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One of the most important discoveries in hadron physics over the past decades is the measurements of 
large spin asymmetries 
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These remarks hold if all quantities involved
are free of infrared singularities. The important
one for us is the behavior for m, -0. It is easy
to see by writing down the part of the box dia-
gram which contributes to the polarization (see
below) that it is finite and free of mass singulari-
ties in this limit. When m, -0 there is no helicity
flip in the Born diagram or box diagram, so that
we immediately find p'=0 for all our reactions.
This is easily verified by direct computation.
It is necessary to check that the results are

also finite for zero gluon mass. That is slightly
more subtle since the imaginary part of the box
diagram is not infrared finite. What happens' is
that the box-diagram amplitude can be written
in a form

Mbox = BI+&,
where B is equal to the Born term, I is an in-
frared-divergent, complex, but spin-independent
integral, and R is a spin-dependent remainder
whose imaginary part is infrared finite. This is
easily shown by writing the box-diagram ampli-
tude, and subtracting the part with the loop mo-
mentum set equal to zero in the numerator. Then
it becomes clear that the term BIdoes not con-
tribute to the polarization arising from interfer-
ence with the Born term B. No other contribu-
tions such as the crossed box or soft-gluon emis-
sion can matter since they do not give nonvanish-
ing imaginary parts. A similar procedure al-
lows one to see that to order Q., in all the reac-
tions qq —qq, qg- qg, and e 'e —qq the scat-
tered-quark polarization or the asymmetry on a
polarized target is zero for m, =0.
It is interesting to calculate the deviation from

zero for m, g0, to order n, . The explicit re-
sult for e'e -qq is, for arbitrary m, and large
2

same analysis holds for lepton reactions e'e-e'e, e'e —p, 'p, , etc. , and so similar re-
sults hold there; we have been unable to find any
polarization predictions for these reactions in
the literature.
It has recently been argued" for large-pr

processes that rigorously in QCD one should in-
deed calculate with the parton-model formulas,
but (with nonscaling distributions and) with the
lowest-order term for the qq -qq scattering
cross section calculated using the running cou-
pling constant g(pr'). We assume that this is
also the correct procedure for us to follow. We
assume that for large Q', instanton effects (which
can flip helicity) are irrelevant for our analysis.
In this note we have pointed out that the asym-

metry off a polarized target, and the transverse
polarization of a produced quark in e'e -qq, or
in qq -qq at large p r, or in leptoproduction,
should all be calculable perturbatively in QCD.
The result is zero for m, =0 and is numerically
small if we calculate m, /vs corrections for light
quarks. We discuss how to test the predictions.
At least for the cases when P is small, tests
should be available soon in large-pr production
[where currently P(A) =25% for pra 2 GeV/c],
and e 'e reactions. While fragmentation effects
could dilute polarizations, they cannot (by parity
considerations) induce polarization. Consequent-
ly, observation of significant polarizations in the
above reactions would contradict either QCD or
its applicability.
One of us (G.L.K.) appreciates helpful remarks

from J. Ellis and M. Einhorn, and we are grate-
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Whatever observable is used, the variation with
Q' and the c.m. scattering angle tl can be tested.
p' is the polarization transverse to the scattering
plane, calculated through order n, in QCD.
In leptoproduction, because the photon is space-

like, the gluon effects induce no imaginary ampli-
tudes so that the polarization is identically zero
to order a, . To the present order in QCD per-
turbation theory, color does not play a signifi-
cant role. The color averaging involved intro-
duces numerical coefficients of order 1, but no
qualitative features. Up to color factors the
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We point out that the polarization P of a scattered or produced quark is calculable per-
turbatively in quantum chromodynamics for e e -qq, large-p z hadron reactions, and
large-Q leptoproduction, and is infrared finite. The quantum-chromodynamics predic-
tion is that P =0 in the scaling limit. Experimental tests are or wi11 soon be possible in
pp —AX [where presently p(A) = 25'%%uo for pz, ) 2 Gev/c] and in e+e —quark jets.

In quantum chromodynamics (QCD), observa-
bles which are free of infrared divergences can
be computed in terms of the running coupling con-
stant n, . For an asymptotically free theory,
is expected to be small in a scattering at large
transverse momenta, so that observables can be
computed perturbatively. Thus, provided we can
relate quark observables to observed hadrons,
QCD may be rigorously tested.
This approach has been proposed by Sterman

and steinberg' and by Politzer, ' and recently
used by others' in e'e reactions or leptoproduc-
tion reactions. In this note we propose another
observable which can be measured in e'e reac-
tions, leptoproduction, and large-p r hadron colli-
sions, namely, the polarization of the scattered
or produced quark. More precisely, the relevant
observable is polarization times cross section,
which is given schematically by Im(NE*). For a
nontrivial result, one must have nonf lip (N) and
flip (E) amplitudes with a nonzero relative phase.
Note that this is qualitatively different from other
kinds of spin effects which could be obtained with
relatively real amplitudes and Born terms. 4
For large-pr scattering this procedure is slight-

ly less rigorous since the initial state involves
quarks confined in hadrons. But it has increasing-
ly been accepted' that at large p r one is observ-
ing quark-quark scattering and that in fact large
pr is a domain where a perturbative treatment of
qq -qq, qg- qg, and gg-gg (where g means
gluon) can quantitatively predict jet and hadron
distributions.
The polarization of a scattered quark is another

observable which is infrared finite and can be
computed perturbatively. A determination of the
polarization of a scattered quark can both test
the validity of the assumption that qq-qq, qg-qg,
etc. , dominate at large pr, and serve as a signifi-

cant test of QCD. The same remarks apply to the
polarization of a produced quark in e'e annihila-
tion or in leptoproduction. We give the discus-
sion in terms of large pr because this may be
the first place for an experiment test, We also
predict the large-pr left-right asymmetry on a
polarized test.
Because of confinement, to test the QCD pre-

diction we have to make some assumptions. For
unpolarized beam and target, we assume that the
initial quarks are unpolarized. To compute the
left-right asymmetry on a polarized target, in
general we need to know the wave function of the
quarks in a proton. However, for the actual QCD
prediction the individual qq scatterings produce
only a small left-right asymmetry (see below),
so that we necessarily predict a small left-right
asymmetry on a polarized target independent of
the details of the wave function. For production
of light-quark jets in e e the predicted polariza-
tion is also very small and so any observable
which could reflect polarization is satisfactory.
(For production of massive quarks in e'e the
predicted polarization may not be small above
threshold but below the scaling region, and we
must assume that a hadron, which is a fragment
of a polarized quark, will remember the polariza-
tion of the quark. ) It is, of course, possible that
light quarks could be produced with large polari-
zation (contrary to our QCD prediction), but that
the mechanism of quark fragmentation is such
that the quark spin direction is not remembered.
Because of such a possibility, the QCD predic-
tion would be contradicted by observing large
polarization effects; but an observation of small
polarization effects, while consistent with the
theory, is not a strong confir mation of the theory
until quark fragmentation is better understood.
On the other hand, by a general parity argu-
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E.g. Collins asymmetry at BESIII

These experimental measurements can be used to probe the internal structure of hadrons 
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Sivers Formalism in Semi-Inclusive DIS 
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fragmentation TMD Factorization Λ
QCD factorization Collins Soper 1982 NPB,

Collins Foundations of PQCD Cambridge  Press 2011

Collins-Soper-Sterman, Ji-Ma-Yuan, Soft-Collinear Effective Theory ……

Power corrections see A. P. Chen & J.P. Ma ’16; Ebert et.al. ’18 ……

Lattice QCD results on the TMD soft function An Qi Zhang et.al. ’20 PRL

TMD factorization theorems have been “well” established



High-energy partons lead to collimated bunches of hadrons

Parton (quark or gluon) fragmentation and hadronization

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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J ( scale µ2) ⇠ J (scaleµ1) exp

Z µ2
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dµ0
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dxP (x,↵s (µ
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TMD resummation Sun, Yuan, Yuan `14,`15 PRL

Jet Effective theory Becher, Neubert, Rothen, DYS, ’16 PRL

Threshold resummation Liu, Moch, Ringer  ’17 PRL

Energy-energy correlation Gao, Li, Moult, Zhu, ’19 PRL

……
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Jets at the LHC
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QCD jets and 3D proton imaging at the EIC

Arratia, Kang, Prokudin, Ringer ‘19

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

Spin-dependent cross section:

• Jets are complementary to standard SIDIS extractions of TMDs


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


• Azimuthal correlation between jet and lepton sensitive to TMD 
PDFs


• Precision measurement on the spin asymmetry, need precision 
theory calculation

quark TMDs:

Liu, Ringer, Vogelsang, Yuan ’19 PRL, ……
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Jets at the EIC
• low pT,J


• smaller jet multiplicity 

• less contamination from underlying events and pileups

Different environment compared with the LHC 

new opportunities and new challenges!!!
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Gluon Sivers function (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 functions:


• 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
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gg ! ��
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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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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

calculable for each channel

(Buffing, Mukherjee, Mulders’13)
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Gluon Sivers function and spin asymmetry in di-jet

• to distinguish different TMDs  “Jets inherit quantum property of partons”

• Jet substructure (e.g. jet charge “different quark TMDs” Kang, Liu, Mantry, DYS ’20 PRL)

• Heavy-flavor (HF) dijet processes, where q-channel starts to contribute beyond the LO (Kang, Reiten, DYS, Terry `20)

At the LO di-jet production 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 investigated using 
PYTHIA and reweighing methods in Zheng, Aschenauer, Lee, Xiao, Yin ’18

• They find that dijet process is the most promising channel
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TMD factorization for heavy-flavor dijet production in DIS

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


• Jet and collinear-sof functions are new, which receive finite quark mass correction

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 section

(Kang, Reiten, DYS, Terry ’20)
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Numerical results
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>

Mass effects can give sizable corrections to the predicted asymmetry
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Jets and transverse Lambda polarization
(Becher, Rahn, DYS ’17; Kang, DYS, Zhao ’20; Gamberg, Kang, DYS, Terry, Zhao ’21, in progress)

Belle ’18, PRL
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Summary
• Jets and jet substructures offer new opportunity to understand hadron inner structures


• Spin asymmetry can be measured at the future EIC very precisely. 


• Two examples:


• Heavy flavor dijet production at the EIC -> gluon Sivers function


• Hyperon and jet production at the Belle -> quark polarizing fragmentation function


• We develop the TMD factorization formalism for both processes; Include QCD evolution from 
Q to qT ≳ ΛQCD


• Our predictions are consistent with Belle data; Verify the universality of polarizing 
fragmentation function 


• Use jet charge to separate different flavors of PFFs at the Belle



展望

理论精确预⾔


新型喷注观测量的构造



Thank you



Flavor separation and the jet electric charge

PYTHIA

Definition:


