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About	me

• CMS collaboration @ LHC (2008 — present)
• MIT, Korea_U, Sejong_U 
• Heavy Ion Physics Analysis Group 
• CMS heavy ion group convener (Level 2)            

in 2020 — 2022
• LAMPS collaboration (2018 — present)
• ECCE collaboration at Electorn Ion Collider
• SHINCHON collaboration: Namer
• Faculty at Sejong_U (2018 — present) 

LAMPS
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My	major	expertise

• Heavy Ion collision at LHC
• CMS, ATALS 

experiments 
• Neuron star, Bose-Einstein 

condensate in nuclei



몬테-카를로 시뮬레이터
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simulation,
heavy quark, 
quarkonia,
heayv ion,
hydrodynamics 



Upsilon Melting in heavy ion 
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Simulation for Heavy IoN Collision with Heavy-quark and ONia 
Collaboration of ~10 people from 5 universities (부산대, 인하대 ,연세대 ,고려대 ,세종대)
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So what does it have to do with   

the proton spin? 
Q.

A. Nothing so far
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하지만	EIC가		
출동하면	어떨까?

E!

I!

C!

Starcraft Comics, S. Kim (2000)

EIC?
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Electron Ion Collider (EIC) 
• To be built at Brookhaven 

National Lab in 2030s
• Collide polarized electron and 

p, d, He, and heavy ions
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Proton	spin	in	1920s

Stern-Gelarch experiment
Proton has a spin-1/2 
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TEVATRON 

HERA

LHC KEK

RAON COMPASS

Jefferson Lab 

RHIC
SLAC accelerator 

Zoo	of	accelerators	and	colliders
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Zoo	of	accelerators	and	colliders

TEVATRON 

HERA

LHC KEK

RAON COMPASS

Jefferson Lab 

RHIC
SLAC accelerator Matter	factories	

• Higgs	
• B	meson	
• Rare	isotope

Microscopy	of	matter	
• Photo	interaction		
• e	and	 	beamsμ
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Deep	inelastic	scattering

• Discovery of quarks in 1960s by DIS 
(deep inelastic scattering) at SLAC

• Good agreement with magnetic moment 
in quark model
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Proton	spin	crisis

 
 

 
 
Fig. 5: A photograph of EHN2 looking in the direction of the muon beam. The EMC Forward Spectrometer is 
in the foreground and the BCDMS experiment downstream of it. The cabins on the right housed the 
experimental control rooms. The muon beam passes from the lower centre of the picture to the top. At the 
bottom of the picture, the long narrow cylindrical vessel for the EMC hydrogen/deuterium target can be seen 
just before the drift chambers W1, W2 which were situated at the mouth of the Forward Spectrometer magnet. 
The long line of magnets in the upper quarter of the picture belonged to the BCDMS collaboration (experiment 
NA4) which shared the muon beam with EMC. The two experiments took data simultaneously since the muon 
beam is almost unaffected by the upstream experiment (image credit CERN, CERN-PHOTO-8002006). 

 

 
 

Fig. 6: The picture shows Roger Clifft working on one of the proportional chambers which were situated within 
the Forward Spectrometer magnet P1, P2, P3. The central brown region is the desensitized area through which 
the muon beam passed (image credit CERN, photo X-611-9-77). 
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PLB 206 (1988) 364

• EMC experiment @ CERN (late 1980s)
• Muon collides to polarized proton target
• The proton spin carried by quarks were only ~20% of 1/2 
• Called proton spin crisis
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Abstract 
This document summarizes recent achievements of the RHIC spin program and their impact on our 
understanding of the nucleon’s spin structure, i.e. the individual parton (quarks and gluons) contributions to 
the helicity structure of the nucleon and to understand the origin of the transverse spin phenomena. Open 
questions are identified and a suite of future measurements with polarized beams at RHIC to address them is 
laid out. Machine and detector requirements and upgrades are briefly discussed.  

The Helicity Structure of the Proton 
Helicity parton density functions (PDFs) carry vital information on the extent to which quarks and gluons 
with a given momentum fraction x have their spins aligned with the spin direction of a fast moving nucleon 
in a helicity eigenstate. The corresponding integrals over all x relate to one of the most fundamental, but not 
yet satisfactorily answered questions in hadronic physics: how is the spin of the proton distributed among its 
constituents? The most precise knowledge about helicity PDFs, along with estimates of their uncertainties, is 
gathered from comprehensive global QCD analyses of available spin-dependent data. Such fits show that 
while the quark spin contribution is ~30% of the proton spin, contributions from the gluon spin and the 
orbital angular momenta of quarks and gluon have remained uncertain. 

The polarized gluon distribution Δg 

Longitudinally polarized proton-proton collisions are currently the best source of information on the elusive 
gluon helicity PDF, Δg, due to the dominance of gluon induced hard scattering processes. At RHIC, 
PHENIX and STAR have measured the double helicity asymmetry, ALL, of neutral pions and jets, 
respectively, at mid-rapidity for  s = 200 GeV in 2005 and 2006 [1,2].  These data were included in the 
DSSV global analysis [3] and significantly constrained Δg(x) in the region 0.05 < x < 0.2 . The result for the 
corresponding integral is   Δg(x)dx = 00.05

0.2∫ .005±0.164
0.129  at a scale of Q2=10 GeV2, consistent with zero within 

sizable uncertainties. The uncertainties were determined by mapping out the χ2 profile for the truncated 
integral with the robust Lagrange multiplier method. An increase οf Δχ2/χ2 = 2% was identified by DSSV as 
a conservative estimate of PDF uncertainties [3] and will be used in this document as well. 

In 2009, with improved luminosity and polarization, as well as upgraded triggering and data acquisition 
systems at STAR, both experiments improved considerably the uncertainties in ALL measurements at  s =200 
GeV.  The impact of these data on global QCD fits based on the DSSV framework is illustrated in Figure 1 
and 2. The fit labeled DSSV+ supplements the RHIC data used in the original DSSV analysis with recent 
results from polarized deep-inelastic scattering (DIS) obtained by COMPASS [4], and the results denoted as 
DSSV++ include, in addition, the 2009 RHIC data shown in Figure 1 (left). The preliminary DSSV++ fit is 
fully consistent with the previous DSSV fit within the uncertainties and shows a preference for a sizable 
(relative to the total proton spin of   1/2 ) gluon contribution,   Δg(x)dx = 00.05

0.2
∫ .1±0.07

0.06  with significantly reduced 
uncertainties. Despite this very important achievement, uncertainties for Δg(x) remain significant in the 
presently unmeasured small x region and prevent a reliable determination of the full integral, see Figure 2. 
By comparing �g(x) integrated in the x-range presently covered by RHIC with the integral for the sum of 
the polarized quark densities   ΔΣ(x)dx = 00.001

1∫ .366±0.062
0.042 , as determined from DIS data [3],  it can be seen that 

despite the different x-ranges gluons can make a very significant contribution to the spin of the proton (Note: 

  
1
2
= 1

2
ΔΣ + ΔG + Lq + Lg , with Lq and Lg being the orbital angular momenta of quarks and gluons). To further 

improve the Δg(x) constraint and its integral, we plan to follow three steps:  (1) reduce the statistical and 
systematic uncertainties on the two workhorses of the RHIC Δg program, jet and π0 ALL. (2) Make use of 
correlation measurements such as di-jets and di-hadrons, which give access to the partonic kinematics and 
thus the functional form of Δg(x) (Note:   x2 = pT (eη1 + eη2 ) / s and  x1 = pT (e−η1 + e−η2 ) / s , where η1,2 represent 
the pseudorapidities of the two outgoing partons). %The functional form of Δg(x) also provides insight in%the%
dynamical%origin%of%gluons%inside%the%proton.%First results from di-jets and di-π0 from STAR and PHENIX 
have been released, and projections for STAR di-jets are shown in Figure 3. (3) Access lower x by 
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After RHIC-Spin Program: 
 
" Confidence in ΔΣ
"  Δg needs significant broadening in x-range to make it 

more precise 
" No measurements of LG, LQ 

Leads directly to the future Electron Ion Collider (EIC) 

Δg ~ 1.0 +/- 1.5 before RHIC 

• New framework for proton spin

• Latest value:    
•  ~ 0.3,     
• g ~ Non zero, large uncertainty 
• LQ, LG unknwon 

Σ
Δ
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Lattice	QCD	calculation
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Figure 1. State-of-the-art lattice study on the proton spin. Left chart shows the spin decomposition in the frame-independent
sum rule: total spin contributions from the up (Ju), down (Jd), strange (Js) quarks and gluons (Jg). The numbers come from the
ETMC collaboration73 with = 38.2(3.1)% from total quark helicity contribution 1

2 S and = 18.8(10.1)% from total quark
orbital angular Lq. Right plot shows the gluon helicity contribution to the IMF sum rule, where the gluon spin is computed
from different proton momenta (labeled as p3 as x-axis) and lattice ensembles (different volumes and lattice spacing noted in
the plot legend) by the cQCD collaboration92. The gluon spin reduces to DG when extrapolated to the IMF (p3 ! •):
DG = 0.251(50) or 50(9)% of the proton spin, which can be compared to the RHIC-spin determination, see, Fig. 2.

A high-precision dynamical simulation at the physical pion mass has been finished recently73. It was found that the total
quark spin contribution is about 38.2%, and the orbital AM of the quarks about 18.8%, much reduced compared with quenched
simulations. The total gluon contribution is 37.5%. The resulting pie chart is shown in Fig. 1. The total spin is 94.6% of h̄/2
with an error bar of 14.2%. These results are largely consistent with the chiral fermion study in Ref.91. All numbers are quoted
in MS scheme at µ = 2 GeV.

3.2 Gluon helicity in light-travelling proton
Calculation of the gluon helicity DG has not been possible for many years because it is intrinsically a time-dependent light-front
quantity. However, a breakthrough in 2013 has finally been made by studying the frame dependence of non-local matrix
elements46. It was found that one can match the large-momentum matrix element of a static “gluon spin” operator calculable in
lattice QCD to DG in the IMF46. This idea was a prototype of LaMET, which was soon put forward as a general approach to
calculate all parton physics74, 75.

The choice of the static “gluon spin” operator is not unique. There is a universality class of operators47 whose IMF limit
approach the free-field field operator in Eq. (4) in the light-front gauge. The simplest choice for the static “gluon spin” is the
free-field operator ~E ⇥~A fixed in a time-independent gauge. For example, the Coulomb gauge ~— ·~A = 0, axial gauges A

z = 0
and A

0 = 0 all maintain the transverse polarizations of the gluon field in the IMF limit, so they are viable options.
In the Coulomb gauge and MS scheme, the static “gluon spin” D eG in a massive on-shell quark state at one-loop order is46, 93

D eG(Pz,µ)(2S
z) = hPS|(~E ⇥~A)z|PSiq

???
~—·~A=0

=
asCF

4p


5
3

ln
µ2

m2 � 1
9
+

4
3

ln
(2P

z)2

m2

�
(2S

z) , (15)

where the subscript q denotes a quark. The collinear divergence is regulated by the finite quark mass m. The above result shows
that the gluon state depends on the three-momentum P

z, as it should be. If we follow the procedure in94 and take P
z ! • limit

before UV regularization, which is the standard procedure to define partons46,

DG(•,µ)(2S
z) = hPS|(~E ⇥~A)z|PSiq

???
~—·~A=0

=
asCF

4p

✓
3ln

µ2

m2 +7
◆
(2S

z) , (16)

which is exactly the same as the light-front gluon helicity DG(µ) appeared in Jaffe-Manohar spin sum rule48. Therefore, despite
the difference in the UV divergence, the infrared-sensitive collinear divergences of D eG(Pz,µ) and DG(µ) are exactly the same,
which allows for a perturbative matching between them.

7/17

• Study by ETMC collaboration, PRD 101, 094513
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A	recommended	read	



• Hadron-Elektron-Ringanlage
• DESY, Hamburg 
• H1, ZEUS, HERMES, HERA-B   
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Semi	inclusive	deep	inelastic	scattering



• Semi-inclusive deep inlastic scatteing 
(SIDIS) using polarized beam

• HERA, COMPASS, JLAB experiments 

20

Polarized	(SI)DIS

QCD@Work 2003 - International Workshop on QCD, Conversano, Italy, 14–18 June 2003 5

g1 =
1

2

∑
q

e2q(q
+
− q−) (6)

b1 =
1

2

∑
q

e2q[2q
0
− (q+ + q−)] (7)

where q+ and q− denote the probability of finding a
quark with helicity parallel to that of the nucleon and
q0 is the probability to find a quark with momentum
fraction x in a nucleon with the target in a helicity
state 0. b1 thus measures the difference in parton dis-
tributions between a m = 1 and a m = 0 target.

The HERMES target is capable of producing highly
tensor polarized deuterium. This was done during a
short run in 2000 with an average polarization of 83%.
The tensor polarized structure function can be found
from the experimental tensor asymmetry:

AT =
(σ+ + σ−)− 2σ0

σ+ + σ− + σ0
∝ −

2

3

b1
F1

(8)

The preliminary HERMES result for this asymme-
try is shown in Fig. 6, while the deduced tensor
structure function b2 (trivially related to b1 through:
b2 = 2x(1 + R)b1/(1 + γ2)) is shown in Fig. 7. The
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Figure 6. Tensor asymmetry for deuterium.

small values found for the tensor asymmetry (of the
order 1%) show that the effect on the determination
of the helicity structure function g1 can safely be ne-
glected. The actual tensor structure function bd2 is
significantly different from zero, in particular at lower
valus of x. It is in broad agreement with the model
calculations of Ref. [ 10].
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Figure 7. Tensor structure function bd2. The lines show
the predictions of Ref. [ 10] for different values of Q2.

6 Exclusive reactions

Exclusive DIS reactions, where the target nucleon re-
mains in or close to its ground state, can be de-
scribed in terms of the Generalized Parton Distribu-
tions (GPD) that were introduced a few years ago.
These GPD’s form a natural off-forward extension of
the standard Parton Distribution Functions which are
well determined from (semi-)inclusive DIS reactions.
They form a connection between the PDF’s and the
form-factors of hadrons.

The cleanest example of the appearance of GPD’s in
an exclusive reaction is that of Deeply Virtual Comp-
ton Scattering (DVCS). The main diagram for this
reaction is shown in Fig. 8. There are 4 (flavour sets
of) GPD’s: 2 unpolarized functions (H and E) and
2 polarized (H̃ and Ẽ). The two functions E and Ẽ
correspond to helicity flip operators and have no di-
rect analogon in the forward PDF’s. The functions H
and H̃ have as their forward limit the standard unpo-
larized and polarized PDF’s F1 and g1, respectively.
The GPD’s depend on 3 independent kinematic vari-
ables: H(x, ξ, t) where ξ is related to the usual Bjorken
variable by 2ξ = xB

1−xB/2 . (Note that there are other

equivalent choices possible for the variables.)

The kinematic requirements imposed on the data were:
Q2 > 0.8 GeV2, 0.1 < y < 0.85, an energy of the hadronic
final state W > 1.8 GeV, and a minimum calorimeter en-
ergy deposition of 3.5 GeV. After applying data quality
criteria, 1.7× 106 events were available for the asymme-
try analysis. The data were analysed in bins of x and
also y in order to include the effect of the variation of the
virtual photon depolarisation factor D with y. For each
bin and spin state the number of scattered positrons was
corrected for e+e− background from charge symmetric
processes. This correction was at most 8% in the bins
with x < 0.08 and y > 0.6, and negligible for the remain-
der of the kinematic range. For the average positron
identification efficiency of 99%, the average contamina-
tion of misidentified hadrons was negligible with values
not greater than 1% in the lowest x bins. The asymme-
try was further corrected for smearing effects due to the
finite resolution of the spectrometer, which were deter-
mined by Monte Carlo simulations to be about 8% at low
x and in the range of 2-3% at high x. QED radiative cor-
rection factors were calculated following the prescription
given in Ref. [18]. The corrections were determined to
be less than 8% at low x and high y, decreasing to less
than 1% at higher x values. Both smearing and radiative
corrections were calculated using an iterative procedure.
The structure function ratio g1/F1 is approximately

equal to the longitudinal virtual photon asymmetry A1.
It was calculated in each (x, y) bin from the longitudi-
nal asymmetry A||, corrected for the effects mentioned
above, using the relation

g1
F1

=
1

1 + γ2

[

A||

D
+ (γ − η)A2

]

. (4)

The virtual photon depolarisation factor D = [1 − (1 −
y)ε]/(1+εR) depends on the ratio R = σL/σT of longitudi-
nal to transverse virtual photon absorption cross sections
and is approximately equal to y. The kinematic factors
are defined as ε = [4(1−y)−γ2y2]/[2y2+4(1−y)+γ2y2],
γ = 2Mx/

√

Q2, and η = εγy/[1 − ε(1 − y)]. The mag-
nitude of the transverse virtual photon absorption asym-
metry Ap

2 has been measured previously to be small [2].
Its contribution to gp1/F

p
1 is further suppressed by the

factor (γ − η) and was taken into account using a fit
based on existing data [2,4]: Ap

2 = 0.5 · x/
√

Q2.
The x dependence of the structure function ratio

gp1/F
p
1 at the measured 〈Q2〉 for each value of x is shown

in Fig. 1. The averaged values of x, Q2, and the struc-
ture function ratio gp1/F

p
1 are listed in Table I. Fig. 2

shows a comparison of the measured gp1/F
p
1 values with

recent results of previous experiments, E-143 [2] and
SMC [4]. There is good agreement between these three
sets of data, although the 〈Q2〉 values of E-143 and HER-
MES differ from those of SMC by a factor between five
and ten. This demonstrates that there is no statistically
significant Q2 dependence of the ratio gp1/F

p
1 in the Q2

range of these experiments. The spin structure function
gp1 (x,Q

2) was extracted from the ratio gp1/F
p
1 using the

relation F1 = F2(1+ γ2)/(2x(1+R)) with parameterisa-
tions of the unpolarised structure function F p

2 (x,Q
2) [19]

and R(x,Q2) [20]. The values of gp1 at the measured x
and Q2 and after evolution to a common Q2

0 of 2.5 GeV2

are also given in Table I. The evolution was done un-
der the assumption that the ratio of gp1/F

p
1 does not de-

pend on Q2. The same assumption was used to evolve
the HERMES data to the Q2

0 values as published by E-
143 and SMC. As shown in Figs. 3a and 3b, the evolved
HERMES data are in excellent agreement with both data
sets. The apparent Q2 dependence of gp1 seen when com-
paring Fig. 3a with Fig. 3b entirely originates from the
Q2 dependence of the unpolarised structure functions F p

2

and R.
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0.02 0.1 1

FIG. 1. The structure function ratio gp1/F
p
1 of the proton

as a function of x, given for the measured
〈

Q2
〉

at each value
of x. The error bars show the statistical uncertainties and the
band represents the total systematic uncertainties.

The systematic uncertainty of this measurement of
gp1/F

p
1 , illustrated by the band in Fig. 1, is about 8%

over the entire x range. The dominant sources of system-
atic uncertainties are the beam and target polarisation
discussed above. An uncertainty of 2.5% is included to
account for the uncertainty in the description of the spec-
trometer geometry. The uncertainty originating from the
combined effects of smearing and QED radiative correc-
tions is between 1% and 4%. The data were searched for
possible systematic fluctuations in the measured asym-
metry. This was carried out by dividing the data into
sub-samples defined by various parameters, e.g. time,
detector geometry and beam current. Within the statis-
tical accuracy of the data no additional systematic effect
was detected.

4
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RHIC	@	BNL

• Relativistic heavy iion collider  

• Au+Au collision at  GeV 

• p+p collison at  GeV 

• Polarized proton  beams are available 
with Pbeam = 0.7

sNN = 200

s = 510
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Figure 1 Schematic layout of the RHIC accelerator complex. Only relevant devices for
polarized pp collisions are shown.

are based on 800 pb−1 for
√
s = 500 GeV and 320 pb−1 for

√
s = 200 GeV.

This corresponds to runs of 4× 106 s at full luminosity, about four months of run-
ning with 40% efficiency, at each energy. We expect the data to be collected over
three to four years, since RHIC is shared between heavy-ion and polarized-proton
collisions. The expected sensitivities will be excellent due to the high luminosity
for proton-proton collisions. For comparison, we note that the pp Tevatron at
Fermilab has run for a total of ∼130 pb−1 as of 1999.
It is difficult to maintain the proton polarization through acceleration because

of its large anomalous magnetic moment: The proton spin readily responds to
focusing and errormagnetic fields in the rings, and spin resonances are encountered
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Beam	polarization

편광빔을	만드는		
방법은

전자를	오른손
으로	잡고

왼손으로		
돌린다

What a technology! 
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Figure 2 Production of a large-pT
pion in a hard pp collision.

a cross section is written in a factorized form as a convolution of appropriate
parton densities and/or fragmentation functions with a partonic subprocess cross
section. The predictive power of perturbative QCD follows from the universality
of the distribution functions: Once extracted from the data in one process, they
can be used to make definite predictions for any other. As an example, let us
consider the production of a pion with large pT in a collision of unpolarized
protons, that is, pp → πX . The process is depicted in Figure 2. In the parton
model framework, in the context of QCD perturbation theory, one writes the cross
section as a convolution,

dσ pp→πX

dP
=

∑

f1, f2, f

∫
dx1dx2dz f

p
1 (x1, µ2) f

p
2 (x2, µ2)

× dσ̂ f1 f2→ f X ′

dP
(x1 p1, x2 p2, pπ/z, µ)Dπf (z, µ

2), 1.

where p1 and p2 are the incident proton momenta. Here, P stands for any ap-
propriate set of the kinematic variables of the reaction. Furthermore, f pi (x, µ2) is
introduced as the probability density for finding a parton of type fi in the proton,
which has taken fraction x of the proton’s momentum. Likewise, Dπf (z, µ2) is the
probability density for finding a pion with momentum fraction z in the parton f .
The σ̂ f1 f2→ f X ′ are the underlying hard-scattering cross sections for initial partons
f1 and f2 producing a final-state parton f plus unobserved X ′.
The functions f p and Dπf introduced in Equation 1 express intrinsic proper-

ties of the proton and of the hadronization mechanism, respectively. Therefore,
they are sensitive to non-perturbative physics and cannot be calculated from first
principles in QCD at present. In contrast to this, for a sufficiently hard process,
it will make sense to calculate the subprocess cross sections σ̂ f1 f2→ f X ′ as per-
turbation series in the strong coupling αs . The separation of short-distance and
long-distance phenomena as embodied in Equation 1 necessarily implies the in-
troduction of an unphysical mass scale µ, the factorization scale. The presence
of µ arises in practice when computing higher-order corrections to the σ̂ f1 f2→ f X ′ .
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a cross section is written in a factorized form as a convolution of appropriate
parton densities and/or fragmentation functions with a partonic subprocess cross
section. The predictive power of perturbative QCD follows from the universality
of the distribution functions: Once extracted from the data in one process, they
can be used to make definite predictions for any other. As an example, let us
consider the production of a pion with large pT in a collision of unpolarized
protons, that is, pp → πX . The process is depicted in Figure 2. In the parton
model framework, in the context of QCD perturbation theory, one writes the cross
section as a convolution,

dσ pp→πX

dP
=

∑

f1, f2, f

∫
dx1dx2dz f

p
1 (x1, µ2) f

p
2 (x2, µ2)

× dσ̂ f1 f2→ f X ′

dP
(x1 p1, x2 p2, pπ/z, µ)Dπf (z, µ

2), 1.

where p1 and p2 are the incident proton momenta. Here, P stands for any ap-
propriate set of the kinematic variables of the reaction. Furthermore, f pi (x, µ2) is
introduced as the probability density for finding a parton of type fi in the proton,
which has taken fraction x of the proton’s momentum. Likewise, Dπf (z, µ2) is the
probability density for finding a pion with momentum fraction z in the parton f .
The σ̂ f1 f2→ f X ′ are the underlying hard-scattering cross sections for initial partons
f1 and f2 producing a final-state parton f plus unobserved X ′.
The functions f p and Dπf introduced in Equation 1 express intrinsic proper-

ties of the proton and of the hadronization mechanism, respectively. Therefore,
they are sensitive to non-perturbative physics and cannot be calculated from first
principles in QCD at present. In contrast to this, for a sufficiently hard process,
it will make sense to calculate the subprocess cross sections σ̂ f1 f2→ f X ′ as per-
turbation series in the strong coupling αs . The separation of short-distance and
long-distance phenomena as embodied in Equation 1 necessarily implies the in-
troduction of an unphysical mass scale µ, the factorization scale. The presence
of µ arises in practice when computing higher-order corrections to the σ̂ f1 f2→ f X ′ .
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TABLE 1 Compilation of quark and gluon parton densities
including spin dependencea

Polarization Quarks Gluons

Unpolarized q ≡ q+
+ + q−

+ ≡ q↑
↑ + q↓

↑ g ≡ g+
+ + g−

+

Long, polarized !q = q+
+ − q−

+ !g = g+
+ − g−

+

Transversity δq = q↑
↑ − q↓

↑ —

aThe ubiquitous argument (x, µ2) of the densities has been suppressed. For brevity, a
column for antiquarks (q) was omitted, which would have an identical structure to that
of the quark column. Labels +, − denote helicities, and ↑, ↓ transverse polarizations.
Superscripts refer to partons and subscripts to the parent hadron.

about the! f . Within a parton-model concept, the integrals of the! f (x, µ2) over
all momentum Bjorken-x (“first moments”), multiplied by the spin of the parton
f , will by definition give the amount of the proton’s spin carried by species f ,
appearing in the proton-spin sum rule:

1
2

=
∫ 1

0
dx

[
1
2

∑

q

(!q +!q) (x, µ2) + !g(x, µ2)

]
+ L(µ2), 2.

where L is the orbital angular momentum of quarks and gluons in the proton (13).
The longitudinally polarized parton distributions in Table 1 can be separated

from the unpolarized ones if suitable differences of cross sections for various
longitudinal spin settings of the initial hadrons are taken (14):

d!σ pp→πX

dP
≡ 1
4

[
dσ pp→πX

++
dP

− dσ pp→πX
+−
dP

− dσ pp→πX
−+
dP

+ dσ pp→πX
−−
dP

]

=
∑

f1, f2, f

∫
dx1dx2dz ! f

p
1 (x1, µ2) ! f

p
2 (x2, µ2)

×d!σ̂ f1 f2→ f X ′

dP
(x1, p1, x2, p2, pπ/z, µ) Dπf (z, µ

2), 3.

where

d!σ̂ f1 f2→ f X ′

dP
≡ 1
4

[
dσ̂ f1 f2→ f X ′

++
dP

− dσ̂ f1 f2→ f X ′

+−
dP

− dσ̂ f1 f2→ f X ′

−+
dP

+ dσ̂ f1 f2→ f X ′

−−
dP

]
.

4.

Here and in Equation 3, subscripts denote the helicities of the incoming particles,
i.e. of the protons in Equation 3 and of partons f1, f2 in Equation 4. Thus, the
“longitudinally polarized” cross section d!σ pp→πX/dP depends only1 on the

1In addition, there is dependence on the pion fragmentation functions Dπf .
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TABLE 1 Compilation of quark and gluon parton densities
including spin dependencea

Polarization Quarks Gluons

Unpolarized q ≡ q+
+ + q−

+ ≡ q↑
↑ + q↓

↑ g ≡ g+
+ + g−

+

Long, polarized !q = q+
+ − q−

+ !g = g+
+ − g−

+

Transversity δq = q↑
↑ − q↓

↑ —

aThe ubiquitous argument (x, µ2) of the densities has been suppressed. For brevity, a
column for antiquarks (q) was omitted, which would have an identical structure to that
of the quark column. Labels +, − denote helicities, and ↑, ↓ transverse polarizations.
Superscripts refer to partons and subscripts to the parent hadron.

about the! f . Within a parton-model concept, the integrals of the! f (x, µ2) over
all momentum Bjorken-x (“first moments”), multiplied by the spin of the parton
f , will by definition give the amount of the proton’s spin carried by species f ,
appearing in the proton-spin sum rule:

1
2

=
∫ 1

0
dx

[
1
2

∑

q

(!q +!q) (x, µ2) + !g(x, µ2)

]
+ L(µ2), 2.

where L is the orbital angular momentum of quarks and gluons in the proton (13).
The longitudinally polarized parton distributions in Table 1 can be separated

from the unpolarized ones if suitable differences of cross sections for various
longitudinal spin settings of the initial hadrons are taken (14):

d!σ pp→πX

dP
≡ 1
4

[
dσ pp→πX

++
dP

− dσ pp→πX
+−
dP

− dσ pp→πX
−+
dP

+ dσ pp→πX
−−
dP

]

=
∑

f1, f2, f

∫
dx1dx2dz ! f

p
1 (x1, µ2) ! f

p
2 (x2, µ2)

×d!σ̂ f1 f2→ f X ′

dP
(x1, p1, x2, p2, pπ/z, µ) Dπf (z, µ

2), 3.

where

d!σ̂ f1 f2→ f X ′

dP
≡ 1
4

[
dσ̂ f1 f2→ f X ′

++
dP

− dσ̂ f1 f2→ f X ′

+−
dP

− dσ̂ f1 f2→ f X ′

−+
dP

+ dσ̂ f1 f2→ f X ′

−−
dP

]
.

4.

Here and in Equation 3, subscripts denote the helicities of the incoming particles,
i.e. of the protons in Equation 3 and of partons f1, f2 in Equation 4. Thus, the
“longitudinally polarized” cross section d!σ pp→πX/dP depends only1 on the

1In addition, there is dependence on the pion fragmentation functions Dπf .
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parton densities for longitudinal polarization and on the (calculable) “longitudi-
nally polarized” subprocess cross sections d!σ̂ f1 f2→ f X ′

/dP . A measurement of
d!σ pp→πX/dP therefore gives access to the ! f . Adding, on the other hand, all
terms in the first line of Equation 3, one simply returns to the unpolarized cross
section in Equation 1, with its unpolarized densities f and the unpolarized sub-
process cross sections dσ̂ f1 f2→ f X ′

/dP , corresponding also to taking the sum of
the terms in Equation 4.
Notice that we have taken both initial protons to be polarized in Equation 3.

If only one is polarized, we can still define a singly polarized cross section by
dσ pp→πX

− /dP−dσ pp→πX
+ /dP , where the subscript refers to the polarized proton’s

helicity. However, this combination can be nonzero only if parity is violated in
the hard process (14). If so, the single-spin cross section will depend on products
of parton densities ! f1 and f2, representing the polarized and the unpolarized
proton, respectively.
With two transversely polarized beams, one will take the first line of Equation 3

for transverse polarizations rather than helicities. The result will be a polarized
cross section depending on transversely polarized subprocess cross sections and,
for each proton, on the differences of distributions of quarks (or antiquarks) with
transverse spin aligned and anti-aligned with the transverse proton spin. The
latter quantities are the “transversity” distributions (15, 11, 16, 17) and are denoted
δ f (x, µ2) (see Table 1).2 Note that in the case of transverse polarization a cos(2φ)

dependence of the cross section on the azimuthal angleφ of the observed final-state
particle arises (15, 11, 16, 17), since an extra axis is defined by the transverse spin.
We alsomention that transverse single-spin cross sections, such as dσ pp→πX

↑ /dP−
dσ pp→πX

↓ /dP , are allowed to be nonzero in QCD but vanish in the simple parton-
model picture presented so far (18, 19) (see Section 5.2).
Extension to polarization in the final state is also possible. If the observed

particle in Equation 1 were, say, a &-hyperon instead of the (spinless) pion, one
could consider the first line of Equation 3 for the helicities of one of the incoming
protons (the other proton is assumed to be unpolarized, for simplicity) and of the
&. In this way one obtains a “helicity transfer” cross section (14) that depends on
the distribution of parton f2 for the unpolarized proton, on ! f1 for the polarized
proton, on polarized fragmentation functions!D&f (defined in analogy with! f ),
and on helicity-transfer subprocess cross sections.
For spin experiments, themost important quantity in practice is not the polarized

cross section itself, but the spin asymmetry, which is given by the ratio of the
polarized over the unpolarized cross section. For our example above, it reads

AπLL = d!σ pp→πX/dP
dσ pp→πX/dP

. 5.

For the asymmetry, one often uses subscripts to denote the type of polarization

2One frequently also finds the notation !T f (x, µ2) or h
f
1 (x, µ2) in the literature.
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(L = longitudinal, T = transverse) of the initial particles. As follows from Equa-
tion 1, the resulting spin asymmetry will possess the generic structure

ALL =
∑

f1, f2, f ! f1 ×! f2 ×
[
dσ̂ f1 f2→ f X ′ â f1 f2→ f X ′

LL
]
× D f∑

f1, f2, f f1 × f2 × [dσ̂ f1 f2→ f X ′ ]× D f
, 6.

where â f1 f2→ f X ′

LL = d!σ̂ f1 f2→ f X ′
/dσ̂ f1 f2→ f X ′ is the spin asymmetry for the sub-

process f1 f2 → f X ′, often also referred to as the analyzing power of the reaction
considered. The lowest-order analyzing powers for many reactions interesting at
RHIC are depicted in Figure 3.

2.2 Detection

2.2.1 Asymmetries and Errors Asymmetries in a collider experiment can be
defined (and measured!) for a single polarized beam or for both beams polarized,
with longitudinally polarized beams, transversely polarized beams, or a combina-
tion of these. Additionally, one can study a combination of beam spin state and
final-state angular dependence. For longitudinal polarization for both beams, the

Figure 3 Lowest-order analyzing powers for various reactions relevant for RHIC, as
functions of the partonic center-of-mass system (cms) scattering angle (14, 20). Left:
longitudinal polarization; right: transverse polarization [a factor cos(2φ) has been taken
out, where φ is the azimuthal angle of one produced particle].
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ALL of direct photon from QCD compton scattering
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PHOBOS is a table-top–sized detector that uses silicon-strip detectors to cover a
large solid angle. Two spectrometers comprise 15 planes of silicon pad detectors
each, with seven planes in a 2-Tesla magnetic field. Its wide geometrical accep-
tance and momentum resolution is suitable for pair or multiparticle final states in
spin physics, such as ρ0 → π+π−.

3. MEASURING#g AT RHIC

Measurement of the gluon polarization in a polarized proton is a major emphasis
and strength of RHIC-Spin. By virtue of the spin sum rule (2), a large #g is
an exciting possible implication (2) of the measured (1) smallness of the quark
and antiquark contribution to the proton spin. A large gluon polarization would
imply unexpected dynamics in the proton’s spin structure. Because of this special
importance of #g, and since it is left virtually unconstrained by the inclusive-
DIS experiments performed so far (see Appendix), several experiments focus on
its measurement. A fixed-target DIS experiment, HERMES, measures the process
#e(#γ ) #p→ h+h−X (32), where h=π, K , which is in principle sensitive to the gluon
polarization. However, the transverse momenta are low, making interpretation in
a hard-scattering formalism difficult. The DIS experiment COMPASS (see e.g.
Reference 33) will measure the same reaction at higher energies, as well as heavy-
flavor production, to access gluon polarization. Scaling violations and the reaction
#e(#γ ) #p → jet(s)X will constrain#g at HERA, if the proton ring is polarized (34).
At RHIC, the gluon polarization will be measured directly, precisely, and over a
large range of gluon momentum fraction, with large momentum transfer ensuring
the applicability of perturbative QCD to describe the scattering, and with several
independent processes. The RHIC probes, shown in Figure 7, are as follows:

! High-pT (“prompt”) photon production #p #p → γ X
! Jet production, #p #p → jet(s)X
! Heavy-flavor production, #p #p → ccX, bbX

Figure 7 Selected lowest-order Feynman diagrams for elementary processes with gluons
in the initial state in pp collisions: (a) quark-gluon Compton process for prompt-photon
production, (b) gluon-gluon and gluon-quark scattering for jet production, and (c) gluon-
gluon fusion producing a heavy quark pair.
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3.1 Prompt-Photon Production

Prompt-photonproduction, pp, pp, pN → γ X (35), has been the classical tool for
determining the unpolarized gluon density at intermediate and large x. At leading
order, a photon in the final state is produced in the reactions qg → γ q (Figure 7a)
and qq → γ g. Proton-proton, as opposed to proton-antiproton, scattering favors
the quark-gluon Compton process, since the proton’s antiquark densities are much
smaller than the quark ones. The analyzing power for direct photon production
is large (Figure 3). Photons produced in this way through partonic hard scattering
showadistinct signal at colliders, that of an isolated single photonwithout jet debris
nearby. The production of photons with polarized beams at RHIC is therefore a
very promising method to measure "g (36–39).
If parton kinematics can be approximately reconstructed, one can bin the events

in the parton momentum fractions x1, x2 of the hard scattering. Assuming domi-
nance of the Compton process, the asymmetry ALL for prompt-photon production
can then be written as

ALL ≈ "g(x1)
g(x1)

·
[∑

q e2q ["q(x2) +"q(x2)]∑
q e2q [q(x2) + q(x2)]

]
· âLL(gq → γ q) + (1 ↔ 2).

15.
As a result of the quark charge-squaredweighting, the second factor in Equation 15
coincides, to lowest order, with the spin asymmetry Ap

1 measured in polarized DIS,
and the partonic asymmetry âLL is calculable in perturbative QCD. Thus, from the
measurement of ALL , one can directly extract "g(x)/g(x).
Both PHENIX and STAR intend to use this procedure for a direct leading-order

determination of "g, where one exploits the dominance of 2 → 2 (ab → γ c)
parton scattering when reconstructing x1, x2. This is done either on average based
on the detector acceptance for the photon, or event-by-event by observing photon-
plus-jet events (STAR). Estimates of the “background” from qq annihilation have
been made (40). Eventually, the aim will be a “global” QCD analysis of polarized
prompt photon, and other RHIC and DIS, asymmetry data to determine the full set
of polarized parton densities simultaneously, as is done routinely in the unpolarized
case (41, 42, 43). In this case, one can directly work from the spin asymmetries,
and inclusion of, for instance, higher-order corrections is more readily possible.
Figure 8 shows the level of accuracy STAR can achieve (40) in a direct measure-

ment of "g based on reconstructing parton kinematics in photon-plus-jet events.
The solid lines show in each plot the input density employed for "g(x), taken
from Reference 44. The data points and the error bars show the reconstructed
"g(x) and its precision for standard luminosities in runs at

√
s = 200 GeV (open

circles) and
√
s = 500 GeV (solid circles).

High-pT photons can also be produced through a fragmentation process, in
which a parton, scattered or produced in a QCD reaction, fragments into a photon
plus a number of hadrons. The need for introducing a fragmentation contribu-
tion is physically motivated by the fact that a QCD hard-scattering process may
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Figure 2 Production of a large-pT
pion in a hard pp collision.

a cross section is written in a factorized form as a convolution of appropriate
parton densities and/or fragmentation functions with a partonic subprocess cross
section. The predictive power of perturbative QCD follows from the universality
of the distribution functions: Once extracted from the data in one process, they
can be used to make definite predictions for any other. As an example, let us
consider the production of a pion with large pT in a collision of unpolarized
protons, that is, pp → πX . The process is depicted in Figure 2. In the parton
model framework, in the context of QCD perturbation theory, one writes the cross
section as a convolution,

dσ pp→πX

dP
=

∑

f1, f2, f

∫
dx1dx2dz f

p
1 (x1, µ2) f

p
2 (x2, µ2)

× dσ̂ f1 f2→ f X ′

dP
(x1 p1, x2 p2, pπ/z, µ)Dπf (z, µ

2), 1.

where p1 and p2 are the incident proton momenta. Here, P stands for any ap-
propriate set of the kinematic variables of the reaction. Furthermore, f pi (x, µ2) is
introduced as the probability density for finding a parton of type fi in the proton,
which has taken fraction x of the proton’s momentum. Likewise, Dπf (z, µ2) is the
probability density for finding a pion with momentum fraction z in the parton f .
The σ̂ f1 f2→ f X ′ are the underlying hard-scattering cross sections for initial partons
f1 and f2 producing a final-state parton f plus unobserved X ′.
The functions f p and Dπf introduced in Equation 1 express intrinsic proper-

ties of the proton and of the hadronization mechanism, respectively. Therefore,
they are sensitive to non-perturbative physics and cannot be calculated from first
principles in QCD at present. In contrast to this, for a sufficiently hard process,
it will make sense to calculate the subprocess cross sections σ̂ f1 f2→ f X ′ as per-
turbation series in the strong coupling αs . The separation of short-distance and
long-distance phenomena as embodied in Equation 1 necessarily implies the in-
troduction of an unphysical mass scale µ, the factorization scale. The presence
of µ arises in practice when computing higher-order corrections to the σ̂ f1 f2→ f X ′ .
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Figure 2 Production of a large-pT
pion in a hard pp collision.

a cross section is written in a factorized form as a convolution of appropriate
parton densities and/or fragmentation functions with a partonic subprocess cross
section. The predictive power of perturbative QCD follows from the universality
of the distribution functions: Once extracted from the data in one process, they
can be used to make definite predictions for any other. As an example, let us
consider the production of a pion with large pT in a collision of unpolarized
protons, that is, pp → πX . The process is depicted in Figure 2. In the parton
model framework, in the context of QCD perturbation theory, one writes the cross
section as a convolution,

dσ pp→πX

dP
=

∑

f1, f2, f

∫
dx1dx2dz f

p
1 (x1, µ2) f

p
2 (x2, µ2)

× dσ̂ f1 f2→ f X ′

dP
(x1 p1, x2 p2, pπ/z, µ)Dπf (z, µ

2), 1.

where p1 and p2 are the incident proton momenta. Here, P stands for any ap-
propriate set of the kinematic variables of the reaction. Furthermore, f pi (x, µ2) is
introduced as the probability density for finding a parton of type fi in the proton,
which has taken fraction x of the proton’s momentum. Likewise, Dπf (z, µ2) is the
probability density for finding a pion with momentum fraction z in the parton f .
The σ̂ f1 f2→ f X ′ are the underlying hard-scattering cross sections for initial partons
f1 and f2 producing a final-state parton f plus unobserved X ′.
The functions f p and Dπf introduced in Equation 1 express intrinsic proper-

ties of the proton and of the hadronization mechanism, respectively. Therefore,
they are sensitive to non-perturbative physics and cannot be calculated from first
principles in QCD at present. In contrast to this, for a sufficiently hard process,
it will make sense to calculate the subprocess cross sections σ̂ f1 f2→ f X ′ as per-
turbation series in the strong coupling αs . The separation of short-distance and
long-distance phenomena as embodied in Equation 1 necessarily implies the in-
troduction of an unphysical mass scale µ, the factorization scale. The presence
of µ arises in practice when computing higher-order corrections to the σ̂ f1 f2→ f X ′ .
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PHOBOS is a table-top–sized detector that uses silicon-strip detectors to cover a
large solid angle. Two spectrometers comprise 15 planes of silicon pad detectors
each, with seven planes in a 2-Tesla magnetic field. Its wide geometrical accep-
tance and momentum resolution is suitable for pair or multiparticle final states in
spin physics, such as ρ0 → π+π−.

3. MEASURING#g AT RHIC

Measurement of the gluon polarization in a polarized proton is a major emphasis
and strength of RHIC-Spin. By virtue of the spin sum rule (2), a large #g is
an exciting possible implication (2) of the measured (1) smallness of the quark
and antiquark contribution to the proton spin. A large gluon polarization would
imply unexpected dynamics in the proton’s spin structure. Because of this special
importance of #g, and since it is left virtually unconstrained by the inclusive-
DIS experiments performed so far (see Appendix), several experiments focus on
its measurement. A fixed-target DIS experiment, HERMES, measures the process
#e(#γ ) #p→ h+h−X (32), where h=π, K , which is in principle sensitive to the gluon
polarization. However, the transverse momenta are low, making interpretation in
a hard-scattering formalism difficult. The DIS experiment COMPASS (see e.g.
Reference 33) will measure the same reaction at higher energies, as well as heavy-
flavor production, to access gluon polarization. Scaling violations and the reaction
#e(#γ ) #p → jet(s)X will constrain#g at HERA, if the proton ring is polarized (34).
At RHIC, the gluon polarization will be measured directly, precisely, and over a
large range of gluon momentum fraction, with large momentum transfer ensuring
the applicability of perturbative QCD to describe the scattering, and with several
independent processes. The RHIC probes, shown in Figure 7, are as follows:

! High-pT (“prompt”) photon production #p #p → γ X
! Jet production, #p #p → jet(s)X
! Heavy-flavor production, #p #p → ccX, bbX

Figure 7 Selected lowest-order Feynman diagrams for elementary processes with gluons
in the initial state in pp collisions: (a) quark-gluon Compton process for prompt-photon
production, (b) gluon-gluon and gluon-quark scattering for jet production, and (c) gluon-
gluon fusion producing a heavy quark pair.
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Flavor	tagging	
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Can we isolate left-handed u 
quark process? 
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Flavor	tagging	
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• V-A coupling of W boson selects LH quark and RH anti-quark
• Allows the probe of sea quarks as well 
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Flavor	tagging	

• W is rare, thus demanding high energy and high luminosity  

• RHIC  for pp  

•  

• PHENIX and STAR experiments can measure high energy electrons at 
mid-rapidity and muons at forward 

s = 510

∫
1 year

L dt = O(100) pb−1

Central W+ZÆe asymmetries  

� Leptonic W decays very clearly 
visible via Jacobian peak

� Large asymmetries found, 
consistent between experiments

� e- significantly above latest global 
fit 

MENU 06/03/2019 R.Seidl: EW spin structure at RHIC 13

STAR: Phys.Rev.Lett. 113 (2014) 072301
PHENIX: Phys.Rev. D93 (2016), 051103

P1: FOF
November 5, 2000 14:35 Annual Reviews AR115-12

550 BUNCE ET AL

fragmentation process. Another probe at RHIC will be Drell-Yan production of
lepton pairs (104, 38, 39, 105, 106, 102, 103).

4.1 Weak Boson Production

Within the standard model,W bosons are produced through pure V -A interaction.
Thus, the helicities of the participating quark and antiquark are fixed in the reaction.
In addition, the W couples to a weak charge that correlates directly to flavors, if
we concentrate on one generation. Indeed the production ofW s in pp collisions is
dominated by u, d, u, and d, with some contamination from s, c, s, and c, mostly
through quark mixing. Therefore W production is an ideal tool to study the spin-
flavor structure of the nucleon.
The leading-order production of W s, ud → W+, is illustrated in Figure 12.

The longitudinally polarized proton at the top of each diagram collides with an
unpolarized proton, producing a W+. At RHIC the polarized protons will be in
bunches, alternately right- (+) and left- (−) handed. The parity-violating asym-
metry is the difference of left-handed and right-handed production ofW s, divided
by the sum and normalized by the beam polarization:

AWL = 1
P

× N−(W ) − N+(W )

N−(W ) + N+(W )
. 16.

Figure 12 Production of a W+ in a $pp collision, at lowest order. (a)!u is probed in the
polarized proton. (b) !d is probed.
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fragmentation process. Another probe at RHIC will be Drell-Yan production of
lepton pairs (104, 38, 39, 105, 106, 102, 103).

4.1 Weak Boson Production

Within the standard model,W bosons are produced through pure V -A interaction.
Thus, the helicities of the participating quark and antiquark are fixed in the reaction.
In addition, the W couples to a weak charge that correlates directly to flavors, if
we concentrate on one generation. Indeed the production ofW s in pp collisions is
dominated by u, d, u, and d, with some contamination from s, c, s, and c, mostly
through quark mixing. Therefore W production is an ideal tool to study the spin-
flavor structure of the nucleon.
The leading-order production of W s, ud → W+, is illustrated in Figure 12.

The longitudinally polarized proton at the top of each diagram collides with an
unpolarized proton, producing a W+. At RHIC the polarized protons will be in
bunches, alternately right- (+) and left- (−) handed. The parity-violating asym-
metry is the difference of left-handed and right-handed production ofW s, divided
by the sum and normalized by the beam polarization:

AWL = 1
P

× N−(W ) − N+(W )

N−(W ) + N+(W )
. 16.

Figure 12 Production of a W+ in a $pp collision, at lowest order. (a)!u is probed in the
polarized proton. (b) !d is probed.
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Results	from	RHIC	
PRD 99, 051102 (2019)

7

h⌘ei
AL ± �stat ± �syst ALL ± �stat ± �syst

2013 2011–2013 2013 2011–2013

W+

-1.24 -0.493 ± 0.181 ± 0.022 -0.312 ± 0.145 ± 0.017
-0.72 -0.255 ± 0.035 ± 0.016 -0.251 ± 0.030 ± 0.014 – –
-0.25 -0.327 ± 0.027 ± 0.014 -0.331 ± 0.023 ± 0.014
0.25 -0.406 ± 0.027 ± 0.016 -0.412 ± 0.023 ± 0.016 0.039 ± 0.049 ± 0.014 0.016 ± 0.042 ± 0.011
0.72 -0.557 ± 0.034 ± 0.024 -0.534 ± 0.029 ± 0.022 0.049 ± 0.063 ± 0.014 0.072 ± 0.054 ± 0.011
1.24 -0.365 ± 0.183 ± 0.023 -0.482 ± 0.140 ± 0.022 -0.052 ± 0.331 ± 0.044 0.000 ± 0.262 ± 0.028

W�

-1.27 0.269 ± 0.185 ± 0.010 0.241 ± 0.146 ± 0.010
-0.74 0.264 ± 0.060 ± 0.010 0.260 ± 0.051 ± 0.010 – –
-0.27 0.282 ± 0.066 ± 0.010 0.281 ± 0.056 ± 0.011
0.27 0.254 ± 0.066 ± 0.010 0.239 ± 0.056 ± 0.010 0.067± 0.120 ± 0.025 -0.012 ± 0.101 ± 0.019
0.74 0.383 ± 0.059 ± 0.015 0.385 ± 0.051 ± 0.014 -0.096± 0.107 ± 0.026 -0.028 ± 0.092 ± 0.020
1.27 0.218 ± 0.185 ± 0.009 0.205 ± 0.148 ± 0.009 -0.133± 0.331 ± 0.061 -0.147 ± 0.260 ± 0.038

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W
± production obtained from the STAR 2013

data sample, as well as the combination of 2013 with 2011+2012 results. The longitudinal single-spin asymmetry is measured
for six decay positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the
same intervals and the results for the same absolute pseudorapidity value were combined. The systematic uncertainties include
all contributions and thus also include the point-by-point correlated uncertainties from the relative luminosity and beam
polarization measurements that are broken out separately in Figs. 4 and 5.
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W±

production as a function of the positron or electron pseudora-
pidity, ⌘e, for the combined STAR 2011+2012 and 2013 data
samples for 25 < Ee

T < 50GeV (points) in comparison to
theory expectations (curves and bands) described in the text.

In addition, AL was determined for Z/�⇤ production
from a sample of 274 electron–positron pairs with 70
< me+e� < 110GeV/c2. The e+ and e� were each
required to be isolated, have |⌘e| < 1.1, and Ee

T >

 x  
2−10 1−10 1

0.04−

0.02−

0

0.02

0.04

0.06

0.08

NNPDFpol1.1
NNPDFpol1.1rw

Sea Asymmetry
)dΔ - uΔx(

2)c10 (GeV/  =2Q

FIG. 6. The di↵erence of the light sea-quark polarizations as
a function of x at a scale of Q2 = 10 (GeV/c)2. The green
band shows the NNPDFpol1.1 results [1] and the blue hatched
band shows the corresponding distribution after the STAR
2013 W± data are included by reweighting.

14GeV. The result, AZ/�⇤

L = �0.04 ± 0.07, is consistent
with that in Ref. [4] but with half the statistical uncer-
tainty. The systematic uncertainty is negligible compared
to the statistical uncertainty. This result is also consis-

tent with theoretical expectations, AZ/�⇤

L = �0.08 from

DSSV14 [2] and AZ/�⇤

L = �0.04 from NNPDFpol1.1 [1].

In summary, we report new STAR measurements of
longitudinal single-spin and double-spin asymmetries for
W± and single-spin asymmetry for Z/�⇤ bosons pro-
duced in polarized proton–proton collisions at

p
s =

510GeV. The production of weak bosons in these col-
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-0.27 0.282 ± 0.066 ± 0.010 0.281 ± 0.056 ± 0.011
0.27 0.254 ± 0.066 ± 0.010 0.239 ± 0.056 ± 0.010 0.067± 0.120 ± 0.025 -0.012 ± 0.101 ± 0.019
0.74 0.383 ± 0.059 ± 0.015 0.385 ± 0.051 ± 0.014 -0.096± 0.107 ± 0.026 -0.028 ± 0.092 ± 0.020
1.27 0.218 ± 0.185 ± 0.009 0.205 ± 0.148 ± 0.009 -0.133± 0.331 ± 0.061 -0.147 ± 0.260 ± 0.038

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W
± production obtained from the STAR 2013

data sample, as well as the combination of 2013 with 2011+2012 results. The longitudinal single-spin asymmetry is measured
for six decay positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the
same intervals and the results for the same absolute pseudorapidity value were combined. The systematic uncertainties include
all contributions and thus also include the point-by-point correlated uncertainties from the relative luminosity and beam
polarization measurements that are broken out separately in Figs. 4 and 5.
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W±

production as a function of the positron or electron pseudora-
pidity, ⌘e, for the combined STAR 2011+2012 and 2013 data
samples for 25 < Ee

T < 50GeV (points) in comparison to
theory expectations (curves and bands) described in the text.

In addition, AL was determined for Z/�⇤ production
from a sample of 274 electron–positron pairs with 70
< me+e� < 110GeV/c2. The e+ and e� were each
required to be isolated, have |⌘e| < 1.1, and Ee

T >
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FIG. 6. The di↵erence of the light sea-quark polarizations as
a function of x at a scale of Q2 = 10 (GeV/c)2. The green
band shows the NNPDFpol1.1 results [1] and the blue hatched
band shows the corresponding distribution after the STAR
2013 W± data are included by reweighting.

14GeV. The result, AZ/�⇤

L = �0.04 ± 0.07, is consistent
with that in Ref. [4] but with half the statistical uncer-
tainty. The systematic uncertainty is negligible compared
to the statistical uncertainty. This result is also consis-

tent with theoretical expectations, AZ/�⇤

L = �0.08 from

DSSV14 [2] and AZ/�⇤

L = �0.04 from NNPDFpol1.1 [1].

In summary, we report new STAR measurements of
longitudinal single-spin and double-spin asymmetries for
W± and single-spin asymmetry for Z/�⇤ bosons pro-
duced in polarized proton–proton collisions at

p
s =

510GeV. The production of weak bosons in these col-
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Brief history of EIC

• 2002: eRHIC community formed and submitted a white paper to  NSAC Long 
Range Plan(NRP) review

• 2021: Yellow Report defines Science Requirements and Detector Concepts 

arXiv:2103.05419		
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Science mission 

World’s first collider for polarized e+p 
and e+A collider

• High luminosity ~ 1034 cm-2s-1

•  : Up to ~140 GeV
• Highly polarized electron (~70%) and 

proton (~70%) beams
• To be constructed at BNL in ~2030 

Answer to Ultimate QCD questions 
• How mass and spin of nucleons 

emerge from partons? 
• How are partons distributed in 

momentum and position space?
• How do quarks and gluons interact 

with nuclear medium?
• Where does confinement come from?

Ecm
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Unprecedented precision for proton spin structure  

Polarized DIS 
at EIC 

!  Reach out the glue: 

!  The power & precision of  EIC: 

The Proton Spin 

EIC Yellow Report arXiv:2103.05419
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Gluon	spin	and	3-d	tomography

EIC Yellow Report arXiv:2103.05419
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Heavy	penta-quark	discovered	by	LHCb	

Pc (4380), Pc (4450) observed in 2015 arxiv:1507.03414
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Update	by	2018	data



43

Production of Pc in some other place?
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FIG. 1. Photo production of Pc on a nuclear target.

Throughout the paper, we will be using the e↵ective Lagrangian used in Ref. [1].

I. J/ -PHOTON COUPLING

We use

L�V = �e

2
F µ⌫

✓
Jµ⌫
gJ

◆
= �e

2

�
@µA⌫ � @⌫Aµ

�✓@µJ⌫ � @⌫Jµ
gJ

◆
(1)

This leads to

hJ(q, ✏J)|�(q, ✏�i = � e

2gJ
(�i)(i)

�
qµ✏J,⌫ � q⌫✏Jµ

�✓
qµ✏

�
⌫ � q⌫✏

�
µ

◆

= �eq2

gJ
✏J · ✏� = �em2

J

gJ
✏J · ✏� ⌘ eg�J/ ✏

J · ✏� (2)

One type of vector meson dominance that we will use is that while q2 can be anything, we

will assume that it is defined at the on-shell point of J/ : that is q2 = m2
J/ . We therefore
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Production of Pc in heavy ion collision?
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FIG. 1. Photo production of Pc on a nuclear target.

Throughout the paper, we will be using the e↵ective Lagrangian used in Ref. [1].
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FIG. 1. Photo production of Pc on a nuclear target.
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FIG. 1. Photo production of Pc on a nuclear target.
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FIG. 1. Photo production of Pc on a nuclear target.
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FIG. 1. Photo production of Pc on a nuclear target.
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proton

2

FIG. 1. (a) The electro-production of a pentaquark on the
proton target. The e↵ective proton-�-pentaquark coupling is
described in the VMD framework. (b) the coupling between a
proton, a �, and a pentaquark is mediated by the J/ meson
in the VMD model.

mate of the Pc(4312) width (9.8 MeV) [2] is dominated
by its Pc ! p + J/ decay. This approximation pro-
vides an upper bound for g�pPc because all the measured
pentaquark states could in principle also decay into a
charmed baryon and meson such as Pc ! ⇤c + D̄.

A. Coupling between J/ , p, and Pc: gJpPc

The VMD model states that photon interacts with
hadrons through vector mesons as shown in 1(b). In the
Pc-creating channels, J/ acts as the main player be-
cause it contains a cc̄ pair [9]. Therefore, the first step is
to determine the coupling between Pc, J/ , and p, called
gJpPc . The form of interaction depends on the quantum
numbers of Pc, and we choose the following derivative
e↵ective Lagrangians depending on the spin-parity (JP )
state.
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, where  p, AJ
µ, and  Pc are the fields of proton, J/ ,

and Pc, respectively. We also use the convention, F J
µ⌫ =
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µ, �
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Based on Eq. (1), the decay width can be calculated
as
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| ~pf |
m2
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|M|
2 (2)

with M being the invariant matrix amplitude, and ~pf
being the momentum of the decayed particle in the center
of mass (CM) frame: we summarize relevant formulas
in Appendix AA-1. The masses of Pc(4312) and J/ 
are taken from the Particle Data Group [10]: mPc =
4311.9 MeV, mJ/ = 3096.9 MeV. By equating Eq. (2)
with the LHCb result, we can derive gJpPc as summarized
in Table. I.

TABLE I. The interaction strength gJpPc between a Pc, a p
and a J/ in the VMD model

JP 1
2

+ 1
2

� 3
2

+ 3
2

�

gJpPc 0.379 0.169 1.47 0.599

B. Coupling between J/ and �: gJ

Regarding J/ ! e� + e+, we adopt the following
interaction Lagrangians for J/ -� and �-dilepton inter-
actions, respectively,
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where gJ is the coupling constant between the J/ and
the �. Using the invariant matrix element given in Ap-
pendix AA-2, we can relate gJ to the decay width of
J/ ! e� + e+:
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= 92.9 keV⇥ 0.05971,

, from which we obtain gJ=11.2.

C. Relationship between gJpPc , g�Pc , and gJ

Finally, we can derive g�Pc from gJpPc and gJ using
the Lagrangians given in Eq (3).

g�pPc = �
egJpPcq

2
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where q is the momentum of the J/ .
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Electron energy = 16 GeV 
Proton energy =  250 GeV 

5

FIG. 2. Di↵erential cross section of Pc production in the unpolarized e + p collision for each case of spin- 12 and spin- 32 with
positive and negative parity states. The results are calculated as a function of (a) ⌘ and (b) pT(|⌘| < 4)

TABLE II. Expected number of Pc(4312) produced at the EIC with 10 fb�1.

JP of Pc
1
2

+ 1
2

� 3
2

+ 3
2

�

Yield 5.09⇥ 106 1.01⇥ 106 4.51⇥ 108 7.46⇥ 107

A. Polarized cross section

The di↵erential cross sections for the polarized electron and proton beams are shown in Fig. 3 (spin- 12 ), and
Fig. 4 (spin- 32 ). In the case of spin- 12 , the cross sections of RR (same handedness) and RL (opposite handedness)
configuration are almost identical for the backward rapidity region (proton-going direction), and they split in the
forward region, ⌘ > 2 (electron-going direction). In the case of spin- 32 , a more dramatic behavior is observed: the
cross section curves for RR and RL begin to separate early from ⌘ ⇡ �2, making RL cross section larger than RR
one by two orders of magnitude at ⌘ = 4. For clear observation of this e↵ect in experiment, we propose to measure
the forward-to-backward ratio (RFB) and the beam spin asymmetry (BSA), which are defined as follows.

RFB (⌘) =
d�/d⌘ (+⌘)

d�/d⌘ (�⌘)
, where ⌘ > 0 (11)

BSA (⌘) =
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the BSA in the mid-rapidity region. Yet, we found that both BSA and RFB are not much useful to judge the parity.
In particular, if Pc was in the spin- 32 state, the BSA and RFB are completely insensitive to the parity.

B. Determination of Pc’s parity using J/ polarization

As shown above, it is hard to identify the parity of Pc with only the cross section result. To cope with this problem,
we further investigate the polarization of J/ . J/ is a spin-1 massive vector boson with two transverse and one
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one by two orders of magnitude at ⌘ = 4. For clear observation of this e↵ect in experiment, we propose to measure
the forward-to-backward ratio (RFB) and the beam spin asymmetry (BSA), which are defined as follows.

RFB (⌘) =
d�/d⌘ (+⌘)

d�/d⌘ (�⌘)
, where ⌘ > 0 (11)

BSA (⌘) =
d�/d⌘ [RL]� d�/d⌘ (RR)

d�/d⌘ [RL] + d�/d⌘ [RR]
(12)

These observables have experimental benefit because some of uncertainties, such as luminosity, tracking correction,
and geometric acceptance, are cancelled out. As shown in Fig. 5, the spin of Pc can be clearly determined by measuring
the BSA in the mid-rapidity region. Yet, we found that both BSA and RFB are not much useful to judge the parity.
In particular, if Pc was in the spin- 32 state, the BSA and RFB are completely insensitive to the parity.

B. Determination of Pc’s parity using J/ polarization

As shown above, it is hard to identify the parity of Pc with only the cross section result. To cope with this problem,
we further investigate the polarization of J/ . J/ is a spin-1 massive vector boson with two transverse and one
longitudinal polarization, thus having an anisotropic angular distribution for J/ ! e+ + e�. The decay angle (✓) is
defined, in the rest frame of J/ , as the angle between the electron momentum and boost direction of the J/ in the
lab frame. By measuring ✓, one can experimentally tune the transverse-to-longitudinal ratio as shown in Fig. 6 (a).
After tagging the polarity of J/ , we study the dependence of matrix amplitude on � which is defined as the decay
angle of J/ from Pc in the rest frame of Pc.

As shown in Fig. 6, the � distribution is significantly sensitive to the polarity of J/ for both spin- 12 and spin- 32
states. In either cases, the di↵erence between the transverse J/ events (T) and the longitudinal ones (L) is more
dramatic in the positive parity state than in the negative parity state.

Unpolarized beam

5

FIG. 2. Di↵erential cross section of Pc production in the unpolarized e + p collision for each case of spin- 12 and spin- 32 with
positive and negative parity states. The results are calculated as a function of (a) ⌘ and (b) pT(|⌘| < 4)

TABLE II. Expected number of Pc(4312) produced at the EIC with 10 fb�1.

JP of Pc
1
2

+ 1
2

� 3
2

+ 3
2

�

Yield 5.09⇥ 106 1.01⇥ 106 4.51⇥ 108 7.46⇥ 107
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The di↵erential cross sections for the polarized electron and proton beams are shown in Fig. 3 (spin- 12 ), and
Fig. 4 (spin- 32 ). In the case of spin- 12 , the cross sections of RR (same handedness) and RL (opposite handedness)
configuration are almost identical for the backward rapidity region (proton-going direction), and they split in the
forward region, ⌘ > 2 (electron-going direction). In the case of spin- 32 , a more dramatic behavior is observed: the
cross section curves for RR and RL begin to separate early from ⌘ ⇡ �2, making RL cross section larger than RR
one by two orders of magnitude at ⌘ = 4. For clear observation of this e↵ect in experiment, we propose to measure
the forward-to-backward ratio (RFB) and the beam spin asymmetry (BSA), which are defined as follows.

RFB (⌘) =
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d�/d⌘ [RL]� d�/d⌘ (RR)
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These observables have experimental benefit because some of uncertainties, such as luminosity, tracking correction,
and geometric acceptance, are cancelled out. As shown in Fig. 5, the spin of Pc can be clearly determined by measuring
the BSA in the mid-rapidity region. Yet, we found that both BSA and RFB are not much useful to judge the parity.
In particular, if Pc was in the spin- 32 state, the BSA and RFB are completely insensitive to the parity.

B. Determination of Pc’s parity using J/ polarization

As shown above, it is hard to identify the parity of Pc with only the cross section result. To cope with this problem,
we further investigate the polarization of J/ . J/ is a spin-1 massive vector boson with two transverse and one
longitudinal polarization, thus having an anisotropic angular distribution for J/ ! e+ + e�. The decay angle (✓) is
defined, in the rest frame of J/ , as the angle between the electron momentum and boost direction of the J/ in the
lab frame. By measuring ✓, one can experimentally tune the transverse-to-longitudinal ratio as shown in Fig. 6 (a).
After tagging the polarity of J/ , we study the dependence of matrix amplitude on � which is defined as the decay
angle of J/ from Pc in the rest frame of Pc.

As shown in Fig. 6, the � distribution is significantly sensitive to the polarity of J/ for both spin- 12 and spin- 32
states. In either cases, the di↵erence between the transverse J/ events (T) and the longitudinal ones (L) is more
dramatic in the positive parity state than in the negative parity state.

Millions of Pc produced in a year. 
EIC being a penta quark factory?!
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FIG. 3. The di↵erential corss sections for spin� 1
2 cases with polarized collision. R and L mean right-handed and left-handed,

respectively
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A. Polarized cross section

The di↵erential cross sections for the polarized electron and proton beams are shown in Fig. 3 (spin- 12 ), and
Fig. 4 (spin- 32 ). In the case of spin- 12 , the cross sections of RR (same handedness) and RL (opposite handedness)
configuration are almost identical for the backward rapidity region (proton-going direction), and they split in the
forward region, ⌘ > 2 (electron-going direction). In the case of spin- 32 , a more dramatic behavior is observed: the
cross section curves for RR and RL begin to separate early from ⌘ ⇡ �2, making RL cross section larger than RR
one by two orders of magnitude at ⌘ = 4. For clear observation of this e↵ect in experiment, we propose to measure
the forward-to-backward ratio (RFB) and the beam spin asymmetry (BSA), which are defined as follows.

RFB (⌘) =
d�/d⌘ (+⌘)

d�/d⌘ (�⌘)
, where ⌘ > 0 (11)

BSA (⌘) =
d�/d⌘ [RL]� d�/d⌘ (RR)

d�/d⌘ [RL] + d�/d⌘ [RR]
(12)

These observables have experimental benefit because some of uncertainties, such as luminosity, tracking correction,
and geometric acceptance, are cancelled out. As shown in Fig. 5, the spin of Pc can be clearly determined by measuring
the BSA in the mid-rapidity region. Yet, we found that both BSA and RFB are not much useful to judge the parity.
In particular, if Pc was in the spin- 32 state, the BSA and RFB are completely insensitive to the parity.

B. Determination of Pc’s parity using J/ polarization

As shown above, it is hard to identify the parity of Pc with only the cross section result. To cope with this problem,
we further investigate the polarization of J/ . J/ is a spin-1 massive vector boson with two transverse and one
longitudinal polarization, thus having an anisotropic angular distribution for J/ ! e+ + e�. The decay angle (✓) is
defined, in the rest frame of J/ , as the angle between the electron momentum and boost direction of the J/ in the
lab frame. By measuring ✓, one can experimentally tune the transverse-to-longitudinal ratio as shown in Fig. 6 (a).
After tagging the polarity of J/ , we study the dependence of matrix amplitude on � which is defined as the decay
angle of J/ from Pc in the rest frame of Pc.

As shown in Fig. 6, the � distribution is significantly sensitive to the polarity of J/ for both spin- 12 and spin- 32
states. In either cases, the di↵erence between the transverse J/ events (T) and the longitudinal ones (L) is more
dramatic in the positive parity state than in the negative parity state.

The spin can be unambiguously determined 
by measuring BSA
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How about parity?

J/  has spin-1 and its polarity can be measured from the decay kinematicsψ

7

FIG. 6. (a) J/ ! e�e+ amplitude as a function of ✓ for a transverse [T] J/ and a longitudinal J/ [L].
(b) (JPc = 1

2 ) ! p+ J/ amplitude dependence on the decayed J/ polarization (T or L).
(c) (JPc = 3

2 ) ! p+ J/ amplitude dependence on the decayed J/ polarization (T or L).

V. SUMMARY

The cross section for the Pc(4312) production in e +
p collision is studied under various assumptions for its
potential quantum states; JP = 1

2

±
and JP = 3

2

±
.

The interaction strength of the electro-production of
Pc(4312), created by scattering � onto a proton, is cal-
culated using the vector meson dominance hypothesis to
the leading order. We also assume that the Pc(4312)
! J/ + p channel is dominant in the decay width of
Pc(4312) that was measured by the LHCb collaboration.
The cross section is larger for the spin- 32 state than for
the spin-12 state, and larger for the positive parity case
than for the negative parity. With one month of oper-
ation at the EIC in its nominal condition, millions of
Pc(4312)’s are expected to be measured via p+ e+ + e�

channel. This calculation can be generalized for other
heavy pentaquarks as far as it can be electro-produced
onto a proton. Furthermore, more kinds of pentaquarks
can be produced by electro-production onto a neutron
using e + d collision at the EIC. Hence, the EIC can
be considered as a factory of heavy pentaquarks and will
provide an excellent opportunity for a comprehensive un-
derstanding of exotic particles.

Given the availability of polarized beams at the EIC,
we suggest that the analysis of pseudorapidity distribu-
tion of Pc can confirm its spin number. The forward-to-
backward ratio and the beam-spin asymmetry results are
unambiguously distinct for the spin- 12 and spin- 32 states.
These observables are also useful to reduce the experi-
mental uncertainties as well.

In addition, we prove that the decay kinematics of
Pc! p+J/ is sensitive to the parity of Pc. The dis-
tribution of the decay angle of Pc depends on the polar-
ization of the J/ , which can be statistically determined
by measuring its decay angle of e� + e+. Therefore, the
parity of Pc can be determined by the analysis of an-
gular distribution. For this purpose, a hermetic detector
with e�cient calorimeters and tracking systems, such as
ATHENA and ECCE, is necessary.
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FIG. 1. Photo production of Pc on a nuclear target.

Throughout the paper, we will be using the e↵ective Lagrangian used in Ref. [1].
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How about parity?

Parity can be experimenally 
determined by measuring the angle 
between the proton and Pc !
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SLAC (1960s) EIC (2030s)

Summary

• Proton spin, WE KNOW NOTHING
• EIC will be the synomym for spin research 
• Great opportunity for breakthrough in QCD 
• Lots of phenomenology studies are available at EIC 
• Local Collaboration is very imporant 
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Initial	state	effects		
• nPDF		
• Isospin	effect

Final	state	effects		
• Comover	effect	
• Nuclear	absorption	
• Elastic	collision	inside	nucleus	
• Debye	screening	
• Recombination	

Separation	of	initial	state	and	final	state	effect…

Pb+Pb collision

p+Pb collision
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Spin	Physics	at	RHIC	
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Spin	Physics	at	RHIC	
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Spin	Physics	at	RHIC	
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Coupling of J/psi + photon -> Pc 9

and matrix amplitude.
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We obtain the 4-momentum of particles by performing an inverse Lorentz transformation from the CM frame (rest
frame of the Pc) to the Lab frame. The result is given by,

p0µ = (E~p0 , ~p0) = (�mPc , 0, 0, �mPc�),

pµ = (E~p, ~p) =

✓
�(
q
~pf

2 +m2
p + �| ~pf | cos�), | ~pf | sin�, 0, �(| ~pf | cos�+ �

q
~pf

2 +m2
p)

◆

qµ = (E~q, ~q) =
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q
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q
~pf

2 +m2
J/ )

◆
. (A10)

with |~pf | being the momentum defined in (A3), and � being the polar angle of the proton in the CM frame with
respect to boost axis of the Pc.

A-2. J/ ! � ! e� + e+

The invariant matrix amplitude of the J/ decaying into a positron and an electron is given as below.

M = (�i)
e2q2

gJ
"µJ

�i(gµ⌫ �
qµq⌫
m2

J/ 
)

q2
ūe��

⌫ve+ = �
e2

gJ
"µJ ūe��µve+ . (A11)

Averaging over initial polarization of the J/ , we get,

|M|
2 =

64⇡2↵2

3g2J
(m2

J/ + 2m2
l ). (A12)

with ml being the electron mass and ↵ = e2/4⇡ is a fine structure constant. Using the method in Appendix AA-1,
we can also obtain the transverse and longitudinal matrix amplitude of J/ (q) ! e�(k) + e+(k0).
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