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Introduction - Λ helicity

In the very beginning, Λ polarization is just a tool
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More experimental data are required
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defined along the momentum direction of the po-
larized beam. The spin transfer in the backward
region (negative ⌘

⇤(⇤)
) is expected to be signif-

icantly smaller than that in the forward region
(positive ⌘

⇤(⇤)
) relative to the polarized proton

beam [21, 24–27]. The vertical bars represent the
statistical uncertainties, and the systematic uncer-
tainties are shown in boxes. The results show no
evidence for a di↵erence between ⇤ and ⇤ within
uncertainties.
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FIG. 5. Longitudinal spin transfer coe�cient DLL of
⇤ and ⇤ as a function of hyperon pT in proton-proton
collisions at

p
s = 200 GeV. The top and bottom pan-

els show the results for positive and negative hyperon
⌘ regions, respectively. The vertical bars and boxes
indicate the statistical and systematic uncertainties,
respectively. The ⇤ results have been slightly o↵set
horizontally for clarity.

Figure 6(a) shows the comparison of DLL results
obtained here in the positive ⌘ range with previ-
ously published results based on STAR data taken
in 2009 [40]. We note that the previous results are
rescaled with ↵⇤ = 0.732±0.014 here. The current
DLL results are consistent with the results previ-
ously published by STAR, and the statistics in this
measurement are about 2 times larger than those
in the previous publication. Similar agreement is
found for the measurements at negative ⌘

⇤(⇤)
. We

calculate the statistical average of the new mea-
surements and the previous ones, with systematic
uncertainties taken as their weighted average based
on the hyperon yields in di↵erent years. The com-
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FIG. 6. (a) Comparison of longitudinal spin transfer
coe�cient DLL as a function of the hyperon pT,⇤(⇤) for
positive ⌘ with previously published results [40]. (b)
Upper sub-panel: combined results of DLL for positive
⌘ from current and previous measurements, in compar-
ison with theoretical prediction [23]; Lower sub-panel:
the ⇤ + ⇤ combined results, in comparison with the-
oretical predictions [24, 62]. (c) Combined results of
DLL for negative ⌘ from current and previous mea-
surements. The previously published results in panel
(a) and the results of ⇤ in all panels are slightly shifted
for clarity.

bined results of DLL from these two measurements
are shown in Fig. 6(b) for positive ⌘ and in Fig. 6(c)
for negative ⌘.
Theoretical predictions “LM” from Ref. [23], which
considers DLL with ⇤ and ⇤ separately and uses
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-tagged Λ production in unpolarized pp collisionsZ0
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-tagged Λ production in unpolarized pp collisionsZ0
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u+ ū ! Z0 + g d+ d̄ ! Z0 + g qi + q̄j ! W± + g

�0.9 �0.7 �0.5 �0.3 �0.1
�1

�0.5

0

0.5

1

t̂/(ŝ�M2
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ŝ = 200 GeV

p
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-tagged Λ production in unpolarized AA collisionsZ0
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a small portion of its polarization, while its polarization remains unquenched in the MSB. Since the total fractional
energy loss is modest, the spin quenching e↵ect in the SHB is also negligible, leading both schemes to produce similar
nuclear modifications to the final-state hadron polarization.
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Appendix A: Spin quenching of gluon jets

While traversing the QGP medium, a circularly polarized gluon loses a fraction of its energy through medium-
induced gluon radiation. At the same time, its polarization is also quenched, with the magnitude of this suppression
depending on the specific parton energy-loss mechanism. To make this connection more transparent, we first recall
the polarized and unpolarized gluon splitting functions which read

Pgg(⇠) = 2Nc
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+ ⇠(1� ⇠) +
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�(1� ⇠). (A2)

The ratio �LPgg(⇠)/Pgg(⇠) characterizes the survival probability of the gluon’s polarization after one splitting that
loses energy fraction 1� ⇠.

As an illustration, consider a gluon of initial energy E with helicity �g = 1. It loses a total energy �E through
n successive splittings with each branching carrying away a small fraction of its energy. Assuming that after each
branching the retained momentum fractions are approximately the same, we then obtain the per-branching retained
fraction as x = (1 � �E/E)1/n. After n splittings, the remaining polarization is then given by �after

g /�before

g =
[�LPgg(x)/Pgg(x)]

n.
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FIG. 8. The surviving gluon polarization after successive medium-induced branchings as a function of the number of parton
branchings.
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e+ + e− → γ* → q + q̄

Z

X
Y

qq̄

e�
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✓

K. Chen, G.R. Goldstein, R.L. Jaffe, X. Ji, 9410337; H. Zhang, S.Y. Wei, 2301.04096; 

L. Yang, Y.K. Song, S.Y. Wei, 2410.20917;  S.J. Lin, M.J. Liu, D.Y. Shao, S.Y. Wei, 2507.15387.

Single Inclusive

Pq = Pq̄ = 0Parity Symmetry

 Pair Production qq̄

CZZ = + 1

CXX = +
sin2 θ

1 + cos2 θ

CYY = −
sin2 θ

1 + cos2 θ

helicity 
conservation

Wigner 
D-matrix

final state  system 
= 

two qubits

q ⊗ q̄

Spin Correlation in  annihilatione+e−
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Spin Correlation

Bell state: |Ψ⟩ =
1

2 [ | + + ⟩ + | − − ⟩]
Pq = ⟨Ψ |σq ⊗ I |Ψ⟩ = 0

Pq̄ = ⟨Ψ | I ⊗ σq̄ |Ψ⟩ = 0
None of these two particles 

is individually polarized

Spin Correlations 
reach unity 

CZZ = ⟨Ψ |σZ ⊗ σz |Ψ⟩ = + 1

CXX = ⟨Ψ |σx ⊗ σx |Ψ⟩ = + 1

CYY = ⟨Ψ |σy ⊗ σy |Ψ⟩ = − 1

Conclusion


At , 
the b2b  pair forms

a Bell state: 

with maximal entanglement. 

θ = π/2
qq̄

( | + + ⟩ + | − − ⟩)/ 2

See also: K. Cheng, B. Yan, 2501.03321; 

S.J. Lin, M.J. Liu, D.Y. Shao, S.Y. Wei, 2507.15387

, , 
, , 

σz | + ⟩ = + 1 | + ⟩ σx | + ⟩ = + 1 | − ⟩ σy | + ⟩ = + i | − ⟩
σz | − ⟩ = − 1 | − ⟩ σx | − ⟩ = + 1 | + ⟩ σy | − ⟩ = − i | + ⟩Useful relations:

Spin Correlation in  annihilatione+e−

K. Chen, G.R. Goldstein, R.L. Jaffe, X. Ji, 9410337; H. Zhang, S.Y. Wei, 2301.04096; 

L. Yang, Y.K. Song, S.Y. Wei, 2410.20917;  S.J. Lin, M.J. Liu, D.Y. Shao, S.Y. Wei, 2507.15387.
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Spin Correlation
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q̄j

Type I:  and qi + q̄i → qj + q̄j g + g → qi + q̄i

pp
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Just like the  annihilation, the final state  pair also form a Bell state with
maximal entanglement at , (i.e., )

e+e− qq̄
θ = π/2 ̂t = ̂u = − ̂s/2

CLL = − 1

CTT = −
sin2 θ
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Not CZZ
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Spin Correlation in pp collision
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Spin Correlation

Type II: qi + qj → qi + qj

pp
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c(λc)

d(λd)

CLL =
̂s2 − ̂u2

̂s2 + ̂u2
> 0

CTT = 0

Transverse spin correlation vanishes, since the final state quarks are disconnected.

Chiral-odd

Spin Correlation in pp collision
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Spin Correlation

Type III: qi + qi → qi + qi

pp

c

d

scatterings. As illustrated in Fig. 4, the left and the middle
plots represent the t- and u-channel diagrams, which do not
contribute to the transverse spin correlation. The right plot
represents the interference between u-and t-channel scat-
terings. We have utilized different colors to represent
different trace lines. The final-state identical quarks in
the interference diagram are connected by the same
Fermion line. Therefore, it contributes to the transverse
spin correlation. We obtain the partonic transverse spin
correlation of this channel as

dσ̂Tqiqi→qiqi

dt
¼ −

2πα2s
9s2

4

3
: ð19Þ

We show the numerical result of Rqiqi→qiqi as a function
in Fig. 5. The magnitude becomes much smaller compared
to the other unconnected channels, since it only arises from
the interference diagrams. Nonetheless, this channel can
become important at the threshold regime with xa;b → 1.
The transverse spin correlation of final-state hadrons is

given by convoluting σT with the transverse spin transfers.
We obtain

CTT ¼
R
dP:S:

P
ab→cdxaf1;aðxaÞxbf1;bðxbÞ 1

π
dσ̂Tab→cd

dt HΛ
1T;cðz1ÞHΛ̄

1T;dðz2ÞR
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P
ab→cdxaf1;aðxaÞxbf1;bðxbÞ 1

π
dσ̂ab→cd

dt DΛ
1;cðz1ÞDΛ̄

1;dðz2Þ
; ð20Þ

where dP:S. represents the phase space to be integrated
over and f1ðxa;bÞ is the collinear parton distribution
function, with xa;b as the momentum fraction. Since the
vast majority of partonic channels do not contribute to the
transverse spin correlation, the experimental signal is
expected to be small.

IV. TRANSVERSE SPIN CORRELATION
IN PHOTON-NUCLEUS COLLISIONS

The high-energy large nucleus is accompanied by
enormous coherent quasireal photons. In the ultraperipheral

relativistic nucleus-nucleus collisions (UPC), we can have
photon-nucleus collisions, as discussed in Ref. [39]. At
the leading order in QCD, the partonic hard scattering
consists of γg → qq̄ and γq → qg channels. As discussed
in the previous section, the final-state gluon does not
contribute to the transverse spin transfer. Therefore, only
the γg channel contributes to the transverse spin corre-
lation. The γq channel only contributes to the denomi-
nator. In the end, the transverse spin correlation in UPC is
given by

CTT ¼
R
dP:S:

P
qxγfγðxγÞxgf1;gðxgÞ 1
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1;cðz1ÞDΛ̄
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; ð21Þ

where xγ is the per-nucleon momentum fraction carried by the quasireal photon and fγðxγÞ is the collinear photon
distribution [91], which can be expressed as

xγfγðxγÞ ¼
2Z2α
π

!
ζK0ðζÞK1ðζÞ −

ζ2

2
½K2

1ðζÞ − K2
0ðζÞ%

"
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FIG. 4. Leading-order Feynman diagrams for the qq → qq scatting. Left: t-channel diagram, middle: u-channel diagram, and right:
the interference diagram. The color of the quark line represents a closed trace line. While the left and middle diagrams do not contribute
to the transverse spin correlation, the right one is a connected diagram that contributes.
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; ð22Þ

FIG. 4. Leading-order Feynman diagrams for the qq → qq scatting. Left: t-channel diagram, middle: u-channel diagram, and right:
the interference diagram. The color of the quark line represents a closed trace line. While the left and middle diagrams do not contribute
to the transverse spin correlation, the right one is a connected diagram that contributes.
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where α is the electromagnetic coupling constant, Z is the
atomic number, ζ ¼ 2xγMpRA,Mp is the proton mass, and
RA is the nucleus radius. The transversely polarized cross
section reads

dσ̂Tγg→qq̄

dt
¼ −

2πααse2q
s2

: ð23Þ

Although both γg and γq contribute to the back-to-back
dihadron production in photon-nucleus collisions, the
dominant contribution arises from the connected γg channel
[39]. This is because the photon flux drops exponentially at
slightly large xγ, forcing xb to be very small as well. At
small xb, the gluon distribution function is expected to be
much larger than that of the quark. Therefore, we expect
that the experimental signal of dihadron transverse spin
correlation in the UPC experiments is sizable.
Furthermore, in the future Electron Ion Collider experi-

ment, we can also perform the photon-nucleus scattering
with a spacelike virtual photon. As presented in Ref. [92],
the unphysical longitudinal photon also contributes, as well
as the physical transverse photon. Again, the transverse
spin correlation only arises from the γ$g → qq̄ channel,
which is given by

CTT ¼
R
dP:S:

P
S¼L;T

P
q Gγ$S

ðxBj; Q2Þxgf1;gðxgÞ 1
π

dσ̂T
γ$
S
g→qq̄

dt HΛ
1T;qðz1ÞHΛ̄

1T;q̄ðz2Þ
R
dP:S:

P
S¼L;T

P
b;c;d Gγ$S

ðxBj; Q2Þxbf1;bðxbÞ 1π
dσ̂γ$

S
b→cd

dt DΛ
1;cðz1ÞDΛ̄

1;dðz2Þ
: ð24Þ

Here, Gγ$S
ðxBj; Q2Þ is the photon flux in the deep inelastic

scatterings process [39], with S ¼ L, T representing the
photon polarization. For the self-sufficiency of this paper,
we list the photon flux in Appendix A. Further, xBj is the
Bjorken variable and Q is the virtuality of the virtual
photon. The transversely polarized partonic cross section
can be expressed as

dσ̂Tγ$Lg→qq̄

dt
¼

2πααse2q
ðsþQ2Þ2

4Q2s
ðsþQ2Þ2

; ð25Þ

dσ̂Tγ$T g→qq̄

dt
¼ −

2πααse2q
ðsþQ2Þ2

!
1 −

2Q2s
ðsþQ2Þ2

"
: ð26Þ

It is interesting to note that dσTγ$Lg→qq̄=dσγ$Lg→qq̄ ¼ þ1,
indicating the unitary transverse spin correlation at arbitrary
kinematics. The longitudinal photon leads to the positive
correlation, while the transverse photon leads to the
negative correlation. Furthermore, when plotting dσTγ$T g→qq̄=

dσγ$T g→qq̄ as a function of t=ðsþQ2Þ, the ratio is Q2

irrelevant. We obtain again the valley-shape correlation,
which is on a par with that of gg → qiq̄i as a function
of t=s.

V. TRANSVERSE SPIN CORRELATION
IN THE HELICITY AMPLITUDE APPROACH

The spin correlation can be better appreciated in the
helicity amplitude approach. While it is quite obvious for
the helicity correlation, it is a bit subtle for the transverse
spin correlation. Nonetheless, it has been well presented in
Refs. [93–95]. In this section, we summarize the essential
idea on how to relate helicity amplitudes with the trans-
versely polarized cross section.
Let us consider the simple LO partonic scattering aþ

b → cþ d with unpolarized beams. The helicity amplitude
is thus denoted as Mλa;λbðλc; λdÞ, with λa;b;c;d ¼ &1 denot-
ing the helicity of the corresponding parton. The unpolar-
ized cross section can simply be related to the helicity
amplitudes [96] by

dσ̂ab→cd

dt
¼ 1

16πs2
1

4

X

λa;λb;λc;λd

Mλa;λbðλc; λdÞM
$
λa;λb

ðλc; λdÞ:

ð27Þ

The factor of 1=4 averages the spin degree of freedom of
the initial partons a and b. The relation between the cross
section and scattering amplitudes is taken from Ref. [96].
When employing the above normalization, one needs to
adopt the same convention for the scattering amplitude as
that in Ref. [96]. The transversely polarized cross section is
expressed as

FIG. 5. The partonic transverse spin correlationR as a function
of t=s for the identical parton scattering channel in pp collision.
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Spin Correlation in ep collision

We employ the DSV parametrization [32] to provide the
unpolarized and polarized fragmentation function. For the
unpolarized one, the DSV parametrization only provides
the sum of u → Λ and ū → Λ fragmentation functions
denoted byDu=ū→Λ

1 ðzÞ. To separate these two contributions,
we resort to a phenomenological prescription, e.g.,
Refs. [59–61]. Our prescription is laid out as

Du→Λ
1 ðzÞ ¼ 1þ z

2
Du=ū→Λ

1 ðzÞ; ð33Þ

Dū→Λ
1 ðzÞ ¼ 1 − z

2
Du=ū→Λ

1 ðzÞ: ð34Þ

For the polarized fragmentation function, Ref. [32] does
provide the separation of u and ū. Additionally, it also
provides three scenarios. The first scenario establishes on
the naive quark model and therefore assumes that only the s
quark contributes to the Λ polarization at the initial scale.
The second scenario, on the other hand, assumes that the
polarized fragmentation function of u=d is negative. The
third scenario is an “extreme” one assuming that u, d, and s
contribute equally. Notice that all three scenarios have
assumed the isospin symmetry in the parametrization of
G1L. The isospin symmetry of Λ fragmentation functions
has been discussed in details in Ref. [61], while Ref. [62]
also demonstrated that the EIC experiment has a great
potential in testing this symmetry. Their conclusion has
also been confirmed by Refs. [63,64]. In this work, we skip
the discussion of isospin symmetry and make predictions
with three isospin symmetric scenarios (abbreviated Sce. in
the figures). We show the potential of dihadron helicity
correlation in distinguishing which scenario describes
hadronization process the best.
Although it is not possible to distinguish different photon

polarizations, we still present the correlations in different
processes separately, since they exhibit distinct features.
For the transverse photon, the γ%Tg channel contributes to
the negative correlation, while the γ%Tq channel contributes
to the positive correlation. At small xBj, there are more

contributions from the gluon channel (recalling xBj is also
the lower limit of the parton momentum fraction xb). With
increasing xBj, the γ%Tq channel becomes more and more
significant. Therefore, due to the competition between
these two channels, the helicity correlation becomes
smaller in absolute magnitude with increasing xBj.
However, the spin transfer of u and d quarks is assumed
to be very small in scenarios 1 and 2. Therefore, although
the γ%Tq with q ¼ u, d channel dominates the unpolarized
cross section at large xBj, its contribution to the dihadron
helicity correlation is still not on par with that of the γ%Tg
channel. On the other hand, scenario 3 assumes that G1L;q

remains the same for u, d, and s quarks. Therefore, the γ%Tq
channel also has a significant contribution to the dihadron
helicity correlation. As shown in Fig. 3, in scenario 3, the
γ%Tq channel even overcomes the γ%Tg channel and the
correlation becomes positive at xBj > 0.4. However, for
the longitudinal photon, both γ%Lg and γ

%
Lq channels amount

to negative correlations. Therefore, the correlation is
negative definite and the magnitude is much larger than
that for the transverse photon.
Furthermore, the longitudinal photon contribution becomes

significant at highQ2 and disappears atQ2 → 0. Therefore,
by measuring the dihadron helicity correlation at different
virtuality, we can adjust relative contributions from trans-
verse and longitudinal sectors. Notice that the hard scale
of the partonic process becomes the partonic center of
mass energy in theQ2 → 0 limit. Thus, we shall require the
transverse momentum of the final-state hadron to be a bit
larger to avoid the contamination of nonperturbative phys-
ics. The relative contribution from the γ%q → qg channel is
mainly controlled by xBj, which grants the SIDIS process
more resolution power on gluon fragmentation functions
compared with the electron positron annihilation process.
On top of that, the relative contribution from the transverse
and longitudinal photons can be tuned by varying Q2. The
sign change of the partonic helicity correlation of γ%Lq and
γ%Tq channels will result in a nontrivial Q2 dependence of
dihadron helicity correlation. This feature thus can be

FIG. 3. Numerical predictions for the Λ-Λ̄ helicity correlation as a function of xBj at Q2 ¼ 10 GeV2 at the future EIC experiment. In
the numerical evaluation, we have employed the DSV parametrization [32] for Λ fragmentation functions and the CT14 parton
distribution functions [58]. Left: dihadron helicity correlation with a transverse photon. Middle: dihadron helicity correlation with a
longitudinal photon. Right: dihadron helicity correlation for the future EIC experiment averaging over photon helicity.
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Spin Correlation in ep collision Transverse Photon γ*T

γ*T + g → q + q̄  due to helicity conservationCLL = − 1

γ*T + q → g + q CLL =
(s + Q2)2[(s + Q2)2 − (u + Q2)2] − 2Q2sut

(s + Q2)2[(s + Q2)2 + (u + Q2)2] + 2Q2sut

utilized as a tool to understand the flavor dependence of the
spin transfer G1L. Particularly, it allows us to probe the
fragmentation function of circularly polarized gluons. As
shown in Fig. 4, three scenarios of the DSV parametrization
predict different dihadron helicity correlations at different
xBj and different Q2.
For the UPC process discussed in this paper, we also

define the Λ-Λ̄ helicity correlation CLL as

CLLðy1;y2Þ¼

R
d2pT1d2pT2

!
dσUPCþþ
dP:S: þ

dσUPC−−
dP:S: −

dσUPCþ−
dP:S: −

dσUPC−þ
dP:S:

"

R
d2pT1d2pT2

!
dσUPCþþ
dP:S: þ

dσUPC−−
dP:S: þ

dσUPCþ−
dP:S: þ

dσUPC−þ
dP:S:

" :

ð35Þ

We show the numerical results as a function of y2 for
y1 ¼ 0 in Fig. 5. Since only one of the large nuclei remains
in one piece, we are empowered to figure out the photon-
going direction, which is defined as the positive/forward
rapidity direction in this work. The forward and backward
directions are thus asymmetric.
Since the coherent photons are quasireal, the only hard

scale in this process is the partonic center of mass energy

ffiffiffi
ŝ

p
. Therefore, we require pT1;2 ≥ 3 GeV to ensure that we

are working in the perturbative regime. In a more forward
rapidity, the kinematics forces xγz1;2 to be larger. However,
the coherent photon flux drops exponentially at large xγ .
Therefore, this kinematic requirement effectively leads to
larger typical z1;2. Measuring the dihadron helicity corre-
lation in different rapidities can be utilized to probe the z
dependence of the longitudinal spin transfer.
We have varied the factorization and renormalization

scales by a few times of the partonic center of mass energyffiffiffi
ŝ

p
. It is worth noting that the scale dependence is very

small compared with that for the EIC experiment. The
reason is twofold. First, according to the kinematics
specified in this paper, the typical factorization scale in
the UPC experiment is usually much larger than that in the
EIC experiment. The Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi evolution effect becomes milder at larger scale.
Second, in the EIC experiment, γ%g and γ%q are equally
important, and the relative contribution from each channel
is scale dependent. On the other hand, in the UPC experi-
ment, the dominant contribution comes from the γg
channel. Therefore, there is a new source of scale depend-
ence in the EIC experiment.

FIG. 4. Dihadron helicity correlation as a function of xBj at differentQ2. Here we only show numeric predictions averaged over photon
polarization.

FIG. 5. Dihadron helicity correlation as a function of Λ̄ rapidity y2 in UPCs. We have chosen the photon-going direction as the positive
rapidity direction. Eskola-Paakkinen-Paukkunen-Salgado nuclear parton distribution function [65] for the struck nucleus has been
employed in the numerical evaluation. Left: predictions for the RHIC AuAu UPC experiment. Right: predictions for the LHC PbPb UPC
experiment.
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Emerging Transverse Polarization

Transverse Polarization in e+e−
production plane
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in analogue to
Sivers function
in TMD PDFs

4

hPN iii+iv =
A(y)FT

UT +B(y)FL
UT � 2

⇡B(y)F cos 2�
UT

A(y)FT
UU +B(y)FL

UU � 2
⇡B(y)F cos 2�

UU

.

(21)

2. sinn� or cosn� Weighted Polarizations

The second method is to measure the polarizations
weighted by a sinn� or cosn� function. For example,
we can measure the following quantity for the longitudi-
nal and transverse polarizations,

hPsinn�
L/T/N i ⌘
R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?
PL/T/N (x, y, z⇤,P⇤?) sinn�

R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?

, (22)

hPcosn�
L/T/N i ⌘
R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?
PL/T/N (x, y, z⇤,P⇤?) cosn�

R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?

. (23)

It is straightforward to obtain

hPsin�
L i = 1

2

C(y)F sin�
UL

A(y)FT
UU +B(y)FL

UU

, (24)

hPsin 2�
L i = 1

2

B(y)F sin 2�
UL

A(y)FT
UU +B(y)FL

UU

, (25)

hPsin�
T i = 1

2

C(y)F sin�
UT

A(y)FT
UU +B(y)FL

UU

, (26)

hPsin 2�
T i = 1

2

B(y)F sin 2�
UT

A(y)FT
UU +B(y)FL

UU

, (27)

hPcos�
N i = 1

2

C(y)F cos�
UT

A(y)FT
UU +B(y)FL

UU

, (28)

hPcos 2�
N i = 1

2

B(y)F cos 2�
UT

A(y)FT
UU +B(y)FL

UU

. (29)

These sinn� or cosn� weighted polarizations are equiv-
alent to the polarizations in the given quadrants, except
for the di↵erence in the overall normalization. In the fol-
lowing, we will only present the results for these sinn� or
cosn� weighted polarizations. The polarizations in the
given quadrants can be obtained accordingly.

The sinn� or cosn� weighted polarizations can also
be easily measured in experiments. We recall that the
⇤ polarization can be measured from hcos ✓⇤i where ✓

⇤

is the angle between decay product p in ⇤ ! p⇡
� and

the polarization direction in the ⇤ rest frame. These
sinn� or cosn� weighted polarizations can be simply ob-
tained by measuring the corresponding hsinn� cos ✓⇤i or
hcosn� cos ✓⇤i. See appendix A for a detailed discussion.

B. Parton model results

At the LO in pQCD and at the leading twist, the
hadronic tensor is given by [40]

W
µ⌫ = 2z⇤e

2
q

Z
d
2k?d

2pT �
2(z⇤k? + pT � P⇤?)

⇥ Tr
h
2�̂q(x,k?)�

µ2⌅̂⇤
q (z⇤,pT )�

⌫
i
, (30)

where k? is the transverse momentum of the struck quark
with respect to the proton momentum, pT is the trans-
verse momentum of the produced ⇤ hyperon with respect
to the jet direction, �̂q(x,k?) and ⌅̂⇤

q (z⇤,pT ) are quark-
quark correlators which are 4 ⇥ 4 matrices. A sum over
quark and anti-quark flavor q is implicit.
For the unpolarized nucleon and polarized ⇤ hyperon,

we have

4�̂q(x,k?) = /n+f1q(x, k?) +
i[/k?, /n+]

2mp
h
?
1q(x, k?), (31)

4⌅̂⇤
q (z⇤,pT )

= /n�

h
D

⇤
1q(z⇤, pT ) +

(bej ⇥ pT ) · S⇤?
z⇤M⇤

D
?⇤
1Tq(z⇤, pT )

i

+ �5/n�

h
�⇤G

⇤
1Lq(z⇤, pT ) +

pT · S⇤?
z⇤M⇤

G
?⇤
1Tq(z⇤, pT )

i

+
i[/pT , /n�]

2M⇤
H

?⇤
1q (z⇤, pT ) +

1

2
[/S⇤?, /n�]�5H

⇤
1Tq(z⇤, pT )

+
[/pT , /n�]�5

2M⇤

h
�⇤H

?⇤
1Lq(z⇤, pT ) +

pT · S⇤?
M⇤

H
?⇤
1Tq(z⇤, pT )

i
,

(32)

where [/a, /b] ⌘ /a/b � /b/a, bej is the unit vector of the jet
direction, n+ and n� are unit vectors in the light-cone
coordinate, and �⇤ and S⇤? are longitudinal and trans-
verse polarizations of the produced ⇤ hyperon. The defi-
nition of D?⇤

1Tq(z⇤, pT ) follows the Trento convention [41].
Inserting Eqs. (31) and (32) into Eq. (30), carrying

out traces, and making Lorentz contractions with the
leptonic tensor, we obtain expressions of the structure
functions at the leading twist. They are given by

F
T
UU = I

⇥
f1D

⇤
1

⇤
, (33)

F
cos 2�
UU = I

⇥
w2h

?
1 H

?⇤
1

⇤
, (34)

F
sin 2�
UL = I

⇥
w2h

?
1 H

?⇤
1L

⇤
, (35)

F
T
UT = I

⇥
w̄1f1D

?⇤
1T

⇤
/z⇤, (36)

F
cos 2�
UT = I[w1h

?
1 H

⇤
1T ] + I[w3bh

?
1 H

?⇤
1T ], (37)

F
sin 2�
UT = �I[w1h

?
1 H

⇤
1T ] + I[w3ah

?
1 H

?⇤
1T ], (38)

F
L
UU/UT = F

cos�
UU/UT = F

sin�
UL/UT = 0, (39)

where I[wfD] ⌘
P

q e
2
qx

R
d
2pT d

2k?�
2(z⇤k? + pT �

P⇤?)wfq(x, k?)Dq(z⇤, pT ) and

w1 = � P̂⇤? · k?
mp

, (40)
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Emerging Transverse Polarization
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⇡+ : ud̄; d ! ⇤

⇡� : ūd; u ! ⇤
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q̄ q

γ*
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Transverse Polarization in e+e− differentiate valance quarks from sea quarks

D?
1T (u) 6= D?

1T (d) 6= D?
1T (s) 6= D?

1T (sea)
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⊥ð1Þ
1T;Λ=qðzΛ; QÞ, defined in Eq. (23), as

a function of zΛ for u, d, s and sea quarks, at 68% confidence.
We find that the PFF for the u quark is positive, while those
of the d and s quarks are negative. We also find a sizable
negative sea quark contribution. These signs are consistent
with the qualitative analysis in the BELLE experimental
paper [13]. In terms of the magnitude of the PFFs, we find
that the u and d quarks are comparable, while the PFF for the
s quark is smaller by almost an order of magnitude, and it
plays a more important role in the relatively large zΛ ≳ 0.4.
The PFFs for sea quarks are sizable mostly in the relatively
small zΛ ≲ 0.3 region.
One can understand these findings qualitatively. For

example, the Λþ π− processes are dominated by the
contribution of D⊥

1T;Λ=uDπ−=ū in Eq. (26). As this subset
of BELLE data has large positive Λ polarization (zΛ ≲ 0.4),
we find that the sign of the u-quark PFF is positive.
Likewise, the Λþ πþ processes are dominated by the
contribution of D⊥

1T;Λ=dDπþ=d̄. Due to the large negative

FIG. 3. The fit to the experimental data for π mesons is shown, with the gray uncertainty band displayed is generated by the replicas at
68% confidence. The left plots are for the production of Λþ π$, while the right plots are for the production of Λ̄þ π$.

FIG. 4. Same as Fig. 3 but for the production of Λþ K$ (left) and Λ̄þ K$ (right).

FIG. 5. The polarizing fragmentation functions
zΛD

⊥ð1Þ
1T;Λ=qðzΛ; QÞ, defined in Eq. (23), are plotted as functions

of zΛ for different quark flavors, at 68% confidence.
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Isospin Symmetry
u $ d

ū $ d̄
<latexit sha1_base64="PpBZjpKqWtrlTxlcixvStTTnz04=">AAACI3icbVDLSsNAFJ3UV42vqEs3g8XiqiRVUFwV3bisYB/QhDKZTNqhkwczN0oJ/Rc3/oobF0px48J/MU2z0LYHLhzOuZd773FjwRWY5rdWWlvf2Nwqb+s7u3v7B8bhUVtFiaSsRSMRya5LFBM8ZC3gIFg3lowErmAdd3Q38ztPTCoehY8wjpkTkEHIfU4JZFLfuKniBNuC+SD5YAhEyugZe9i29Sq2XSJXuLnsYb1vVMyamQMvE6sgFVSg2TemthfRJGAhUEGU6llmDE5KJHAq2ES3E8ViQkdkwHoZDUnAlJPmP07wWaZ42I9kViHgXP07kZJAqXHgZp0BgaFa9GbiKq+XgH/tpDyME2AhnS/yE4EhwrPAsMcloyDGGSFU8uxWTIdEEgpZrLMQrMWXl0m7XrMuavWHy0rjtoijjE7QKTpHFrpCDXSPmqiFKHpBb+gDfWqv2rs21b7mrSWtmDlG/6D9/AItaaK/</latexit>

proton (uud) ↔ neutron (udd)

fu
proton(x) = fd

neutron(x)

fd
proton(x) = fu

neutron(x)
<latexit sha1_base64="Q6uIfBD+zSbzF1+blUeS4IIf0Uo=">AAACSXicdZBLSwMxFIUzrc/6qrp0EyyKbsqMCroRRDcuK9gqdGrNZDJtMJMMyR2xDP17bty58z+4caGIK9NpBbV6IXD47j03yQkSwQ247pNTKE5MTk3PzJbm5hcWl8rLKw2jUk1ZnSqh9GVADBNcsjpwEOwy0YzEgWAXwc3JoH9xy7ThSp5DL2GtmHQkjzglYFG7fL2Jo3bm6xgnWoGS/asUb91t48MvLFkKesDDnPt+acwR/uPIN7XLFbfq5oXHhTcSFTSqWrv86IeKpjGTQAUxpum5CbQyooFTwfolPzUsIfSGdFjTSkliZlpZnkQfb1gS4khpeyTgnH53ZCQ2phcHdjIm0DW/ewP4V6+ZQnTQyrhMUmCSDi+KUoFB4UGsOOSaURA9KwjV3L4V0y7RhIINv2RD8H5/eVw0dqrebnXnbK9ydDyKYwatoXW0hTy0j47QKaqhOqLoHj2jV/TmPDgvzrvzMRwtOCPPKvpRheInj4uwYA==</latexit>

Lambda ↔ Lambda

isospin singlet D?,u!⇤
1T (z, pT ) = D?,d!⇤

1T (z, pT )
<latexit sha1_base64="1LW8scRlR81TjPrsqSkmtiPB49A="></latexit>

Robust symmetry in QCD 

Po
la

riz
at

io
n

)-π(+πz
0.4 0.6 0.8

0.2−

0.1−

0

0.1

0.2

<0.3Λ0.2<z

)-π(+πz
0.4 0.6 0.8

<0.4Λ0.3<z

)-π(+πz
0.4 0.6 0.8

<0.5Λ0.4<z

)-π(+πz
0.4 0.6 0.8

<0.9Λ0.5<z

+π + Λ -
π + Λ(a)

 

<latexit sha1_base64="yYL5gJ5QPMI18aCu+SUDxKsaWeY="></latexit>

1p
2
(u"d# � u#d")s"



22

Emerging Transverse Polarization

-0.15

-0.05

0.05

0.2 0.4 0.6
-0.15

-0.05

0.05

0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6

differentiate valance quarks 
from sea quarks

D?
1T (u) 6= D?

1T (d) 6= D?
1T (s) 6= D?

1T (sea)
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paradigm
shift

enforce isospin symmetry

Belle data does not endorse 
isospin symmetry breaking.Chen, Liang, Pan, Song, Wei, PLB816 (2021)

D?
1T (u) = D?

1T (d)

D?
1T (ū) = D?

1T (d̄)
<latexit sha1_base64="2CHPn8Ihg/x+fuN+imYcTGMpalo=">AAACVHicbZDNSsNAFIUnqdVatUZduhksQrspSRV0IxR14bJC/6CJYTKZtkMnP8xMhBL6Yj6I4M5tfQYXTtsgxvbCwOG793LuHC9mVEjT/ND0wk5xd6+0Xz44PKocGyenPRElHJMujljEBx4ShNGQdCWVjAxiTlDgMdL3pg/Lfv+VcEGjsCNnMXECNA7piGIkFXKNzqObWp35ix0THsNaUod3MI/8OrTtcp7ZHuJwy+yK+3XXqJoNc1VwU1iZqIKs2q6xsP0IJwEJJWZIiKFlxtJJEZcUMzIv24kgMcJTNCZDJUMUEOGkq9/P4aUiPhxFXL1QwhX9u5GiQIhZ4KnJAMmJ+N9bwm29YSJHt05KwziRJMRro1HCoIzgMkroU06wZDMlEOZU3QrxBHGEpQo85+IFvwYqG+t/Epui12xYV43m83W1dZ+lVALn4ALUgAVuQAs8gTboAgzewCdYgC/tXfvWC3pxPapr2c4ZyJVe+QE2fLEk</latexit>
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Transverse Polarization in  vs ep eA

Chen, Liang, Song, Wei, 2021
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Conclusion

Unpolarized High Energy Collisions are capable of investing Polarized hadronization.

It offers important information on the hadronization from a unique perspective.

Thank you very much for your attention!


