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Jets for hadron inner structures

One can replace a final-state hadron by a jet 
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Jet physics
• Jet evoluIon 

• display QCD over a wide range of energy scales, from colliding energy 

to the hadronizaIon energy. 
• contain important signatures of exoIc physics, such as top quarks.  

• Most of the theoreIcal discussion on these aspects has taken place in the 

context of Monte Carlo simulaIon studies. However, MC analysis is not 

enough, and it is difficult to extract the key characterisIcs. 

• With this moIvaIon, it is imperaIve to understand jet observables from 

the first principle QCD.



High-energy partons lead to collimated bunches of hadrons

Parton (quark or gluon) fragmentaIon and hadronizaIon

Jets are not the same as partons 

Jets inherit quantum property of partons

From short to long distances in quantum field theory
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Jet evoluIon from perturbaIve QCD: Jet Mass

Data

• Fixed order in           fails if  
• Accounts for all terms  
• All order results generally exponenIate
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Resummation of Large Logarithms

Resummed
Order

Matching 
to:

LL 1-loop tree - -

NLL 2-loop 1-loop tree LO

NNLL 3-loop 2-loop 1-loop NLO

N3LL 4-loop 3-loop 2-loop NNLO

Matching to fixed 
order results 
includes power 
suppressed terms 

LL NLL NNLL

NLO

NNLO

NNNLO

● Double logarithms generally exponentiate. 

● Based on this exponentiation we can define a resummed perturbative order 

.                                                                    

: small parameter
  (depends on observable)LL NLL NNLL
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SoY-collinear enhancement
Real & virtual graphs cancel exactly in soY approximaIon if the real 
emissions are integrated over without restricIon
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WeighIng the real emissions induces a miscancellaIon and a logarithm 

Virtual loop Real emission phase space if emissions 
forbidden above  µ



NLO result for total hadronic cross secIon

Real and virtual corrections suffer from soft and collinear 
infrared divergences, e.g. 

in d=4-2ε. Divergences cancel in the sum!
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NLO result for dijet cross secIon

IR finite, but problems for small β and/or δ:

1) Large logarithms can compensate αs suppression: fixed-
order perturbation theory becomes unreliable.
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Sterman and Weinberg, 
Phys. Rev. Lett. 39, 1436 (1977):

Jets date back to the late 1970s



SoY limit
When par)cles with small energy and momentum are emi6ed, the amplitudes 
greatly simplify: 

  

So; emission  

• factors from the rest of the amplitude.  

• only depends on the direc)on pμ/E 

• sees charge, but not spin of emiBng par)cle
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Wilson lines
Mul)ple emissions can be obtained from 

  

niμ=piμ/E  is a vector in the direc)on of the energe)c par)cle, and Tia 
is its color charge. P indicates that the color matrices are path 
ordered. 

Wilson line can be obtained by considering a point-like classical 
source moving along the line xμ = snμ 
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Consider one-gluon matrix element of Wilson line 

From Wilson line to eikonal interacIon

eikonal interaction

need small imaginary
part n∙k ≣ n∙k + iε
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〉]2

(12)

〈
J2(Qδ)⊗ Ũ2(Qδτ)
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Collinear factorizaIon

When partons become collinear, the amplitude factorizes into a lower-
point amplitude Imes a spli^ng amplitude       .  

• Leading contribuIon to the squared amplitude does not involve 
interference with the other parIcles! 

• Can be violated by Glauber phases for process with collinear in- and 
outgoing parIcles.  Catani, de Florian, Rodrigo ’11;  Forshaw, Seymour, Siodmok 

’12; Schwartz, Yan, Zhu ’17 …

✓
Mn = Mn−1 × P (1)Mn = Mn−1 × P (1)=Mn = Mn−1 × Sp (1)

P ∼ (2)

Mn = Mn−1 × Sp (1)

P ∼ (2)
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Two general approaches to evoluIon
• Top down: approximaIons of all-order factorizaIon 

theorems. e.g. CSS, SCET, . . . 
• All-order structure manifest 
• Observable specific (but same structure for many) 

• Bocom up: correcIons to coherent branching. e.g. 
parton shower, . . . 
• SimplificaIons at a given accuracy (e.g. LL structure 

much simpler than full factorizaIon theorem. ) 
• Lends itself to automaIon and Monte Carlo 

implementaIon



SoY-Collinear EffecIve Theory

In collider processes, we have an interplay of three momentum regions

Correspondingly, EFT for such processes has two low energy modes: 
• collinear fields describing the energeIc partons propagaIng in each 

direcIon of large energy; 
• soY fields which mediate long range interacIons among them.

Hard
Collinear
Soft }

high energy part

low energy part

(Bauer, Pirjol, Stewart et.al. 2001,2002; Beneke, Diehl et.al. 2002; … )
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• Naive expansion before integration:                     fail!!!

• If        ,  we have

Region Expansion: a toy model

• Consider a integration:

, with

a ⌧ 1 I(a) = ��E � ln a

I(a) =

Z 1

0
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dt = � cos aCi(a) + sin a

h⇡
2
� Si(a)

i

• Asymptotical expansion: not analytic in the expansion parameter 
because of presence of the logarithm.

• Our goal: obtain expanded results before carrying out the 
integral.
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cos t
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• Cut-off regularisation:
Z 1

0
!
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⇤
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Region Expansion: a toy model



SoY-Collinear FactorizaIon

Q
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Q2soft function

jet function

hard function

For                         the cross sec)on                          factorizes:M1 ⇠ M2 ⌧ Q



µ
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dµ
log �phys(Q,M1,M2) = 0

Evaluate each part at its characterisIc scale, evolve to common 
reference scale μ 
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All-order evoluIon equaIon
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Jets at the LHC
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Jets at the EIC
• low pT,J 

• smaller jet mulIplicity  
• less contaminaIon from underlying events and pileups

Different environment compared with the LHC  
new opportuniIes and new challenges!!!

Plot by Brian Page



Gluon TMDs and heavy flavor dijets at the EIC
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Gluon Sivers funcIon (GSF)
• Gauge link dependent gluon TMDs 

• GSF: T-odd object; two gauge links; process dependence more involved 
• For any process GSF can be expressed in terms of two funcIons: 

•           f-type, C-even  

•          d-type, C-odd 

�[U,U 0]µ⌫ (x, pT ;n) =

Z
d⇠ · Pd2⇠T

(2⇡)3
eip·⇠hP, S|Fnµ(0) U[0,⇠]F

n⌫(⇠)U 0
[⇠,0]|P, Si

���
LF
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�⇤g ! qq̄
<latexit sha1_base64="pgTFjcCFZt+fWvkRUNGiZ3VqOww="></latexit>

gg ! ��
<latexit sha1_base64="QQvB23ovsWnsUPKVVyNm//bo8Ww="></latexit>
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argument is used in the study of high-!! hadron pairs in
muon-deuteron and muon-proton scattering [80, 81], where
photon-gluon fusion is expected to dominate. %e relevant
asymmetry "sin("2ℎ−"")$! is found to be −0.14 ± 0.15(stat.) ±
0.06(syst.) at ⟨%%⟩ = 0.13 for the deuteron and −0.26 ±0.09(stat.) ± 0.08(syst.) at ⟨%%⟩ = 0.15 for the proton. For
the interpretation of the data in terms of the gluon Sivers
e&ect, '2 and !! of each hadron need to be su'ciently
large to trust factorization). Here the transverse momenta
of the heavy quarks are considered to be almost back-to-
back. %ere is no problem with TMD factorization breaking
contributions of the type discussed in [72], but that does not
mean that the process is as straightforward as SIDIS. Even in
the case where one considers charm jets, one has to include a
description of the transverse momentum distribution inside
such a jet. It may be easier to consider (0(0 measurements
(for a study of the twist-3 SSA in large!!(meson production
in SIDIS, that is, )!↑ → )'(+, see [33, 82]). In either case
one deals with 3 TMDs. Such processes involve a di&erent
so+ factor (in this case a vacuum correlator of 6 Wilson
lines) compared to processes involving 2 TMDs as in SIDIS,
a&ecting the predictability. %is has been discussed at the
one-loop level in [83]. %e SSA in )!↑ → )'(0(0+ has
been studied for some models of the gluon Sivers function
in [84]; compare Section 2.3.1 of [84]. %is may be the
“smoking gun” process for the gluonic Sivers e&ect at an
EIC. It should be mentioned though that it actually probes
a di&erent gluon Sivers TMD than the hadronic processes
discussed above. %is is discussed in the next section. It
shows that hadronic processes are complementary to DIS
processes.

For completeness we mention that when comparing
extractions of the gluon Sivers TMD fromdi&erent processes,
one has to take care not only of the process dependence but
also of the di&erent energy scales. Under TMD evolution
from one scale to another, the transverse momentum distri-
bution changes. For details we refer to [85–90].

5. Process Dependence of
the Gluon Sivers Function

Once a set of processes that in principle allow probing the
gluon Sivers TMD has been obtained, one still has to take
into account the fact that such TMD is process-dependent.
For quarks the famous overall sign change between the Sivers
TMD probed in SIDIS and the one probed in Drell-Yan
is expected [3, 91–93] and is currently under experimental
investigation. For gluons the situation is more complicated
as each gluon TMD depends on two gauge links (in the
fundamental representation), so there are more possibilities
[11, 94, 95].%e gauge link structure of the gluon distributions
in )! → )'(0(0+ di&ers from the one in, for instance,!! → ,jet+ (cf. [96] for the comparison at small %).
Clearly, this will complicate the analysis of gluon Sivers e&ect
which will involve more than one gluon Sivers function.
In [11] it was demonstrated that any gluon Sivers function

can be expressed in terms of two “universal” gluon Sivers
functions:-⊥)[$]1! (%, k2⊥) = 2∑*=11[$]%,*-⊥)(+*)1! (%, k2⊥) , (10)

where the coe'cients 1[$]%,* are calculable for each partonic
subprocess. %e /rst transverse moments of the two distinct
gluon Sivers functions are related (at least at tree level) to the
two distinct trigluon Qiu-Sterman functions 2(,/-)% . %ere-
fore, we will refer to the universal gluon Sivers functions as-⊥)(,)1! and -⊥)(-)1! .%e two functions have di&erent behavior
under charge conjugation, just like2(,)% is a matrix element of
a 1-even operator and 2(-)% of a 1-odd operator.

%e process )!↑ → )'(0(0+ is dominated by just one
partonic subprocess ,3 → 44 and thus probes the gluon
Sivers functionwith two future-pointing (+) links [97], which
is -⊥)(,)1! [11]. %e process !↑! → ,jet+ probes the sub-
processes 43 → ,4 and 44 → ,3. If one selects kinematics
such that one probes small-% values in the polarized proton,
such that 43 → ,4 dominates, then this process accesses
the gluon Sivers with a future- and past-pointing link,
which corresponds to-⊥)(-)1! .%e theoretical expectations are
di&erent for these two cases.

6. Theoretical Constraints on Sivers Function

Constraints on the unintegrated gluon Sivers TMD -⊥)1! (%,
k2⊥) from /ts have to take into account that it is theoretically
possible that both the quark and the gluon Sivers TMD can
have nodes in % and/or 5⊥ [98, 99].%e possibility of a node
in % is supported by the observation [35] that the splitting
function for 2(,)% is negative at small %, in analogy to theΔ3 case. Fits to SIDIS data (studied with a rather restrictive
parameterization and in a restricted kinematic range) do not
appear to require a node [100], but that does not exclude this
possibility. Especially when comparing data from di&erent
kinematic regions and di&erent processes, this option should
be kept in mind. Nodes can of course have a large e&ect
on integrals of Sivers functions, such as the /rst transverse
moment (7) and its /rst Mellin moment (for parton 7)⟨k⊥.⟩ = −:(Ŝ! × P̂)∫ d%-⊥(1).1! (%) , (11)

which is the average transverse momentum inside a trans-
versely polarized target.%e notation ⟨k⊥.⟩ comes from [101].
%is quantity is related to the Sivers shi+ [102], the average
transverse momentum shi+ orthogonal to the transverse
spin direction, which is normalized to the zeroth transverse
moment of the unpolarized TMD -(0)1 (%) ≡ ∫ d25⊥-1(%, k2⊥):⟨5/⊥ (%)⟩$!# =:-⊥(1)1! (%; A, B)-(0)1 (%; A, B) . (12)

Here only the D-component perpendicular to the transverse
spin direction % is nonzero and therefore considered. Note
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calculable for each channel

(Buffing, Mukherjee, Mulders’13)
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GSF and spin asymmetry in di-jet at the EIC

• to disInguish different TMDs  
• jet charge tagging “different quark TMDs” Kang, Liu, Mantry, DYS ’20 PRL) 
• Heavy-flavor tagging, where q-channel starts to contribute beyond the LO (Kang, Reiten, DYS, Terry 

’20 JHEP)

At the LO di-jet producIon in DIS involves two processes: �⇤q ! qg
<latexit sha1_base64="QPXR59NHoGk+HFAbe0BqlZLIfFc="></latexit>

�⇤g ! qq̄
<latexit sha1_base64="pgTFjcCFZt+fWvkRUNGiZ3VqOww="></latexit>

At the EIC , accessing of GSF via high-pT dihadron, open di-charm, di-D-meson and dijet has 

been invesIgated using PYTHIA and reweighing methods in Zheng, Aschenauer, Lee, Xiao, Yin ’18 
• They find that dijet process is the most promising channel



In the Breit frame, the dijet imbalance 
is defined as 
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TMD factorizaIon for heavy-flavor dijet producIon in DIS

• Hard and soY funcIons are the same as light-jet cases, since pT>>mQ 

• Jet and collinear-soY funcIons are new, which receive finite quark mass correcIon

d�
UU ⇠ H(Q, pT )JQ(pTR,mQ)JQ̄(pTR,mQ)S(�T )fg(kT )S

c
Q(lQT )S

c
Q̄(lQ̄T )�

(2)(kT + �T + lQT + lQ̄T � qT )
<latexit sha1_base64="7JDxxY/HUStzQPKciktUP/sUCdY="></latexit>

the factorized form of the spin-independent cross secIon

(Kang, Reiten, DYS, Terry ’20 JHEP)
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Figure 1. HF dijet production in electron-proton collisions, as stated in Eq. (2.1).

2.1 Kinematics

As shown in Fig. 1, we consider HF dijet production in the polarized-proton-electron scat-

tering process

e(`) +N(P,ST ) ! e(`0) + JQ(pJ) + JQ̄(pJ) +X , (2.1)

where ST is the transverse spin of the polarized proton with momentum P and ` (`0) is

the momentum of the incoming (outgoing) electron. At LO, HF dijets are produced via

the �⇤g ! QQ̄ process. The HF quark Q and antiquark Q̄ initiate the observed HF jets

JQ and JQ̄ with momentum pJ and pJ , respectively. In this paper, we choose to work

in the Breit frame so that both the virtual photon (with momentum q = ` � `0) and the

beam proton scatter along the z-axis. For convenience, we define the following variables

commonly used in DIS,

Q2 = �q2 , xB =
Q2

2P · q
, y =

P · q

P · `
. (2.2)

We may further note that Q2 = xB y S`P , where S`P = (` + P )2 denotes the electron-

proton center-of-mass energy. In a fashion analogous to SIDIS, we also define the kinematic

variable z = P · pJ/P · q, which gives the momentum fraction of the photon carried by the

jet JQ. At LO, the four-momenta of the incoming and outgoing particles are expressed as
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where we have introduced two light-like vectors, nµ = (1, 0, 0, 1) and n̄µ = (1, 0, 0,�1),

and define pµt such that pµt ptµ = �p2T with pT = pT (cos�J , sin�J). We denote transverse

momenta relative to the photon-proton beam by the subscript T , while that relative to the

jet direction is given the subscript ?. Here, we assume p2T � m2

Q and take p2J = p2
J
= 0.

This allows us to derive the factorized cross section in the following section. Lastly, the

parton-level Mandelstam variables can be defined as

ŝ ⌘ (pg + q)2 = (pJ + pJ)
2 =

p2T
z(1� z)

, (2.4)

t̂ ⌘ (pg � pJ)
2 = (q � pJ)

2 = �
Q2x z

xB
, (2.5)

û ⌘ (pg � pJ)
2 = (q � pJ)

2 = �
Q2x (1� z)

xB
, (2.6)

where x is the momentum fraction of the proton carried by the gluon, and is given by

x =
xBD

Q2z(1� z)
, with D = Q2z(1� z) + p2T . (2.7)

2.2 Factorization formula

In the Breit frame, we define the dijet imbalance as qT = pJT + pJT . For this paper, we

examine the back-to-back configuration where qT ⌧ pJT ⇠ pJT ⌘ pT . Furthermore, we

work in the kinematic regime where mQ . pTR ⌧ pT , with R denoting the jet radius.

Overall, in the region with the scale hierarchy as qTR ⌧ qT . mQ . pTR ⌧ pT , the

factorized expression for the proton-spin-independent cross section is given by

d�UU

dQ2dyd2pTdyJd2qT
=H(Q, y, pT , yJ , µ)

Z
d2�T d2kT d2lQT d2lQ̄TS(�T , µ, ⌫) (2.8)

⇥ �(2)(�T + kT + lQT + lQ̄T � qT ) fg/N
�
x, kT , µ, ⇣/⌫

2
�

⇥ JQ(pTR,mQ, µ)S
c
Q(lQT , R,mQ, µ) JQ̄(pTR,mQ, µ)S

c
Q̄(lQ̄T , R,mQ, µ) .

Above, yJ is the rapidity of the HF jet JQ and is related to the kinematic variable z

through the relation z = eyJpT /Q. In the factorization formula Eq. (2.8), S denotes

the soft function while fg/N is the unpolarized gluon TMD PDF. Their perturbative one-

loop expressions can be found in Sec. 2.4. In the third line of Eq. (2.8), JQ and Sc
Q are

the massive quark jet and collinear-soft functions, which di↵er from the corresponding

functions utilized in light jet production [24–28]. In Secs. 2.5 and 2.6, we present their

explicit calculations at next-to-leading order (NLO). The variables kT , �T , and lT label the

transverse momenta associated with the collinear, soft, and collinear-soft modes. Finally,

µ and ⌫ are the factorization and rapidity scales, respectively, while ⇣ is the Collins-Soper

parameter [30, 31]. In the derivation of the above factorization formula we apply the narrow

jet approximation with R ⌧ 1. However, as shown in [32–35] this approximation works

well even for fat jets with radius R ⇠ O(1), and the power corrections of O(R2n) with

n > 0 can be obtained from the perturbative matching calculation.
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where we have introduced two light-like vectors, nµ = (1, 0, 0, 1) and n̄µ = (1, 0, 0,�1),

and define pµt such that pµt ptµ = �p2T with pT = pT (cos�J , sin�J). We denote transverse

momenta relative to the photon-proton beam by the subscript T , while that relative to the

jet direction is given the subscript ?. Here, we assume p2T � m2

Q and take p2J = p2
J
= 0.

This allows us to derive the factorized cross section in the following section. Lastly, the

parton-level Mandelstam variables can be defined as

ŝ ⌘ (pg + q)2 = (pJ + pJ)
2 =

p2T
z(1� z)

, (2.4)

t̂ ⌘ (pg � pJ)
2 = (q � pJ)

2 = �
Q2x z

xB
, (2.5)

û ⌘ (pg � pJ)
2 = (q � pJ)

2 = �
Q2x (1� z)

xB
, (2.6)

where x is the momentum fraction of the proton carried by the gluon, and is given by

x =
xBD

Q2z(1� z)
, with D = Q2z(1� z) + p2T . (2.7)

2.2 Factorization formula

In the Breit frame, we define the dijet imbalance as qT = pJT + pJT . For this paper, we

examine the back-to-back configuration where qT ⌧ pJT ⇠ pJT ⌘ pT . Furthermore, we

work in the kinematic regime where mQ . pTR ⌧ pT , with R denoting the jet radius.

Overall, in the region with the scale hierarchy as qTR ⌧ qT . mQ . pTR ⌧ pT , the

factorized expression for the proton-spin-independent cross section is given by

d�UU

dQ2dyd2pTdyJd2qT
=H(Q, y, pT , yJ , µ)

Z
d2�T d2kT d2lQT d2lQ̄TS(�T , µ, ⌫) (2.8)

⇥ �(2)(�T + kT + lQT + lQ̄T � qT ) fg/N
�
x, kT , µ, ⇣/⌫

2
�

⇥ JQ(pTR,mQ, µ)S
c
Q(lQT , R,mQ, µ) JQ̄(pTR,mQ, µ)S

c
Q̄(lQ̄T , R,mQ, µ) .

Above, yJ is the rapidity of the HF jet JQ and is related to the kinematic variable z

through the relation z = eyJpT /Q. In the factorization formula Eq. (2.8), S denotes

the soft function while fg/N is the unpolarized gluon TMD PDF. Their perturbative one-

loop expressions can be found in Sec. 2.4. In the third line of Eq. (2.8), JQ and Sc
Q are

the massive quark jet and collinear-soft functions, which di↵er from the corresponding

functions utilized in light jet production [24–28]. In Secs. 2.5 and 2.6, we present their

explicit calculations at next-to-leading order (NLO). The variables kT , �T , and lT label the

transverse momenta associated with the collinear, soft, and collinear-soft modes. Finally,

µ and ⌫ are the factorization and rapidity scales, respectively, while ⇣ is the Collins-Soper

parameter [30, 31]. In the derivation of the above factorization formula we apply the narrow

jet approximation with R ⌧ 1. However, as shown in [32–35] this approximation works

well even for fat jets with radius R ⇠ O(1), and the power corrections of O(R2n) with

n > 0 can be obtained from the perturbative matching calculation.
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R: Jet radius 
MQ: heavy quark mass
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Heavy quark mass correcIons in the evoluIon equaIon 

�jQ(↵s) = �CF �
cusp(↵s) ln

m2
Q + p2TR

2

µ2
+ �jQ(↵s)

<latexit sha1_base64="lstdAoW5+sDxZpGjkw/NDGW5kAY="></latexit>

�
jQ
0 = 2CF

 
3�

2m2
Q

m2
Q + p2TR

2

!

<latexit sha1_base64="lOqDs76GI0D3AmchADX3WQqAzlY="></latexit>

�csQ(↵s) = CF �
cusp(↵s) ln

R2µ2
b

µ2
+ �csQ(↵s)

<latexit sha1_base64="l13plxzTlH8Wva6BeDAerfRs+ec="></latexit>

�
csQ
0 = �4CF

"
2 ln [�2i cos(�b � �J)]�

m2
Q

m2
Q + p2TR

2
� ln

m2
Q + p2TR

2

p2TR
2

#

<latexit sha1_base64="bHc+4AzIrh6narLZWAyA59kz9IM="></latexit>

Anomalous dimension for the HF quark jet funcIon:

Anomalous dimension for the HF collinear-soY funcIon

Heavy-quark mass dependence cancels out in 

�jQ + �csQ = �jq + �csq
<latexit sha1_base64="iFtGwW/RzPC3X93oxmmDgxrQhTQ="></latexit>

Heavy quark mass will contribute the RG evoluIon between jet and 

collinear-sot funcIon 

<latexit sha1_base64="ursyz91n6l71WFfwgcuI2jvMCTo=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5IU8bEruHFZpS9oQphMJ+3YmUmYh1BLv8SNC0Xc+inu/BunbRbaeuDC4Zx7ufeeOGNUac/7dgpr6xubW8Xt0s7u3n7ZPThsq9RITFo4ZansxkgRRgVpaaoZ6WaSIB4z0olHNzO/80ikoqlo6nFGQo4GgiYUI22lyC0H3EQPgaIcZlET3kduxat6c8BV4uekAnI0Ivcr6KfYcCI0Zkipnu9lOpwgqSlmZFoKjCIZwiM0ID1LBeJEhZP54VN4apU+TFJpS2g4V39PTBBXasxj28mRHqplbyb+5/WMTq7CCRWZ0UTgxaLEMKhTOEsB9qkkWLOxJQhLam+FeIgkwtpmVbIh+Msvr5J2repfVGt355X6dR5HERyDE3AGfHAJ6uAWNEALYGDAM3gFb86T8+K8Ox+L1oKTzxyBP3A+fwD9N5Kg</latexit>

µj ⇠ pTR

<latexit sha1_base64="eHgtFCN5t8a4xoIJjG+ysvhJFJE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRFfOwKblxW6QuaECbTSTt0ZhJnJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57woRRpR3n2yqtrW9sbpW3Kzu7e/sH9mG1q+JUYtLBMYtlP0SKMCpIR1PNSD+RBPGQkV44uZn5vUciFY1FW08T4nM0EjSiGGkjBXbV42mQYZV7inL4ELThfWDXnLozB1wlbkFqoEArsL+8YYxTToTGDCk1cJ1E+xmSmmJG8oqXKpIgPEEjMjBUIE6Un81vz+GpUYYwiqUpoeFc/T2RIa7UlIemkyM9VsveTPzPG6Q6uvIzKpJUE4EXi6KUQR3DWRBwSCXBmk0NQVhScyvEYyQR1iauignBXX55lXQbdfei3rg7rzWvizjK4BicgDPggkvQBLegBToAgyfwDF7Bm5VbL9a79bFoLVnFzBH4A+vzB59IlCM=</latexit>

µcs ⇠ qTR
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RG evoluIon and resummaIon
• ResummaIon formula:

• Typical scales:

• Non-perturbaIve model:

d�
UU

dQ2dyd2qT dyJd2pT
=H(Q, pT , yJ , µh)

Z 1

0

bdb

2⇡
J0(b qT )fg/N (xg, µb⇤)

⇥ exp

"
�
Z µh

µb⇤

dµ

µ
�h (↵s)� 2

Z µj

µb⇤

dµ

µ
�jQ (↵s)� 2

Z µcs

µb⇤

dµ

µ
�csQ (↵s)

#

⇥ exp [�SNP(b,Q0, n · pg)]
<latexit sha1_base64="NekwRdMUR+O5BeN1jS/4xG69p7w="></latexit>

• b*-prescripIon to avoid Landau pole

µh ⇠ pT , µj ⇠ RpT , µcs ⇠ Rµb⇤
<latexit sha1_base64="q+coKCfNYUGeZCeEP6+1clPs5N4="></latexit>

Sun, Isaacson,Yuan,Yuan ‘14

µb⇤ = 2e��E/b⇤
<latexit sha1_base64="lP6TsBBVRY0VOLLtmgQWbh3JeSs="></latexit>
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Spin dependent cross secIon

d�
UT (ST )

dQ2dyd2qT dyJd2pT
=sin(�q � �s)H(Q, pT , yJ , µh)

Z 1

0

b
2
db

4⇡
J1(b qT )f

?
1T,g/p(xg, µb⇤)

⇥ exp

"
�
Z µh

µb⇤

dµ

µ
�h (↵s)� 2

Z µj

µb⇤

dµ

µ
�j (↵s)� 2

Z µcs

µb⇤

dµ

µ
�cs (↵s)

#

⇥ exp
⇥
�S

?
NP(b,Q0, n · pg)

⇤
<latexit sha1_base64="aGC8UiZocx8YKEG1y/DEP/xbVoQ="></latexit>

• ResummaIon formula:

• Polarized hard funcIon: For  the  polarized  process,  we  must  consider  the  acachment  
of  an  addiIonal  gluon from gauge link in GSF

f-type gluon Sivers funcIon

unpolarized:

polarized:

C1 + C2 = Cu
<latexit sha1_base64="4dq0aijYPTrc5l7Pbc1s/XYrV2c="></latexit>

polarized and unpolarized hard funcIons are the same

Qiu, Vogelsange, Yuan ’07;  
Kang, Lee, DYS, Terry, ’20 … 
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Numerical results

Heavy quark mass can give sizable correcIons to the predicted asymmetry

Anti-kT, R=0.6
c-jets:

b-jets: A

sin(�q��s)
UT =

d�UT

d�UU
<latexit sha1_base64="Ik6PgKEFy5iXuUHLkQmFIyNC/4E="></latexit>

d�(ST ) = d�UU + sin(�q � �s)d�
UT

<latexit sha1_base64="yqG6/mLcthgy/9sxWf83kYNkoPM="></latexit>

GSF: SIDIS1 set
D’Alesio, Murgia, Pisano ’15 
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Figure 6. The Sivers spin asymmetry for charm (left plot) and bottom (right plot) dijet production
at the EIC is plotted as a function of qT /pT . The solid curves are the results from using the
resummation formula, while the dashed curves represent the resummation prediction using the
evolution kernel without finite quark mass corrections. The red and blue bands indicate theoretical
uncertainties from the variation of hard and jet scales.

mQ/ (pTR)) from light flavor jet-pairs than it does charm dijets. This relative positioning

is then clearly displayed in Figs. 5 and 6.

In order to estimate the theoretical uncertainties, in both Figs. 5 and 6 we also show

the uncertainties from scale variations, which are given by the red and blue bands. Here

we vary the hard and jet scales by a factor of two around their default values as defined in

(3.1), and the total uncertainty bands are obtained by the envelope of all the variations.

Since the non-perturbative Sudakov factor in Eq. (2.79) is fitted at the canonical scale µb⇤ ,

we do not include theory uncertainties from µb⇤ and µcs variations. We find that the scale

uncertainty is compatible with the finite quark mass corrections in charm dijet process,

while its impact on the bottom dijet process is smaller than the mass correction. Therefore

in order to identify the finite quark mass e↵ects in the charm dijet process it is essential

to reduce the scale uncertainties. Our factorization and resummation formula provides a

clear structure to improve the perturbative accuracy, which makes scale uncertainty further

reduction possible. We leave the higher-order perturbative calculations in future work.

4 Conclusion

A major priority of the future EIC is to explore the gluon TMD PDFs. In this paper,

we have investigated the use of back-to-back HF dijet production in transversely-polarized

target DIS as a means of probing spin-dependent gluon TMD PDFs. We have calculated the

expressions for the mass-dependent jet and collinear-soft functions at next-to-leading order.

Using these expressions, as well as Soft-Collinear E↵ective Theory, we resum the large

logarithms associated with these expressions at next-to-leading logarithmic accuracy. We

– 20 –
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Electron-jet azimuthal correlaIon at the EIC

Nuclear PT - broadening effects:

        represents the typical transverse 
momentum obtained by the quark through 
the cold nuclear macer 

<latexit sha1_base64="TGpnRvcqBSZEaAQIfRELW0XHL84=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKewG8XELePHgIYJ5QLKE2clsMmR2djPTK4SQn/DiQRGv/o43/8ZJsgdNLGgoqrrp7goSKQy67reTW1vf2NzKbxd2dvf2D4qHRw0Tp5rxOotlrFsBNVwKxesoUPJWojmNAsmbwfB25jefuDYiVo84Trgf0b4SoWAUrdTqDCiSEbnvFktu2Z2DrBIvIyXIUOsWvzq9mKURV8gkNabtuQn6E6pRMMmnhU5qeELZkPZ521JFI278yfzeKTmzSo+EsbalkMzV3xMTGhkzjgLbGVEcmGVvJv7ntVMMr/2JUEmKXLHFojCVBGMye570hOYM5dgSyrSwtxI2oJoytBEVbAje8surpFEpe5flysNFqXqTxZGHEziFc/DgCqpwBzWoAwMJz/AKb87IeXHenY9Fa87JZo7hD5zPHygCj14=</latexit>

q̂L

(Liu, Ringer, Vogelsang, Yuan ’19)

(Mueller, Wu, Xiao, Yuan ’16,’17)

(Arra)a, Song, Ringer, Jack ‘20)
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Jet radius and qT joint resummaIon for boson-jet correlaIon
(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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ConstrucIon of the theory formalism  
• MulIple scales in the problem 
• Rely on effecIve field theory: SCET + Jet EffecIve Theory (Becher, Neubert, Rothen, DYS ’16 PRL) 

(also see Sun,Yuan,Yuan ’14; Buffing,Kang,Lee,Liu ’18,…)

qT ⌧ Q,R ⌧ 1
<latexit sha1_base64="7GdoLFJ+FhJ+wOuMd4KHAxonnYw="></latexit>
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Numerical results

• All-order resummaIon result is consistent 
with CMS data  

• Next-to-leading logarithms result has 
20-30% scale uncertainIes. 

• Direct formula for         ? 
• Becer angular resoluIon? 
• Reduce contaminaIon? 
• Higher accuracy?

��� ��� ��� ��� ��� ���

���

�

��

(Chien, DYS & Wu  ’19)

<latexit sha1_base64="E1GR35qAAD3+UcjzQsU1LsjuH+o=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVZIiPnYFXbisYB+QhDKZTtqhk5kwcyOU0M9w40IRt36NO//GaZuFth64cDjnXu69J0oFN+C6305pbX1jc6u8XdnZ3ds/qB4edYzKNGVtqoTSvYgYJrhkbeAgWC/VjCSRYN1ofDvzu09MG67kI0xSFiZkKHnMKQEr+cEdE0BwkI54v1pz6+4ceJV4BamhAq1+9SsYKJolTAIVxBjfc1MIc6KBU8GmlSAzLCV0TIbMt1SShJkwn588xWdWGeBYaVsS8Fz9PZGTxJhJEtnOhMDILHsz8T/PzyC+DnMu0wyYpItFcSYwKDz7Hw+4ZhTExBJCNbe3YjoimlCwKVVsCN7yy6uk06h7l/XGw0WteVPEUUYn6BSdIw9doSa6Ry3URhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHJtpDp</latexit>

��

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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Jet definiIon

Which parIcles get put together? 

How to combine their momenta?
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Jet definiIon

Which parIcles get put together? 

How to combine their momenta?

Jet algorithm

Recombination scheme
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Jet definiIon with clustering algorithms
• Determine distances between “parIcles” 

• Recombine nearest “parIcles”:  

• Repeat unIl distances larger than jet radius R

pµi , p
µ
j ! pµi + pµj

<latexit sha1_base64="zACuxVIVSoryJH9Adpj+cyWhgdY="></latexit>
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Recoil and the jet axis

Jet axis is along jet momentum: recoiled by soY radiaIon in jet 
• TH challenge: Non-linear evoluIon (Non-global logs) 
• EX challenge: ContaminaIon 

Recoil absent for the pT-weighted recombinaIon 

(Winner-take-all scheme)

(Ellis, Soper ’93)

(Bertolini, Chan, Thaler ’13)



37

Recoil-free azimuthal angle for boson-jet correlaIon

ph ⇠ Q(1, 1, 1)

Standard SCET2

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

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

d�

dpx,V dpT,J dyV d⌘J
=

Z
dbx
2⇡

e
ipx,V bx

X

i,j,k

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

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

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

<latexit sha1_base64="1/MPLpAG6evlhoZpl7ISOVl9H0A=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRF/LgVvHisYD+wCWWz2bRLN5uwOxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzglRwjY7zbZXW1jc2t8rblZ3dvf2D6uFRRyeZoqxNE5GoXkA0E1yyNnIUrJcqRuJAsG4wvp353SemNE/kA05S5sdkKHnEKUEjPXohE0i8dMQH1ZpTd+awV4lbkBoUaA2qX16Y0CxmEqkgWvddJ0U/Jwo5FWxa8TLNUkLHZMj6hkoSM+3n84un9plRQjtKlCmJ9lz9PZGTWOtJHJjOmOBIL3sz8T+vn2F07edcphkySReLokzYmNiz9+2QK0ZRTAwhVHFzq01HRBGKJqSKCcFdfnmVdBp197LeuL+oNW+KOMpwAqdwDi5cQRPuoAVtoCDhGV7hzdLWi/VufSxaS1Yxcwx/YH3+AKL6kN8=</latexit>

��

<latexit sha1_base64="cnSzyZwe3bNpNuE6Jy/Gdx7Up80=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewG8XELePGYgHlAsoTZSW8yZnZ2mZkVQ8gXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbmd+6xGV5rG8N+ME/YgOJA85o8ZK9adeseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhtT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Rqt5kceThBE7hHDy4gircQQ0awADhGV7hzXlwXpx352PRmnOymWP4A+fzB+XOjPo=</latexit>x

<latexit sha1_base64="r6n6nY9JXMge0U5aJwDyvOx0vZ0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mK+HErePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWak765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15U6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AedSjPs=</latexit>y

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

Effect of soft radiation in jet 
algorithm is power suppressed
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TMD jet funcIon

At one-loop: WTA axis along most energeIc parIcle.
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Track-based jet definiIon

��

��

��

��

���

��� ��� ��� ��� ��� ��� ���

���
���
���
���

• The angular resoluIon of jet measurements  is  about  0.1  radians, limiIng access 

to the back-to-back region 

• This can be overcome by measuring the jet using only charged parIcles, exploiIng 

the superior angular resoluIon of the tracking systems at the LHC. 

Tracking jet funcIon:

We have verified that using tracks  only  
has  a  minimal  effect  on  this  
measurement
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Numerical results

• first N2LL resumma)on including full jet dynamics 
• Pythia agrees well  
• Our work serves as a baseline for pinning down the inner workings of hot and cold dense 

nuclear ma6er using hard probes
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Conclusion
• Jets and jet substructures are useful tools to understand nucleon inner 

structures and dense nuclear macer property 

• Theory tools: EFT of QCD in collinear and soY limit (e.g. SCET) 

• The heavy flavor flavor tagging provides a novel probe of gluon 
contribuIon in the nucleon spin program at the EIC 

• Heavy quark mass can give sizable correcIons to the predicted 
asymmetry 

• Recoil-free azimuthal correlaIon serves as a baseline for pinning down 
the inner workings of hot and cold dense nuclear macer using hard 
probes 

• Track jets provide superior angular resoluIon



Thank you

42


