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Rela8vis8c	Heavy	Ion	Collider	(RHIC)	
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Relativistic Heavy Ion Collider (RHIC)
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o World's only polarized synchrotron collider
o Spin state known for every proton bunch
o Longitudinally polarized collisions

achieved with Spin Rotators

Brookhaven National
Laboratory

Long Island, NY

The	only	polarized	collider	at	RHIC	

I.   Heavy	ion	:	Phases	of	QCD	ma]er	from	high	temp	to	high	baryon	density	
II.   Spin	physics	:	Probing	the	Spin	structure	of	Nucleon	
III.   Cold	QCD	and	Forward	physics	:	Study	of	low	x	proper8es	and	search	for	CGC	
IV.  Tagged	forward	physics	:	Elas8c	inelas8c	processes,	search	for	gluonic	ma]er	



LGSp +Δ+ΔΣ==
2
1

2
1

From	DIS,	ΔΣ≈30%	(spin	crisis)	

Rest	must	come	from	gluon’s	spin	(ΔG)	and	orbital	angular	momentum	(L)	of	the	partons			

Gluon Polarization (Central Rapidity)
§ Jets at 200 GeV in 2009

Phys.Rev.Lett. 115, 092002 (2015).
(x > 0.05)

§ Jets at 510 GeV in 2012 and 2013
Int.J.Mod.Phys.Conf.Ser. 40,
1660021 (2016) (Preliminary)

§ Dijets at 200 GeV in 2009
Phys.Rev. D95, 071103 (2017)

§ Dijets at 510 GeV in 2012 and 2013
(Preliminary)
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DSSV14: PhysRevLett.113.012001 (2014)

∫"."$
% dx Δg(x) = 0.20 /0.0120.03 at 90 % C.L.

(RHIC Run 6-9)

4 <1

DSSV	and	NNPDF	global	analyses	found	the	first		
evidence	of		nonzero	gluon	polariza8on	for	x>0.05	
from		STAR	2009	inclusive	jet	results		(PRL	115.09202)		
	
	
Low	x	behavior	and		shape	of	Δg(x)	are	s8ll	poorly	
constrained.	Recent	data	will	extend	our	reach	in		
low	x	using	forward	pion	and	jet	results,	and	also		
using	higher	collision	energies.		
	

ΔG	measurement	at	STAR	
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€ 

ΔΣ = (Δu + Δd + Δs + Δu + Δd + Δs +!)dx∫

€ 

ΔG = Δgdx∫

PRL	113,	012001(2014)	



Helicity	asymmetries	
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ALL =
σ ++ −σ +−

σ ++ +σ +− =

Δfa ⊗Δfb
a,b,c
∑ ⊗ d ˆ σ fa fb → fc X ⋅ ˆ a LL

fa fb → fc X ⊗ Dfc

h

fa ⊗ fb
a,b,c
∑ ⊗ d ˆ σ fa fb → fc X ⊗ Dfc

h

Exploring Gluon Polarization at RHIC

4

⚫ At the parton level, helicity correlations are 

very large in leading-order QCD

⚫ For most RHIC kinematics, gg and qg 

dominate, making ALL for jets sensitive to 

gluon polarization.

𝐴𝐿𝐿 =
𝜎++ − 𝜎+−

𝜎++ + 𝜎+− ~
Δ𝑓𝑎Δ𝑓𝑏
𝑓𝑎𝑓𝑏

ො𝑎𝐿𝐿

𝑞𝑔

𝑞𝑞 + 𝑞ത𝑞

𝑔𝑔

Jets	at	each	pT	bin	is	a	mixture	of	subprocesses		

Needed	for	hadrons	but	not	for	jets	

Contribu8on	in	ALL	arising	from	

p	 p	 p	 p	 p	 p	 p	 p	or	 or	 or	

ALL ≈ fggaggΔgΔg+ fqgaqgΔqΔg+ fqqaqqΔqΔq '

– Helicity	distribu8ons	:	ΔΣ,	ΔG			



STAR	at	RHIC	Solenoid Tracker at RHIC (STAR) 

Kenneth N. Barish - QNP 2018, Tsukuba 4 

Forward Meson 
Spectrometer 
(FMS) 

Endcap 
EMCal 

Time Projection 
Chamber (TPC) 

Barrel EMCal 
(BEMC): 

Central Rapidity 

Intermediate Rapidity 

Forward Rapidity 

𝜂 <1 

1.1<|𝜂|<2 

2.65<|𝜂|<3.9 
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•  Measurement	with	jets	in	p+p	in	STAR	with	TPC+BEMC+EEMC	is	well	established	
•  Jet	measurement	extended	to	very	forward	rapidity	with	FMS	(electromagne8c	energy)		

(EEMC)	



Gluon polarization (central jets and dijets) 
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same side jets 

Opposite side jets 

dijets @  200GeV (x > 0.05)  
Phys.Rev. D95,  071103 (2017) 

jets @   510GeV (x > 0.02) 

STAR 

STAR 



Gluon polarization (intermediate rapidity) 
Dijets at 200 GeV in 2009  : Phys.Rev. D98, 032011 (2018) 

•  More-forward production probes  lower  x, 
down to 0.01 

•  Provides tighter constraints to size  and  
especially shape of Δg(x) for x<0.05 

Pions at 200 GeV  in 2006 : Phys.Rev. D89, 012001 (2014) 
Pions at 510 GeV  in 2012 and 2013 : analysis underway 

forward-central  
(opposite side) 

forward-central (same side) 

forward-forward 

x > 0.01 

STAR 
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1.1<η<2.0	



Gluon polarization (forward Pions) 
Phys.Rev.D 98, 032013 (2018) 

STAR 

•  Pushing farther forward probes  x down to 
0.001 

•  Provides constraints to the  unexplored low-x 
region, which  is abundant with soft  gluons 

•  Shown for two pseudorapidity regions 
•  Analysis for 200GeV is underway 

2.65<η<3.9	
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Sea quark polarization - AL(W)	
STAR	2011-2012:	PRL113,	072301(2014) 

•  STAR	2013	results	are	the	most	precise		
						measurements	of	W	AL	so	far	
•  Provide	constrains	on	sea	quark	helicity	

----	Nucl.	Phys.457B887,	276	(2014)	
----	2013	W±	data	included	

arXiv:1812.04817		

arXiv:1812.04817		

(accepted	-	PRD	rapid)	

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 with 2011+2012 results. The longitudinal single-spin asymmetry is measured for six
decay-lepton 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 lepton pseudorapidity, ⌘e, for
the combined 2011+2012 and 2013 STAR data samples for 25
< E
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T < 50GeV (points) in comparison to theory expectations

(bands) described in the text.
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shows the corresponding distribution after the 2013 W
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reversed	from	the	unpolarized	
distribu8ons	that	have		
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Transverse	spin	structure	of	proton	

12-Feb-19	 11	



Forward	rapidity	measurements	
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Transverse	spin	structure	via	single	spin	asymmetry	(AN)	



Transverse	single	spin	asymmetry	

↓↑

↓↑

+

−
=

σσ
σσ
dd
ddAN

22

 

No indication of falling A
N 

as p
T

as opposed to twist-3 expectations

π0 A
N
 vs p

T

Forward rapidity hadron production

isolation cones

agreement with perturbative QCD model calculations that identify orbital motion of quarks and gluons

within the proton as the origin of the spin effects. Results for the pT dependence at fixed xF are not

consistent with these same perturbative QCD-based calculations.

DOI: 10.1103/PhysRevLett.101.222001 PACS numbers: 13.88.+e, 13.85.Ni, 12.38.Qk

The production of particles with high transverse mo-
mentum from polarized proton collisions at high energies
is sensitive to the quark (q) and gluon (g) spin structure of
the proton. Perturbative QCD (pQCD) calculations are
used to interpret spin observables when they can explain
measured cross sections. The goal of measuring spin ob-
servables is to understand how the proton gets its spin from
its q; g constituents.

One challenge to theory has been to understand the
azimuthal asymmetry of particles produced in collisions
of transversely polarized protons, known as analyzing
power (AN) or transverse single-spin asymmetry. With
vertical polarization, nonzero AN corresponds to a left-
right asymmetry of the produced particles. Sizable AN

are not expected in collinear pQCD at leading twist due
to the chiral properties of the theory [1]. Nonetheless, large
AN are observed for inclusive pion production in p" þ p
collisions over a broad range of collision energies (

ffiffiffi
s

p
) [2–

6] and in semi-inclusive deep inelastic scattering (SIDIS)
from transversely polarized proton targets [7]. These ob-
servations have prompted extensions to pQCD that intro-
duce transverse momentum dependence (TMD) correlated
with the spin degree of freedom. For example, AN could be
generated by spin-correlated TMD fragmentation if there is
transverse q polarization in a transversely polarized proton
(‘‘Collins effect’’) [8]. This mechanism was considered to
be suppressed for p" þ p ! !þ X until recently [9,10].
Spin-correlated TMD distribution functions (‘‘Sivers func-
tions’’) [11,12] can explain large AN [13]. These functions
describe parton orbital motion within the proton, and thus
are important for understanding the structure of the proton.

Although Sivers functions are extracted from SIDIS
results, there is no proof [14] that they factorize in pQCD
calculations of p" þ p ! !þ X. A factorized framework
involving twist-3 qg correlators has been introduced [15]
and has successfully described [16] previous AN results
[4,6] for p" þ p ! !þ X. Of relevance to both ap-
proaches is a transverse momentum (kT) that is integrated
over in inclusive processes. This kT is intrinsic parton
motion in the Sivers functions and its average is related
to the inverse proton radius. Large kT is where qg corre-
lators are expected to provide a robust framework. Small
kT is where Sivers functions are expected to be applicable.
Intermediate kT values yield the same results in the two
approaches, because moments of the Sivers functions are
found to be related to the qg correlators [17,18].

Both theoretical frameworks [13,16] predict that AN will
increase as the longitudinal momentum (pL) of the pion
increases, usually given by the Feynman x, xF ¼ 2pL=

ffiffiffi
s

p
.

Both frameworks predict that, at fixed xF, AN will decrease
with increasing transverse momentum (pT), for pT >
1:2 GeV=c.
Analyzing powers in the hadroproduction of pions have

been measured before, and typically show a strong increase
as xF increases [2–6]. Virtually no previous experimental
results exist for the dependence of AN on pT at fixed xF.
For

ffiffiffi
s

p # 20 GeV, the cross sections are at least 10 times
larger than pQCD calculations for xF values where AN is
sizable [19]. This led to the suggestion that beam fragmen-
tation, the dissociation of the polarized proton by the
unpolarized target, was responsible for the spin effects,
and the expectation that at sufficiently large pT these spin
effects would vanish. At

ffiffiffi
s

p ¼ 200 GeV, inclusive ! cross
sections at central and forward rapidity are found to be in
agreement with pQCD calculations above pT $ 2 GeV=c,
and are included with world data for ! production from
eþe% collisions, SIDIS, and other pþ p collider results in
a global analysis of fragmentation functions [20]. AN that
increase with xF are found at

ffiffiffi
s

p ¼ 200 GeV [6,21,22], but
both precision measurements and the determination of the
dependence on pT have, until now, been missing.
In this Letter, we report precision measurements of the

xF dependence and first measurements of the pT depen-
dence of AN at fixed xF for p" þ p ! !0 þ X at

ffiffiffi
s

p ¼
200 GeV. The experiment has been performed at the
Solenoidal Tracker at RHIC (STAR) [23] at the
Relativistic Heavy Ion Collider at Brookhaven National
Laboratory. The experiment was performed using verti-
cally polarized colliding beams. Asymmetries are formed
from yields measured with left-right symmetrical detec-
tors, tagged by the polarization direction of one beam and
summing over the polarization of the other beam. Positive
xF is probed by considering polarization of the beam head-
ing towards the detectors and negative xF is probed by
considering polarization of the beam heading away from
the detectors.
Measurements were carried out with a modular electro-

magnetic calorimeter, known as the forward pion detector
(FPD), positioned at large pseudorapidity [" ¼
% lnðtan#=2Þ]. The h"i ¼ 4:0 results, and some h"i ¼
3:7 results, reported here were obtained in the 2003
(2005) run having integrated luminosity Lint ¼ 0:25 pb%1

(0:1 pb%1) and average beam polarization Pb $ 35%
(50%). h"i ¼ 3:3 and most of the h"i ¼ 3:7measurements
were performed in the 2006 run, which resulted in Lint ¼
6:8 pb%1 with Pb $ 55%. In the 2006 run, 111 of the 120
possible bunches of both RHIC rings, called ‘‘Blue’’ and
‘‘Yellow,’’ were filled with protons having predetermined

PRL 101, 222001 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

28 NOVEMBER 2008

222001-3

²  	Rising	AN	with	XF	
²  AN	nearly	independent	of	√s	
²  No	evidence	of	fall	in	AN	with	increasing	PT		
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(ler-right	asymmetry)	



}	

TABLE VIII Experimental access to the leading twist TMD distributions in SIDIS with unpolarized (U), longitudinally (L)
or transversely polarized (T) beam (modulation first subscript) and/or target (modulation second subscript).

Modulation Combination
√
s Target Observed Measurement

Distribution name GeV type hadron types

sin(φ+ φS)UT h1 ⊗H⊥
1 18 d h±, π±,K±,K0 Ageev et al. (2007) and Alekseev et al. (2009a)

Transversity p h± Adolph et al. (2012b) and Alekseev et al. (2010b)

p π±,K± prelim. Pesaro (2011)

7.4 p π±,π0,K± Airapetian et al. (2005b, 2010a)

3.5 n π± Qian et al. (2011)

sin(φ− φS)UT f⊥
1T ⊗D 18 d h±, π±,K±,K0 Ageev et al. (2007) and Alekseev et al. (2009a)

Sivers p h± Adolph et al. (2012c) and Alekseev et al. (2010b)

p π±,K± prelim. Pesaro (2011)

7.4 p π±,π0,K± Airapetian et al. (2005b, 2009b)

3.5 n π± Qian et al. (2011)

cos(2φ)UU h⊥
1 ⊗H⊥

1 18 d h± prelim. Sbrizzai (2011)

Boer-Mulders 7.4 p π±,K± Airapetian et al. (2012a)

3.5 n π+ Osipenko et al. (2009)

sin(3φ− φS)UT h⊥
1T ⊗H⊥

1 18 d h± prelim. Kotzinian (2007)

Pretzelosity 18 p h± prelim. Parsamyan (2011)

7.4 p π±,K± prelim. Pappalardo (2010)

sin(2φ)UL h⊥
1L ⊗H⊥

1 18 d h± Alekseev et al. (2010a)

Worm-gear 1 7.4 p π±,π0 Airapetian et al. (2000b, 2001)

d π±,π0,K+ Airapetian et al. (2003)

3.5 n π±,π0 Avakian et al. (2010)

cos(φ− φS)LT g⊥1T ⊗D 18 d h± prelim. Kotzinian (2007)

Worm-gear 2 18 p h± prelim. Parsamyan (2011)

7.4 p π±,π0,K± prelim. Pappalardo and Diefenthaler (2011)

3.5 n π± Huang et al. (2012)

fect from COMPASS and HERMES. The Sivers, Collins,
worm-gear and pretzelosity effects are all consistent with
zero in the deuteron target data. The Collins and Sivers
effects observed in the proton data therefore contain a
predominant isovector contribution.
We next focus on the Sivers, Boer-Mulders and Collins

effects.

1. The Sivers and Boer-Mulders TMD distributions

The Sivers distribution was first proposed in Sivers
(1990) in an attempt to explain the large transverse sin-
gle spin asymmetries observed in the 1970s and 1980s. It
describes the correlation between the transverse momen-
tum kt of the struck quark and the spin S and momentum
p of its parent nucleon

fq/p↑(x, kt) = f q
1 (x, k

2
t )− f⊥q

1t (x, kt)
S · (kt × p̂)

M
. (36)

The kt dependence means that the Sivers distribution is
sensitive to non-zero parton orbital angular momentum

in the nucleon, though the mapping from Sivers observ-
ables to quark (and gluon) orbital angular momentum is
(so far) model dependent with present theoretical tech-
nology.

The Sivers distribution has the interesting property
that it is odd under time reversal. Due to this fea-
ture, such a correlation was believed to be forbidden
for more than a decade. Then Brodsky et al. (2002a,b)
showed that, with initial- or final-state interactions, the
Sivers effect could be non-zero in QCD processes. Final-
state interactions in SIDIS can generate the azimuthal
asymmetry before the quark fragments into hadrons.
Shortly afterwards, Collins (2002) realized that initial-
state color interactions in the case of Drell-Yan and final-
state interactions in the case of SIDIS would lead to
a process-dependent sign difference in the Sivers dis-
tribution. SIDIS measurements (Adolph et al., 2012c;
Airapetian et al., 2005b, 2009b; Alekseev et al., 2010b;
Pesaro, 2011; Qian et al., 2011), suggest sizable asymme-
tries at the level of about 5−10% for a proton and a neu-
tron target, while Drell-Yan measurements are planned
for the future.
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Sivers	effect	:	the	correla8on	between	the		
transverse	momentum	(kt)	of	the	struck	quark	and		
the	spin	(S)	and	momentum	(p)	of	its	parent	nucleon		
	

S	
kt	
p	

Sivers	distribuHon			

Collins	effect	:spin-momentum	
	correla8on	in	the	hadroniza8on	process		
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FIG. 20 Collins asymmetry for the double ratios of like-sign
(L), unlike-sign (U) and any charged (C) pion pairs from
Belle (Seidl et al., 2008). AUL and AUC are sensitive to dif-
ferent combinations of the favored and unfavored Collins frag-
mentation functions. The bands indicate the systematic un-
certainties.

2. The Collins TMD fragmentation function

The Collins TMD fragmentation function describes a
spin-momentum correlation in the hadronization process,
sq · (kq × pt), with a hadron produced in fragmentation
having some transverse momentum pt with respect to the
momentum direction k of a transversely polarized frag-
menting quark with spin sq (Collins, 1993; Collins et al.,
1994). The Collins fragmentation function has been
investigated in semi-inclusive lepton-nucleon scattering
and e+e− annihilation. The magnitude of the effect is ap-
proximately 5–10%, like that found for the Sivers asym-
metries.
For e+e− annihilation the chiral-odd Collins fragmen-

tation function enters with a second Collins function in
the opposing jet. The Collins function has been measured
to be non-zero for the production of charged pions in
e+e− annihilation at Belle (Abe et al., 2005; Seidl et al.,
2008), as shown in Fig. 20, and in recent preliminary data
from BABAR (Garzia, 2012).
In SIDIS the second chiral-odd function is the transver-

sity distribution introduced in Section II and dis-
cussed further below (or the Boer-Mulders distribu-
tion). The HERMES (Airapetian et al., 2005b, 2010a),
COMPASS (Adolph et al., 2012b; Ageev et al., 2007;
Alekseev et al., 2009a, 2010b; Pesaro, 2011) and JLab
Hall A (Qian et al., 2011) experiments have performed
SIDIS measurements of the Collins effect. The measure-
ments for a proton target are shown in Figs. 21 and 22
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FIG. 21 Collins amplitudes for charged pions measured
by HERMES with a proton target; from Airapetian et al.
(2010a). The inner error bar represents the statistical un-
certainty; the full bar the quadratic sum of statistical and
systematic uncertainties.

for HERMES and COMPASS respectively. (Note that
COMPASS uses a definition of the Collins angle which
results in Collins amplitudes with opposite sign to the
“Trento convention” of Bacchetta et al. (2004) used by
HERMES, JLab and commonly in theoretical papers).
There is excellent agreement between the measurements
in similar kinematics. One finds the striking observation
that the Collins amplitude for π− is of similar size to π+

production but comes with opposite sign. This hints at
an unfavored Collins function of similar size and opposite
sign than the favored one, a situation very different from
that observed with unpolarized fragmentation functions.

COMPASS 2010 proton data
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FIG. 22 Collins amplitudes for unidentified charged hadrons
measured by COMPASS with a proton target (Adolph et al.,
2012b). The hadron yield is dominated by pions. Note that a
different definition of the Collins angle results in amplitudes
with the opposite sign compared to other measurements. The
bands indicate the systematic uncertainties.

3. Probing transversity

The transversity distribution introduced in Section II
describes the transverse polarization of quarks within a
transversely polarized nucleon. Along with the unpolar-
ized and helicity distributions, it survives integration over
partonic transverse momentum and is thus a collinear
distribution.
The first moment of the transversity distribution is

proportional to the nucleon’s C-odd tensor charge, viz.
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sq	=	spin	fragmen8ng	of	quark	
kq	=	momentum	direc8on	of	the	quark	
pt	=	transverse	momentum	of	hadron	with		
respect	to	the	direc8on	of	the	fragmen8ng	quark	

pt	sq	

D. Sivers, Phys. Rev. D 41, 83 (1990) J.	C.	Collins,	Nucl.	Phys.	B396,	161	(1993)	
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Sivers distribution 
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Collins FF Quark transverse 

spin distribution 

AN	=		

+	

need	to	move	beyond	inclusive	producHon	

•  Sivers	effect	:	full	jets,	direct	photons,	Drell-Yan		
•  Collins	effect		:	azimuthal	orienta8on	of	par8cles	within	a	jet	
•  SeparaHng	Sivers	and	Collins	effects	

TMD	-	Sivers	and	Collins	effect	

	measurements	from	jets	can	give	an	access	to	Sivers	effect				12-Feb-19	 14	



FPD EM Calorimeter 
Small cells only
Two 7x7 arrays

Forward Meson Spectrometer (FMS)  : 
•  Pb glass EM calorimeter covering 2.6<η< 4.0 
•   Detect 𝜋0,η, direct photons and jet-like events in the kinematic region where transverse spin asymmetries 

are known to be large 
 
•  FMS : A trigger detector : defined for    𝜋0/Jet-rich, Di- 𝜋0/Jet-rich like triggers 

FMS	Pb	Glass	EM	Calorimeter		
pseudo-rapidity	2.6<η<4.0		
Small	cells:	Outer	cells:		
3.81x3.81	cm	5.81	x	5.81	cm		

FMS	lead	glass	during	stacking	

FMS	

EEMC	
BEMC	

TPC	

forward	
rapidity	

Forward	EM	Calorimeter	in	STAR	
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X(cm)	

Y(cm)	

aa	

aa	

aa	

aa	

aa	

FMS	photon	
reconstrucHon	:		

1. Towers	energy	
2. Clusters															
3. Photons	(shower	shape	
fixng)	

Jet	ReconstrucHon	:		
•  STAR	code	for	jet	reconstrucHon	developed	for	

forward	rapidity	:	neutral	energy	jet	(EM	Jet)	
•  anH-kt	
•  	R=0.7	

Reaching	to	the	parton!!		

Jet	in	FMS:	A	tool	implemented	to	access	parton	level	
kinema8cs		
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π0	-->γγ		
h

Entries  56866

Mean   0.3007
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40 < energy

s

zγγ<	0.8		

π0	-->γγ			(two	photon	jets)	

Forward	EM-jet	

12-Feb-19	

Two	photon	jets	are	mostly	from	π0	–an	isolated	neutral	pion		

Looking	for	:		
•  How	the	asymmetry	depends	on	energy	(xF)	
•  How	the	asymmetry	depends	on		pT	
•  How	it	varies	when	there	is	a	correlated	central	jet	-		does	isolated	π0	come	from	
different	produc8on	mechanism	?	

17	

Jets	fragments	to		
higher	number	of	photons	



π0-Jets	–	
2γ-EM-Jets		with	
					mγγ	<0.3	
						Zγγ	<0.8	
	
	
EM-Jets	–		
With	number	of	
photons	>2	
	

Asymmetries	for	single	π0	–jets	events	are	much	higher	compared	to	jets	with	higher	number	of	photons		

EM-Jet Energy (GeV)
40 50 60 70 80 90

NA

0

0.02

0.04

 > 0)
F

-Jets (x0/

 < 0)
F

-Jets (x0/

 > 0)
F

EM-Jets (x
 < 0)

F
EM-Jets (x

Graph

 = 500GeVs @ Bp+p
 > 2.0 GeV/c

T
EMJetp

STAR Preliminary

<4.0EMJetd2.8<

M.	M.	Mondal	[for	STAR	Coll.]	PoS	DIS	2014,	2016	(2014)	

π0	

AN	vs.	EM-jet	energy	
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EM-Jet Energy = 40-60 GeV                              60-80 GeV                                       80-100 GeV no. photons =  1                  2                       3                     4                   5

²  1-photon	events,	which	
include	a	large	π0	
contribu8on	in	this	
analysis,	are	similar	to	2-
photon	events	

	
	
²  Three-photon	jet-like	

events	have	a	clear	non-
zero	asymmetry,	but	
substan8ally	smaller	than	
that	for	isolated	π0’s	

²  AN	decreases	as	the	event	
complexity	increases	(jet	
like)	

²  AN	for	#photons	>5	is	
similar	to	that	for	
#photons	=	5	

Jet	like	events	M.	M.	Mondal	[for	STAR	Coll.]	PoS	DIS	2014	

AN	for	different	#	photons	in	EM-Jets	
γ	
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η	=	1.09,2.0	
η	=	2.6-4.2	

BEMC	 EEMC	
FMS	

η	=	-1.0,1.0	

central	EMJets	 forward	EMJets	

Jet	algorithm																							:	an8-kT,	R	=	0.7	
																																																		pTEM-Jet

	>	2.0	GeV/c,		-1.0<ηEM-Jet<2.0	
Inputs	for	central	EMJets	:		towers	from	BEMC	and	EEMC	
Leading	central	EM-Jets			:		Jet	with	highest	pT	

Midrapidity	EM	Jets	

AN	with	midrapidity	ac8vi8es	
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²  Asymmetries	for	the	forward	isolated	π0		are	lower	when	there	is	a	correlated	away-side	jet.		
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•  Jets	with	isolated	π0	have	large	asymmetry	
•  AN	decreases	as	the	event	complexity	increases	
•  Isolated	π0	asymmetries	are	smaller	when	there	is	a	correlated	EM-jet	at	mid-

rapidity	

•  Both	of	these	dependences	raise	serious	quesHon	how	much	of	the	large	
forward	π0		AN	comes	from	2	à	2	parton	sca_ering	

DiffracHve	Events	??		

Forward	upgrade	for	the	STAR	experiment	-	necessary	to	have	be_er	understanding		
	
Ø  Roman	pots	–	tagging	diffrac8ve	events	
Ø  FMS	upgrade	:	with	Forward	pre-shower	detector	(direct	photons)	and		
						post-shower	detector		(Drell-Yan)		
Ø  In		2020’s	STAR	plan	to	have	tracking	and	full	calorimetry	to	detect	full	jets	in	forward	

rapidity	

Summary	on	TSSA	for	EM	jets	
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Other	measurements		related	to	
transverse	spin		
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Transverse:	Sivers		AN(W)	

Transversity	from	midrapidity	jets	
	

•  Di-hadron	interference	
fragmenta8on	func8on	(IFF)	

•  Collins	fragmenta8on		

Run	2011:AN(W)@500GeV	
W	kinema8cs	fully	reconstructed		
Sign	change	compared	to	DIS	
	
SiversDIS	=	-SiversDrell-Yan		

PRL	116,	132301	(2016)		
	

Run	2017	data	:	AN(W),	AN(DY),	AN(γ)	
See	the	sign	change	
Probe	an8-quark	Sivers	func8on	for	the	first	
8me	
Directly	measure	the	evolu8on	effect	



Gluon	satura8on	at	RHIC	
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•  Densi8es	of	gluons	and	sea	quarks	are	high	at	low	x	
•  Leading	to	Satura8on	of	parton	density,		called	Color	Glass	Condensate	(CGC)			

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)
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Reaching the Saturation Region

8

HERA (ep):
Despite high energy range:
• F2, Gp(x, Q2) outside the 

saturation regime 
• Need also Q2 lever arm! 
• Only way in ep is to 

increase &s
• Would require an ep 

collider at &s ~ 1-2 TeV 

Different approach (eA):
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L ~ (2mN x)-1 > 2 RA ~ A1/3

Probe interacts coherently 
with all nucleonspA@200GeV	:	Nuclei	may	allow	access	to	the	satura8on	region	at	moderate	pT		
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Back-to-back	angular	correla8ons	at	RHIC		

CGC	predicts	suppression	of	the	away-side	peak	:	PHENIX	observed	suppression	of	
the	away-side	peak	in	0-20%	d+Au	collisions	at	(√s	=	200	GeV)		

STAR	data	2015	:	p+p,	p+Al,	p+Au		at	√s	=	200	GeV			
Ø  	analyzed	for			𝜋0-	𝜋0	and	EM	jet	–	EM	jet	azimuthal	correla8ons		
Ø  Ongoing	Work	on	FMS	gain	uniformity	and	stability	

2è1	(or	2èmany) process     
Mono-jet 

p/d 
dilute  
parton 
system

Au  
dense gluon field

Back-to-back angular correlations 

• CGC predicts suppression of back-to-back correlations 
• PHENIX found evidence in 200 GeV d+Au collisions 

• STAR 2015 data are being analyzed for π0π0 and EM jet – EM jet 
azimuthal correlations in pp, p+Al, p+Au (and d+Au in 2016) 
– Still working on FMS gain uniformity and stability 

• Both cancel out in AN 

Spin and Forward Physics with STAR --  Carl Gagliardi – HESZ 2017 43 

PHENIX, PRL 107, 172301 

Kharzeev, Levin, McLerran (NPA748, 627) 
Jet Azimuthal Correlation : Suppression             
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Physics	with	STAR	in	2021+	

Opportunity	:	
Ø  Unique	program	addressing	several	fundamental	ques8ons	in	QCD	
MoHvaHon:		(The	RHIC	Cold	QCD	Plan	for	2017	to	2023:	A	Portal	to	the	EIC		(arXiv:
1602.03922))	
Ø  Central	to	the	mission	of	the	RHIC	physics	program	in	cold	and	hot	QCD	
Ø  Fully	realize	the	scien8fic	promise	of	the	EIC	

–  Lay	the	groundwork	for	the	EIC,	both	scien8fically	and	by	refining	the		experimental	
requirements	

–  Test	EIC	detector	technologies	under	real	condi8ons,	i.e	SiPMs	

Take	full	advantage	of	STAR‘s	unique	capability	including	upgrades	for	BES-II:	
Ø  Midrapidity	program	based	on	exis8ng	STAR	detector	u8lizing	iTPC,	eToF	and		

EPD	upgrades	(h]ps://drupal.star.bnl.gov/STAR/starnotes/public/sn0669)	
Ø  Forward	rapidity	program	based	on	upgrade	consis8ng	of	Hcal	+	Ecal+		Tracking	

(Si	+	sTGCs)	at	2.5	<	η	<	4		(h]ps://drupal.star.bnl.gov/STAR	/starnotes/public/sn0648)	

Goal:	Complete	upgrade	for	poten8al	polarized	pp@500	GeV	run	in	2021	and	the		sPHENIX		data	
taking		periods	
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Summary	

•  STAR	play	important	role	in	measuring	gluon	contribu8on	
in	proton’s	spin	and	transverse	spin	structure	of	proton	

•  	STAR	had	rich	data		from	2015	and	2017	:	
–  spin	data	which	are	under	analysis	AN(W),		AN(DY),		AN(γ),		AN	(EM	
Jets,	neutral	pions)	with	forward	tagged	protons	

–  p+A	data	for	satura8on	physics		
	

•  STAR	forward	upgrade	(2021+)	adds	capability	of	forward	
full	jet	measurements	
–  to	address	cri8cal	ques8ons	
–  To	fully	realize	the	scien8fic	promise	of	the	future	EIC	
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Thank	you		
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Ø  STAR measurements provide the first observations of  
transversity at very high scales 

Ø  STAR IFF measurements in 200 and 500 GeV pp collisions  
are well described by recent IFF calculations 

STAR 

Transverse: IFF Transversity Measurements 
  

STAR 
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PLB  780, 332 (2018)	 PLB 780, 332 (2018)	



Transverse: Collins 
200 vs. 500 GeV Comparison: 
Ø Evolution: 200 GeV ⟷ 500 GeV factor 3 in Q 
Ø  Test of factorization & Universality 

→ compare with transversity from IFF 
→ compare with SIDIS and e+e- 

Ø  Inspired a lot of theory work 
→ Proof of factorization: Kang et al. JHEP 1711, 068 (2017) 
→ Asymmetry calculation: Kang et al. Phys.Lett B. 774, 635 (2017) 
→ Universality: D’Alesio et al. Phys.Lett. B773, 300 (2017) 

1  2 ⊥
µ  δq(x) × H ⊥(z , k 2 ) 

“Collins”  
spin 
dependent 

Quark  
transverse  
spin 
distribution  FF 

final state effect 

Phys. Lett. B773, 300- (2017) 
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π±	azimuthal	distribuHon	in	jets	
STAR:	PRD	97,	032004	(2018)	(arXiv:1708.07080	)		
		
	



Gluon	polariza8on	at	RHIC	

Exploring Gluon Polarization at RHIC

4

⚫ At the parton level, helicity correlations are 

very large in leading-order QCD

⚫ For most RHIC kinematics, gg and qg 

dominate, making ALL for jets sensitive to 

gluon polarization.
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For	most	RHIC	kinema8cs,	qg,	gg	dominates	making	ALL	for	jets	sensi8ve	to	gluon	polariza8on			
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Introduction: Spin of the Proton

Helicity Distributions: Δq,Δg

LGS +'+'6==
2
1

2
1

• Simple picture of proton composed of three valence 
quarks superseded by complex interaction of quarks, 
antiquarks, and gluons

• The proton’s spin must arise from combination of intrinsic 
and orbital angular momenta of these components

∆Σ = ∫ ∆𝑢 + ∆𝑑 + ∆𝑠 + ∆ത𝑢 + ∆ ҧ𝑑 + ∆ ҧ𝑠 𝑑𝑥

Δ𝐺 = ∫ ∆g(𝑥)𝑑𝑥

2
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Transverse	spin	structure	is	less	studied		

spin-k┴     correlations? orbiting quarks? 

Transverse Momentum Dependent 
distribution functions  

Space dependent 
distribution functions  

);,( 2Qxq ⊥k ),( 2;Qxq b

⊥k
!

? 

b
!
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Probing	smaller	in	x	

Pushing to Lower 𝑥: Dijets at Forward 
Rapidity
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⚫ Correlation measurements such as dijets capture 
more information from the hard scattering and 
provide a more direct link to the initial parton-
level kinematics than inclusive measurements

⚫ Leading order expressions show how different jet 
configurations are sensitive to different kinematic 
values

⚫ Dijets may place better constraints on the 
functional form of ∆g(x,Q2)

7
non-linear 
dynamic 
Regime 

1	 10-3	 10-4	10-2	10-1	

Few-body/  
valence quark 

Regime 

x	(proton)	

Many-body  
Regime 

QCD radiation 
dominated 

Regime 

10-5	

x > 0.01 x > 0.05 x > 0.001 

Di-jet	give	be]er		
control	in	kinema8cs	

	x	reach	in	in	STAR	experiment			
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