2) predic<ons on lepton jet azimuthal correla<on in DIS

• We also compare the resumma<on expanded singular contribu<on in DIS with the full 
predic<on from NLOJET++ up to 𝓞(ɑs2).  

• Good agreement in the back-to-back limit (𝛿𝝓 —> 0) is observed. 
• Matching correc<ons (Y term) are important in the large 𝛿𝝓 region

Fang, Gao, Li, DYS 2408.XXXXX
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Comparison of resumma<on results at N2LL and N3LL

• The uncertainty bands 
are narrower at N3LL 
(red) compared to NNLL 
(blue) 

• At N3LL the dominant 
scale uncertain<es are 
from  𝜇b varia<on

Fang, Gao, Li, DYS 2408.XXXXX
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N3LL + 𝓞(ɑs2) predic<ons on lepton jet azimuthal correla<on in DIS

• In the large 𝛿𝝓 region the resumma<on formula receives significant matching correc<ons 
• It is necessary to switch off the resumma<on and instead employ fixed-order calcula<ons 

Fang, Gao, Li, DYS 2408.XXXXX



Azimuthal angular asymmetries in diffrac<ve di-jet produc<on
DYS, Y. Shi, C. Zhang, J, Zhou, Y. Zhou ’24 JHEP + ’24 in progress



Diffrac<ve dijets photo-produc<on
• Diffrac<ve di-jet produc<on provide rich informa<on on nucleon internal structure. 

• In cases of diffrac<ve tri-jet produc<on, where a semi-hard gluon is emiDed towards 
the target direc<on and remains undetected, the experimental signature of this process 
becomes indis<nguishable from that of exclusive di-jet produc<on.  

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

• The produc<on of color octet hard quark-an<-quark dijets enables the emission of sod 
gluons from the ini<al state. This mechanism significantly influences the total 
transverse momentum q⊥ distribu<on of the dijet. 

diffrac<ve produc<on of exclusive dijets diffrac<ve produc<on of (2+1) jets 



Diffrac<ve dijets photo-produc<on
• The CGC calcula<on of diffrac<ve di-jet photo-produc<on, 

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 sec<on for semi-inclusive diffrac<ve back-to-back dijet produc<on is 
expressed  as 

• Within the CGC formalism, the gluon distribu<on of the pomeron is related to the 
gluon-gluon dipole scaDering amplitude 

dipole amplitude 



Factorizaton and resumma<on 
• By trea<ng the gluon DTMD as if it were an ordinary TMD, we assume that the 

standard TMD factoriza<on framework can be used in the back-to-back region 
Hana, Xiao & Yuan ’22 

• We refactorize the gluon DTMD as the matching coefficients and the integrated 
pomeron gluon func<on 

DGLAP evolu9on of the pomeron gluon DPDF ?

addi9onal sta9c source term in the modified DGLAP equa9on 
Iancu, Mueller, Triantafyllopoulos, & Wei  ‘23

Glauber SCET Rothstein, Stewart, `16 



Factoriza<on and resumma<on 

• Resumma<on formula 

• NLO azimuthal angle-dependent  sod func<on



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

• Incorpora<ng the ini<al state gluon 
radia<on offers a more accurate 
representa<on of the CMS data 

• Difference remains. 
The azimuthal asymmetry: Our result 
underes<mates the asymmetry at low 
q⊥ and overshoots it at high 
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• We have studied the lepton-jet correla<on in both e-p and e-A collisions. U<lizing SCET, we 
derived a factoriza<on theorem for back-to-back lepton-jet configura<ons. 

• In e-A collisions, we discussed the u<lity of our approach in disentangling intrinsic non-
perturba<ve contribu<ons from nTMDs and dynamical medium effects in nuclear 
environments. We find the process is primarily sensi<ve to the ini<al state’s broadening 
effects. 

• TMD resumma<on accuracy has been improved to N3LL + 𝓞(ɑs2) accuracy in e-p collisions. 
It is good to have the measurement at the HERA to make a comparison. 

• We study azimuthal angular asymmetry in diffrac<ve di-jet produc<on. The produc<on of 
color octet dijets expands the color space, enabling the emission of sod gluons in the 
ini<al state.  

• This mechanism significantly influences the total transverse momentum distribu<on.  

• Our new results quan<ta<vely capture the overall trends in the q⊥ distribu<on and the 
asymmetry observed by the CMS Collabora<on, a sizable discrepancy between the 
experimental data and theore<cal calcula<ons remains. 

Summary
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Thank you


