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IntroducJon

• In past DIS experiments, scienJsts mainly focused on jet behaviors in the Breit 
frame—the frame of the virtual photon and the nucleon.  

• Recently, there has been many interests in studying observables in the lab frame 
of the incoming lepton and nucleus 
• Event shape Kang, Mantry, Qiu ’12; Kang, Lee, Stewart ’13; Li, Vitev, Zhu, ‘20 
• Jet producJon Liu, Ringer, Vogelsang, Yuan ’19; ArraDa, Kang, Prokudin, Ringer ’19 
• Hadron producJon Gao, Michel, Stewart, Sun ‘22
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Jets and 3D imaging

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

• Jets are complementary to standard SIDIS 
extracDons of TMDs  

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

• Azimuthal correlaDon between jet and lepton 
sensiDve to TMD PDFs

Kang, Lee, DYS, Zhao ’23 JHEP

Collins type EEC

Kang, Liu, Mantry, DYS ’20 PRL

Jet charge

ArraDa, Kang, Prokudin, Ringer ’19 
Liu, Ringer, Vogelsang, Yuan ’19

See Zhongbo’s talk
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Azimuthal correlaJons of QCD jets

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

• sum over all soX and collinear partons not combined with jets  
• caused by parJcle 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.

PerturbaJve Sudakov factor:

ResummaJon formula:

collinear

soft
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Jet radius and TMD joint resummaJon for boson-jet correlaJon in SCET
(Buffing, Kang, Lee, Liu ’18; 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 –

ConstrucJon of the theory formalism  
• MulJple scales: pT, pT R, qT, qTR 
• Theory tools: SCET + mulJ-Wilson formalism (Becher, Neubert, Rothen, DYS ’16 PRL) 

qT ⌧ Q,R ⌧ 1
<latexit sha1_base64="7GdoLFJ+FhJ+wOuMd4KHAxonnYw="></latexit>
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Azimuthal decorrelaJon of QCD jets in pp, pA & UPC(𝛾𝛾) 
(Zhang, Dai, DYS, ’22 JHEP,  Gao, Kang, DYS, Terry, Zhang ’23 JHEP)

The factorizaJon 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 resummaJon result is consistent with LHC 
data  

• Open quesJons: 
• Higher resummaJon accuracy? SIDIS is known 

at N3LL’ accuracy 
• Befer angular resoluJon? 
• Reduce contaminaJon from UE? 

• One possible soluJon: 
• Recoil-free jet definiJon   
E.g. anJ-kT clustering algorithm +       -weighted 
recombinaJon 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 recombinaJon scheme (Banfi, Dasgupta & Delenda ’08) 

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

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

ph ⇠ Q(1, 1, 1)

(also see 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 resummaJon including full jet dynamics (anJ-kT algorithm + WTA) 
• non-perturbaJve effects (hadronizaJon and MPI) are mild

(Chien, Rahn, DYS, Waalewijn & Wu  ’22 JHEP + Schrignder ’21 PLB )
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Recoil-free azimuthal angle for electron-jet correlaJon

ph ⇠ Q(1, 1, 1)

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

Hard factor

Lab frame

TMD PDF Jet funcDonFourier transformaDon 
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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PredicJons in e-p

TMD PDF (CSS treatment)

scale choice 

b*-prescripJon to avoid Landau pole 

non-perturbaJve model 

Jet funcJon

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 

13

PredicJons in e-A
We apply nuclear modified TMD PDFs

The process is primarily sensiDve to the 
iniDal 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 calculaJon for jets in DIS
• Precision calculaJons in DIS are essenJal for enhancing our understanding of partonic 

interacJons and the internal structure of nucleons. 
• The high-order calculaJon has reached N3LO accuracy for jet producJon in DIS Currie,  

Gehrmann, Glover, Huss, Niehues, & Vogt ’18 
• Several global event shape distribuJons 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-jepness Cao, Kang, Liu & Mantry ‘23

ArraDa, Kang, Prokudin, Ringer ’19 Cao, Kang, Liu & Mantry ‘23
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N3LL + 𝓞(ɑs2) predicJons on lepton jet azimuthal correlaJon in DIS
Fang, Gao, Li, DYS 2407.XXXXX

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

• We study dijet producJon in e+e-, and compare two-loop singular cross secJon and 𝓞(ɑs2) 
predicJons from NLOJET++ generator to extract j2

Integrated cross secJon:

Two-loop coefficient:



16

N3LL + 𝓞(ɑs2) predicJons on lepton jet azimuthal correlaJon in DIS

• We also compare the resummaJon expanded singular contribuJon in DIS with the full 
predicJon from NLOJET++ up to 𝓞(ɑs2).  

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

Fang, Gao, Li, DYS 2407.XXXXX
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Comparison of resummaJon results at N2LL and N3LL

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

• At N3LL the dominant 
scale uncertainJes are 
from  𝜇b variaJon

Fang, Gao, Li, DYS 2407.XXXXX



18

N3LL + 𝓞(ɑs2) predicJons on lepton jet azimuthal correlaJon in DIS

• In the large 𝛿𝝓 region the resummaJon formula receives significant matching correcJons 
• It is necessary to switch off the resummaJon and instead employ fixed-order calculaJons 

Fang, Gao, Li, DYS 2407.XXXXX
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N3LL + 𝓞(ɑs2) predicJons on lepton jet azimuthal correlaJon in DIS

• In the large 𝛿𝝓 region the resummaJon formula receives significant matching correcJons 
• It is necessary to switch off the resummaJon and instead employ fixed-order calculaJons 

Fang, Gao, Li, DYS 2407.XXXXX
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Summary
• We have studied on the lepton-jet correlaJon in both e-p and e-A collisions. 

UJlizing SCET, we derived a factorizaJon theorem for back-to-back lepton-jet 
configuraJons. 

• In e-A collisions, we discussed the uJlity of our approach in disentangling intrinsic 
non-perturbaJve contribuJons from nTMDs and dynamical medium effects in 
nuclear environments. We find the process is primarily sensiJve to the iniJal state’s 
broadening effects. 

• TMD resummaJon 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. 

• Our work sets the groundwork for future experiments at the EIC, offering a robust 
framework for measuring nTMDs. 

Thank you



Backup

21



Quite nontrivial that the low-energy matrix element factorizes 
into a product 

  

One should be worried about long-distance interacJons 
mediated by soX gluons

22

σ =
∑
a,b

∫ 1

0

dx1dx2 σ̂ab(Q, x1, x2, µf ) fa(x1, µf) fb(x2, µf ) +O(ΛQCD/Q) (1)

σ =
∑
a,b

∫ 1

0

dx1dx2 Cab(Q, x1, x2, µ)〈P (p1)|Oa(x1)|P (p1)〉 〈P (p2)|Ob(x2)|P (p2)〉+O(ΛQCD/Q)

(2)

〈qa′(x′p)|Oa(x)|qa′(x′ p)〉 = δaa′ δ(x′ − x)

Cab(Q, x1, x2) = σ̂ab(Q, x1, x2)

Glauber gluon 

standard sop gluon

pµ ⇡ pµ?



All proton collisions include forward component (proton remnants) 

Absence of factorizaJon-violaJon due to Glauber gluons is important element 
of factorizaJon proof for Drell-Yan process. 

23

All proton collisions include forward component (proton 
remnants). EFT for pp collisions must describe forward 
scattering. 

• EFT should include Glauber-gluons. 

• Absence of factorization-violation due to 
Glauber gluons is important element of 
factorization proof for Drell-Yan process.
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Glauber Exchange 
violates factorization: 122
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a) b) c) d)

FIG. 29. Spectator-specator interactions for the hard scattering correlator in Eq. (312). The Glauber

interaction labeled G indicates the sum of all ladder diagrams including the graph with 0 Glaubers as

indicated.

As we will see below once the hard scattering is taken into account the Glaubers no longer

eikonalize. However, despite this fact, an overall phase will still be generated if we sum over

Glauber exchange rungs (ignoring soft and collinear radiation).

We will also show under what circumstances the phase cancels. Of course this cancellation

is a necessary TODO:

Check

(TODO) but not su�cient condition for a proof of factorization. Since there are

quantum corrections which break factorization that are not pure phases. A demonstration of how

complete proofs of factorization can be carried out using our Glauber theory will be given elsewhere.

TODO:

FIX THIS

OUTLINE

(TODO) In Sec. VIIB we consider the same all order resummation of Glauber exchanges for

a hard scattering vertex, demonstrating that they again give a phase. In Sec. VIIA we consider

Glauber gluons in diagrams involving spectators that do not directly participate in the hard scat-

tering.

A. Spectator-Spectator

We begin by considering the diagrams in Fig. 29 which we refer to as Spectator-Spectator (SS)

interactions. These occur between spectator particles which do not participate in the hard annihi-

lation. Since the hard scattering case with M
DIS
� has only a single hadron, these SS contributions

only exist for the hard annihilation case with M
DY
� , where the two participating spectators are

created by �n and �n̄ respectively. In these graphs the hard interaction is indicated by the ⌦, and

our routing for incoming and outgoing external momentum is shown in Fig. 29b. For simplicity

we take the limit where the mass of the incoming hadrons is ignored, so that P 2 = P̄ 2 = 0. This

is accomplished by taking Pµ = n̄ · P nµ/2 and P̄ = n · P̄ n̄µ/2 respectively. The tree level result

for Fig. 29b is then given by

Fig. 29b = S
�
i n̄ · (p1�P )

(P � p1)2
i n · (P̄ � p2)

(P̄ � p2)2
(313)

= S
�


1

~p 2
1?

1

~p 2
2?

� 
n̄ · p1 n̄ · (P�p1)

n̄ · P

n · p2 n · (P̄�p2)

n · P̄

�

⌘ S� E(p1?, p2?),

couples n-collinear,
n-collinear, and 

soft modes

Glauber’s dominate 
Forward Scattering:

19
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FIG. 4. Tree level matching for the nnn̄n̄ Glauber operators. In a) we show the four full QCD graphs

with t-channel singularites. The matching results are given by reading down each column. In b) we show

the corresponding Glauber operators for the four operators in SCET with two equivalent notations. The

notation with the dotted line in c) emphasizes the factorized nature of the n and n̄ sectors in the SCET

Glauber operators, which have a 1/P2
? between them denoted by the dashed line.

Thus for these tree level 2–2 scattering graphs the Mandelstam invariant t = q2
?
= �~q 2

?
< 0.

For this matching calculation there are four relevant QCD tree graphs, shown in Fig. 4a. They

will result in four di↵erent Glauber operators, whose Feynman diagrams for this matching are

represented by Fig. 4c. The matching must be carried out using S-matrix elements for a physical

scattering process, so we take ?-polarization for the external gluon fields. Expanding in � the

results for the top row of diagrams at leading order is

i
h
ūn

n̄/

2
TBun

ih
�8⇡↵s(µ)�BC

~q 2
?

ih
v̄n̄

n/

2
TCvn̄

i
, (28)

i
h
ifBA3A2gµ2µ3

?
n̄ · p2

ih
�8⇡↵s(µ)�BC

~q 2
?

ih
v̄n̄

n/

2
TCvn̄

i
,

i
h
ūn

n̄/

2
TBun

ih
�8⇡↵s(µ)�BC

~q 2
?

ih
ifCA4A1gµ1µ4

?
n · p1

i
,

i
h
ifBA3A2gµ2µ3

?
n̄ · p2

ih
�8⇡↵s(µ)�BC

~q 2
?

ih
ifCA4A1gµ1µ4

?
n · p1

i
.

In writting these results we have written out the collinear quark spinors but left o↵ the collinear

gluon polarization vectors "µ2A2
n (p2) etc, for simplicity.

We begin our analysis by discussing the SCETII operators whose tree level matrix elements

reproduce the results in Eq. (28). The four SCETII operators whose matrix elements reproduce

Eq. (28) factorize into collinear and soft operators separated by 1/P2
?

factors, so we adopt the

n n

ss

fwd. scattering

fwd. scattering

n-n̄

n-s

(small-x logs,  reggeization, BFKL,
BK/BJMWLK, …)

Glauber

Bodwin ’85; Collins, Soper, Sterman ’85 ’88 …

[15] to discuss scattering at high energy and small angles.
The eikonalization indicates that substantial simplifica-
tions are possible. But that situation would go well beyond
normal factorization.

V. DISCUSSION

We should first emphasize that there is a large overlap
between the present paper and the work in Refs. [1– 4].
What is not so clear from the earlier work is whether
factorization in any standard sense continues to hold in
the process (1.1). For example, in [1], we read ‘‘We have
assumed factorization to hold in this treatment of TMD
effects although it is, at the present, certainly not clear
whether such a factorization holds for hadron-hadron scat-
tering processes with explicitly TMD correlators.’’

Our primary result is to show by a counterexample that
hard-scattering kT factorization with universal parton den-
sities fails for the production of high pT hadrons in hadron-
hadron collisions, when a pair of measured hadrons is close
to back-to-back azimuthally. The overall issue is that in a
gauge theory arbitrary exchanges of gauge fields between
different collinear groups (‘‘jets’’) can occur without any
power suppression. To obtain factorization it is necessary
to show that the sum over these exchanges can be absorbed
into the definitions of the parton densities and fragmenta-
tion functions, assisted by certain cancellations. A full
proof will be quite general, applying to a general gauge
theory and to many reactions. So one particular counter-
example is sufficient to show that such a proof does not
exist; we can then choose the counterexample for maxi-
mum clarity and simplicity.

Even for those cases where factorization does hold, the
need to make suitable definitions of the parton densities,
etc., so as to absorb the effects of the gluon exchanges
indicates that the parton densities, etc., can always be
regarded as effective densities [16]. The primary practical
issue is whether they are universal, i.e., the same for all
reactions. In a certain sense, the well-known scale depen-
dence of the densities is a kind of nonuniversality: different
parton densities are needed when the scale of the hard
scattering is given a large increment. But there is an
evolution equation for the scale dependence, and this ap-
plies to an individual parton density. No details or specifi-
cation of the hard scattering is needed to treat the evolution
equation, either to derive it or to apply it. We should
therefore refer in this case to ‘‘modified universality,’’ not
to nonuniversality. Similarly the reversal of the sign of the
Sivers function between SIDIS and DY processes is a case
of modified universality.

At the upper end of the exchanged gluon in our counter-
example, the interactions can be treated in the eikonal
approximation. This is very similar to other discussions
of partons passing through the gluon field of another
hadron. A selection of relevant papers is [15,17–19].
Much of that work concerns the small x region, diffractive

scattering, etc., whereas our counterexample applies in the
fully conventional region where normal parton-model con-
cepts are generally considered as fully applicable, i.e.,
parton fractional momenta are moderate and the scale of
the hard scattering is comparable to the center-of-mass
energy rather than being much less.

Of course, interesting simplifications do occur, so that
useful quantitative estimates can surely be obtained for the
nonfactorizing effects. However the methods are rather
different than those for conventional factorization.
References [15,17–19] indicate that the effects of the
eikonalized interactions are substantial, so that the numeri-
cal effects of nonfactorization should be significant; in the
present paper we did not estimate the numerical size of the
nonfactorization.

The gluon exchanges in our counterexample are clearly
tied to the target hadron at their lower end. But the coupling
at the upper end concerns some parton other than the one
coming out of the lower hadron. The noncanceling terms
are sufficiently tied to the color flow at the hard interaction
that they are not universal in any normal sense. This is the
clearest indication of nonuniversality.

The reader should not be misled by specific features of
our counterexample into supposing that the failure of
factorization is correspondingly restricted. These features
include: the use of an SSA, the particular features of the
model, and the particular order of perturbation theory. The
use of the SSA is simply a way of getting the maximal
conceptual sensitivity to problems in constructing a proof
of factorization. For an unpolarized cross section, we
would need an extra gluon to be exchanged in order for
the nonfactorization issues to arise, from graphs such as
those in Fig. 8. Evidently, to demonstrate nonfactorization
explicitly in this case, the number of graphs would be
larger than in our example, and the explicit calculations
would be much more lengthy. Standard power-counting
arguments show that the contribution of this and related
graphs is of leading power. It is very important to deter-

FIG. 8 (color online). The exchange of two extra gluons, as in
this graph, will tend to give nonfactorization in unpolarized cross
sections.

kT FACTORIZATION IS VIOLATED IN PRODUCTION . . . PHYSICAL REVIEW D 75, 114014 (2007)

114014-7

Rogers, Mulders `10

different graphs depending on whether the interaction is in
the initial or final state.

So, we will only consider graphs that can yield contri-
butions from the Glauber region. Since real gluons can
never be in the Glauber region, we will only consider
graphs with virtual gluons. Also, as long as no restrictions
are placed on the target remnant momenta, graphs with
spectator-spectator interactions cancel [5] in the integra-
tion over final states [28]. Similar cancellations occur
between different cuts of the same graph for active-
spectator interactions after parton transverse momentum
is integrated over, and are needed in the standard proofs of
collinear factorization [5]. A counter-proof of TMD-
factorizaton therefore needs to show that such cancella-
tions generally fail when transverse parton momentum is
explicitly taken into account. A specific example of such a
noncancellation was given in Ref. [18] and will be re-
viewed in Sec. IV. In graphs with attachments between
active quarks, there are not enough Dirac !-matrices to
give spin dependence to the TMD PDFs. Such graphs will
therefore not affect our discussion of single and double
spin asymmetries at lowest nonvanishing order.
Furthermore, graphs with a scalar-scalar-gluon-gluon ver-
tex do not give leading power contributions to eikonal
factors.

We remark that, because the TMD factorization break-
ing effects are due to the Glauber region where all compo-
nents of gluon momentum are small, the interactions
responsible for breaking TMD factorization are associated
with large distance scales.

In our specific model, a large number of graphs vanish
simply because of the highly simple color structure in-
volved. Examples are shown in Fig. 2. They vanish because
their color factors include a trace around a color loop of a
single SUðNcÞ generator, TrC½ta$ ¼ 0. (The C on the
TrC½& & &$ denotes a trace over triplet color indices.)

Hence, the relevant types of graphs are represented by
Figs. 3–8. If a generalized TMD-factorization formula is
possible, then the sum over all such graphs must produce a
factorized form like Eq. (3) with a Wilson line structure in
the TMD PDF or FF for each hadron separately. We will
consider each type of graph in the following sections.

III. ONE EXTRA GLUON

We begin the investigation of diagrams by reviewing the
steps for determining the contribution from a single extra
gluon. As in Ref. [17], we focus on the calculation of an
SSA. We start with graphs of the type shown in Fig. 3,
where the extra gluon attaches on the side of the hard part
nearest to its parent hadron. Any spin asymmetry disap-
pears in the zeroth order cross section, Fig. 1 because there
are too few Dirac matrices to produce a nonzero result in
the traces with !5.
Consider, for example, Fig. 3(a). The arrow on the gluon

line indicates that it is collinear to H1. By first deforming
the l integral out of the Glauber region to the H1-collinear
region, one may replace the intermediate struck quark line
of momentum k3 ' l by the eikonal factor

tagn"1
'lþ þ i#

¼ 'gtan"1 P:V:
1

lþ
' igtan"1 $%ðlþÞ; (8)

where n"1 ) ð0; 1; 0tÞ. The sign on the i# is determined by
the direction of the contour deformation. For the spin-
dependent part, the attachment of the extra gluon at the
spectator produces a factor at leading power equal to

ta

2
TrD½ð 6p1 þmH1

Þ!5s1ð 6p1 ' 6k1 þ 6 lþmc 1
Þ

* !þð 6p1 ' 6k1 þmc 1
Þ$

+ 2ita#jks
j
1l

kpþðmH1
ð1' x1Þ þmc 1

Þ: (9)

When this expression is combined with the imaginary part
of Eq. (8), the factors of 'i and i combine and a contri-
bution to an SSA is obtained. The #jk is the two-
dimensional Levi-Civita symbol with #12 ¼ 1.
If the extra gluon is on the other side of the cut as in

Fig. 3(b), the eikonal factor is

tagn"1
'lþ ' i#

¼ 'gtan"1 P:V:
1

lþ
þ igtan"1 $%ðlþÞ: (10)

The factor from the attachment at the spectator is,

FIG. 2. Typical cases of graphs that vanish when extra gluons are considered because of the trivial color factor, TrC½ta$ ¼ 0.
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e.g. Transverse momentum dependent (TMD) factorizaJon is violated in di-jet producJon
Collins, Qiu `07; Collins `07, Vogelsang, Yuan `07; Rogers, Mulders `10, …


