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Gluon	Satura.on	
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•  Densities of gluons and sea quarks are high at low x
•  Leading to Saturation of parton density, called Color Glass Condensate (CGC).  

Forward rapidity ß midrapidity
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What	do	we	expect	at	RHIC?	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 nucleons

	η	=	2.5-4.0	in	RHIC	is	a	promising	region!	

Nuclei	may	allow	access	to	the	satura.on	region	at	moderate	pT		
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Observables	:	Azimuthal	Correla.ons		

p	 p

Forward jet

Away side jet

2è1	(or	2èmany) process     Mono-jet 

With high gluon density

p/d 
dilute  
parton 
system

Au  
dense gluon field

Azimuthal Correlations :
•  Jet-Jet
•  Di-hadron

 

Kharzeev, Levin, McLerran (NPA748, 627)             

p
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STAR	and	PHENIX	at	forward	rapidity	

FPD EM Calorimeter 
Small cells only
Two 7x7 arrays

2.5<	η	<4.0,	-π<φ<π	
Detect	-		𝜋0,η,	
	direct	photons		
(with	pre-shower	detector)	

Forward	Meson		
Spectrometer	-	FMS	

Muon	Piston	
Calorimeter	-	MPC	

3.1	<	η	<3.9,			-π<φ<π	
-3.1	<	η	<-3.7,	-π<φ<π	
Detect	-		𝜋0,η	

STAR	

PHENIX	

Both	STAR	and	PHENIX	capable	of	doing	low	x	physics	with	neutral	par.cles			
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Back-to-back	angular	correla.ons		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 

CGC	predicts	suppression	of	the	away-side	peak.		
PHENIX	observed	suppression	of	the	away-side	peak	in	0-20%	d+Au	collisions	
	
STAR	2015		data	are	being	analyzed	for			𝜋0-	𝜋0	and	EM	jet	–	EM	jet	azimuthal	
correla.ons	in	p+p,	p+Al,	p+Au	(and	d+Au	in	2016)	
Working	on	FMS	gain	uniformity	and	stability	
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Back-to-back	angular	correla.ons		

the CGC framework in Ref. [11] is not observed. For
example, in dþ Au central collisions, ! ¼ 0:93#
0:09stat # 0:139syst for pfwd

T ¼ 1:25 GeV=c and trigger par-
ticle momentum 2:5<pt

T <3:0GeV=c, while !¼0:97#
0:07stat#0:08syst for pþ p collisions. For the forward-
forward correlations, the measurement does not discern
whether there is appreciable broadening between dþ Au
and pþ p collisions, as the ZYAM pedestal determination
can bias the widths to smaller values.

The observed suppression is quantified by studying the
relative yield, JdA [21], of correlated back-to-back hadron
pairs in dþ Au collisions compared to pþ p collisions
scaled with hNcolli,

JdA ¼ IdA $ Rt
dA ¼ 1

hNcolli
!pair

dA =!dA

!pair
pp =!pp

; (1)

where Rt
dA ¼ ð1=hNcolliÞð!t

dA=!dAÞ=ð!t
pp=!ppÞ is the

usual nuclear modification factor for trigger particles t,
and !, !t, and !pair are the cross sections (or normalized
yields) for the full event selection, trigger particle event
selection, and dihadron pair event selection. IdA is the ratio
of conditional hadron yields, CY, for dþ Au and pþ p
collisions:

CY ¼
R
dð!"Þ½dN=dð!"Þ ( b0)
Nt $ #a $!$a $ !pa

T

; (2)

with the acceptance corrected dihadron correlation func-
tion dN=dð!"Þ, the number of trigger particles Nt, the

detection efficiency for the associated particle #a, and the
level of the uncorrelated pedestal in the correlation func-
tions b0. The integral is taken over the Gaussian fit of the
away-side peak. The JdA uncertainties include a systematic
uncertainty from the ZYAM pedestal subtraction. In deter-
mining this uncertainty, it was assumed that changes be-
tween dþ Au and pþ p in the Gaussian away-side width
remain below a factor two. This upper limit is based on the
small observed changes in width in the midrapidity/for-
ward-rapidity correlations and the correlations studied pre-
viously with the PHENIX muon spectrometers [14]. The
JdA is calculated from the measured IdA and Rt

dA for the
forward-rapidity trigger correlations with the new %0

RdAu ¼ Rt
dAu determined in the MPC. For the midrapidity

trigger correlations, published values for RdA from the
2003 RHIC run [15,16] were used.
Figure 3 presents JdA versus hNcolli for forward-rapidity

%0’s paired with midrapidity hadrons and%0’s and for%0’s
and clusters paired at forward rapidity. The JdA decreases
with an increasing number of binary collisions, hNcolli, or
equivalently with increasing nuclear thickness. The sup-
pression also increases with decreasing particle pT and is
significantly larger for forward-forward hadron pairs than
for midrapidity/forward-rapidity pairs. The observed
suppression of JdA versus nuclear thickness, pT , and $
points to large cold nuclear matter effects arising at high
parton densities in the nucleus probed by the deuteron,
consistent with predictions from CGC [12]. This trend is
seen more clearly in Fig. 4, where JdA is plotted versus
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FIG. 3 (color online). Relative yield JdA versus hNcolli for forward-rapidity (3:0< $< 3:8) %0’s paired with (left) midrapidity
(j$j< 0:35) hadrons and %0’s and (right) forward-rapidity (3:0< $< 3:8) cluster-%0 pairs for the indicated combinations of pT

ranges. Also plotted as inverted solid triangles are the values of the forward %0 RdA. Around each data point, the vertical bars indicate
statistical uncertainties, and the open boxes indicate point-to-point systematic uncertainties. The gray bar at the left in each panel
represents a global systematic scale uncertainty of 9:7%. Additional centrality dependent systematic uncertainties of 7:5%, 5:1%,
4:1%, and 4:8% for the peripheral to central bins, respectively, are not shown. The hNcolli values within a centrality selection are offset
from their actual values for visual clarity (see text for actual hNcolli values).
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xfragAu ¼ ðhpT1ie#h!1i þ hpT2ie#h!2iÞ= ffiffiffiffiffiffiffiffi
sNN

p
for all pair se-

lections in! and pT . In the case of 2 ! 2 parton scattering,
where two final state hadrons carry the full parton energy,

z ¼ 1, the variable xfragAu would be equal to hxAui, which is
the average momentum fraction of the struck parton in the
Au nucleus.

Because the fragmentation hadrons on average carry a

momentum fraction hzi< 1, xfragAu will be smaller than
hxAui. Based on previous studies by PHENIX at midrapid-
ity, the mean fragmentation hzi is expected to be between
0.5–0.75 [22]. In general, the theoretical extraction of xAu
from the measured pT and ! will differ from the leading-
order QCD picture of 2 ! 2 processes used above. Also, at
modest pT’s, the interpretation of the measured correlation
functions as high energy 2 ! 2 parton scattering accessing
low x may be limited by contributions from processes with
small momentum transfer Q2. Future theoretical analysis
will be necessary to evaluate these and other contributions
from different nuclear effects [4–10] on the observed large
suppression in JdA. These analyses could additionally be
complicated by the presence of hadron pairs originating
from multiparton interactions [23] that might not probe
gluon structure at low xAu.

In summary, measurements of the inclusive "0 yield at
forward rapidity, of the back-to-back correlated yield of
cluster-"0 pairs in the forward-rapidity region, and of the
correlated yield of forward-rapidity "0’s with midrapidity
"0’s or hadrons in pþ p and dþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV were presented. The correlated yields of back-to-
back pairs were analyzed for various kinematic selections
in pT and rapidity. The forward-central pair measurements
show no increase in the azimuthal angular correlation
width within experimental uncertainties. The correlated

yield of back-to-back pairs in dþ Au collisions is ob-
served to be substantially suppressed relative to pþ p
collisions with a suppression that is observed to increase
with decreasing impact parameter selection and for pairs
probing more forward rapidities.
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FIG. 4 (color online). JdA versus xfragAu for peripheral (60–88%)
and central (0–20%) dþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
The statistical error bars and systematic uncertainty boxes are

the same as in Fig. 3. Above xfragAu > 10#3, some data points were

offset from their true xfragAu to avoid overlap. The leftmost point in

each group of three is at the correct xfragAu .
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xfragAu ¼ ðhpT1ie#h!1i þ hpT2ie#h!2iÞ= ffiffiffiffiffiffiffiffi
sNN

p
for all pair se-

lections in! and pT . In the case of 2 ! 2 parton scattering,
where two final state hadrons carry the full parton energy,

z ¼ 1, the variable xfragAu would be equal to hxAui, which is
the average momentum fraction of the struck parton in the
Au nucleus.

Because the fragmentation hadrons on average carry a

momentum fraction hzi< 1, xfragAu will be smaller than
hxAui. Based on previous studies by PHENIX at midrapid-
ity, the mean fragmentation hzi is expected to be between
0.5–0.75 [22]. In general, the theoretical extraction of xAu
from the measured pT and ! will differ from the leading-
order QCD picture of 2 ! 2 processes used above. Also, at
modest pT’s, the interpretation of the measured correlation
functions as high energy 2 ! 2 parton scattering accessing
low x may be limited by contributions from processes with
small momentum transfer Q2. Future theoretical analysis
will be necessary to evaluate these and other contributions
from different nuclear effects [4–10] on the observed large
suppression in JdA. These analyses could additionally be
complicated by the presence of hadron pairs originating
from multiparton interactions [23] that might not probe
gluon structure at low xAu.

In summary, measurements of the inclusive "0 yield at
forward rapidity, of the back-to-back correlated yield of
cluster-"0 pairs in the forward-rapidity region, and of the
correlated yield of forward-rapidity "0’s with midrapidity
"0’s or hadrons in pþ p and dþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV were presented. The correlated yields of back-to-
back pairs were analyzed for various kinematic selections
in pT and rapidity. The forward-central pair measurements
show no increase in the azimuthal angular correlation
width within experimental uncertainties. The correlated

yield of back-to-back pairs in dþ Au collisions is ob-
served to be substantially suppressed relative to pþ p
collisions with a suppression that is observed to increase
with decreasing impact parameter selection and for pairs
probing more forward rapidities.
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FIG. 4 (color online). JdA versus xfragAu for peripheral (60–88%)
and central (0–20%) dþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
The statistical error bars and systematic uncertainty boxes are

the same as in Fig. 3. Above xfragAu > 10#3, some data points were

offset from their true xfragAu to avoid overlap. The leftmost point in

each group of three is at the correct xfragAu .
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-	Large	suppression	of	JdA	at	low	x	
	
-	Need	to	understand	nuclear	effect	
and	mul.par.cle		interac.on	for	
produced	final	state	par.cles.	
	
-	Might	not	probe	gluon	satura.on	
	
	
Measurement	with	direct	photons	
is	very	important	:		
•  STAR	2015	pA	data	is	being		
analyzed	for	direct	photons	

PHENIX		:	PRL	107,	172301	
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Scanning	the	FMS		𝜋0-	𝜋0	correla.ons	in	pT		
1GeV	 >3GeV	

pTtrig	

With	2015	data	STAR	can	study	evoluFon	of	Qs
2	(x)	with	A	

mtrig
NoCut,	

scaled	
mtrig

scaled	
mtrig

withAssoc	
massoc	

Mass[GeV]	

Co
un

ts
	

>1GeV	

pTasso	

>3GeV	
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π0 in Polarized	p+A	as	a	tool	to	study	
Gluon	satura.on		
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(projec.on	based	on	model)	

p,d,e+A	Workshop	-	June	25,	BNL,	2013:	Richard	Seto		

	PRD	74,	074018	
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First		𝜋0	results	from	polarized	p+Au	

related to transverse components of parton momentum can significant asymmetries be modelled.
Characterizations of transverse parton momentum effects in the initial state are referred to as the
Sivers effect [3,4] or in the final state fragmentation process are referred to as the Collins effect [5].

Many calculations have been done based on these ideas, focusing on the details of the role
for parton transverse momentum [6–8]. However, the general argument about higher twist still
should constrain the detailed predictions. Calculations have been done [9] that explore the parametriza-
tions of fragmentation that is required to push the pT scale to larger values, as STAR has observed.
It was also suggested in that analysis that at lower pT the ratio of the TSSA asymmetry in pAu to
pp is given by the ratio of the saturation scales in the pp and pAu systems.

11
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Figure 2: Comparison of TSSA AN for forward ⇡

0 production as a function of transverse momen-
tum (pT ) for six Feynman xF regions from 0.2 to 0.7 . The event selection is described in the text for
both pp and pAu collisions at psNN = 200 GeV. The filled squares represent the asymmetries mea-
sured in pp and the open circles represent the asymmetries for pAu scattering. Systematic errors
indicated by the bands at the bottom of each plot are dominated by variation in the asymmetry
depending on Beam Beam Counter cuts, which could be an indication of centrality dependence.

2 TSSA Comparison Between pAu and pp Collisions

STAR has measured forward ⇡

0 asymmetry AN with the FMS electromagnetic calorimeter using
data from the 2015 RHIC run from pp and pAu collisions. The data were collected from collisions
with nucleon-nucleon center of mass energy of psNN = 200 GeV. The FMS detector covered the
pseudo-rapidity range 2.6 < ⌘ < 4.0, in the direction forward to the polarized proton. As in a
jet analysis, the electromagnetic energy in each event is organized into clusters, where a clusters
is defined by a cone radius of 0.035 radians and contains a minimum of 1 photon shower with
energy > 3 GeV. The ⇡

0 event sample is selected by finding the highest energy photon pair within

2

Shaded	bands	show	
systema.c	uncertainty,	
dominated	by	dependence	
of	AN	on	observed	BBC	
mul.plicity	à	central	vs.	
peripheral	collisions			
	

Preliminary	results	from	STAR	find	liple	suppression	in	AN	as	suggested	by	some	
CGC	calcula.ons			
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Δη	

Ini.al	state	
Color	Glass	Condensate?	
t=0.0	fm	

Thermalized	
Hydrodynamics	
Flow:	sQGP.		

Pre-thermaliza.on	

Small	system	:	p+Pb,	d+Au	

sQGP	

t~0.6	fm	

Glasma?	Long	range	rapidity	Correla.ons	
Ini.al	state	fluctua.ons	“inflated”		to	long		
range	correla.ons?	
Flow?	sQGP	in	small	systems?	
	

ATLAS	data	in	Glasma	model	
Q0

2(proton)=0.168	GeV2	
Dusling,	Venugopalan	
PRD	87,	094034	
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Mid-Forward	Par.cle/Energy	Correla.ons	

3<|Δη|<4	 Hydrodynamic	
Calcula.ons	
P.	Bozek	PRC	85,	014911	

Need	beper	understanding	:	Ini.al	state	–	Glasma?		Final	state	effect	-	Flow	(Hydro)		in	a	
thermalized	sQGP?	
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Diffrac.on	measurements		
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Ongoing analyses 
• Elastic scattering 

 
 

• Central Exclusive Production (CEP) 
– p + p Æ p + X + p 
– Diffractive X = particles, glueballs 

 
• Single Diffraction Dissociation 

 
 

• Took high-quality data on all three processes during the 2015 (200 
GeV) run, and even more during the 2017 (510 GeV) run 
– Here only show preliminary 2015 results on CEP at 200 GeV 

• Also looking at correlation of forward π0 AN with Roman pot activity 
– Could a large fraction of the π0 AN be diffractive? 
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Roman pots in STAR 

• Roman pots from pp2pp were installed 55 m each side of the STAR 
interaction region prior to the 2009 RHIC run 
– Had dedicated 4-day running time with special beam optics 

• Roman pots were moved much closer to interaction point prior to the 
2015 RHIC run (Phase II*) 
– Now can operate with normal RHIC beam optics 
– Integrated a large fraction of the total delivered luminosity during 

the 2015 (√s = 200 GeV) and 2017 (√s = 510 GeV) RHIC runs 
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For acceptance at 200 GeV, 
scale -t by (200/500)2 

Roman	pots	in	STAR	

Elas.c	scaperings	
	
	
Central	Exclusive	Produc.on	(CEP)	
p+p	à	p	+	X	+	p	
Diffrac.ve	X	=	par.cles,	glueballs	
	
Single	Diffrac.ve	Dissocia.on	

•  Roman	pots	installed	prior	to	2009	RHIC	run	–	Phase-I	
•  In	phase-II	roman	pots	were	moved	much	closer	prior	to		
2015	RHIC	run	(operate	with	normal	beam	op.cs)	
	
Recorded	a	large	frac.on	of	the	total	delivered	luminosity	
in	the	2015	(√s	=	200	GeV)	and	2017	(√s	=	500	GeV)		
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Identifying CEP:  the π+π− case 

• Identification and momentum reconstruction of all final state particles 
provides the ability to ensure exclusivity of the system via 
momentum balance check 

• Very small background ! 
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	Iden.fying	CEP	:	the	𝜋+𝜋-	case		

Iden.fica.on	and	momentum	reconstruc.on	of	all	final	state	par.cles	provide	
the	ability	to	ensure	exclusively	of	the	system	via	momentum	balance	check	
Very	small	background!		
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		𝜋+𝜋-		invariant	mass	distribu.ons	at	
√s=200	GeV			

		

•  Broad	structure	extending	from		𝜋+𝜋-	threshold	to	~1GeV/c2	
•  Sharp	drop	at	about	1	GeV/c2	
•  Resonance-like	structure	between	1-1.5	GeV/c2				
						(Expect	~70k	events	with	M(𝜋+𝜋-	)	>	1	GeV/c2	from	full	2015	data	set	
•  Essen.al	features	are	similar	to	measurements	in	p+p	collisions	at	√s=63	GeV	(AFS	

at	ISR)	and	p+p-bar	at	√s=1.96	TeV	(CDF)	

π+π− invariant mass distribution at 200 GeV 

• Broad structure extending from π+π− threshold to ~1 GeV 
• Sharp drop at about 1 GeV 
• Resonance-like structure between 1-1.5 GeV 

– Expect ~70K events with M(π+π−) > 1 GeV from full 2015 data set 
• Essential features are similar to measurements in pp at 63 GeV (AFS 

at ISR) and pp 1.96 TeV (CDF) 
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~2.5% of our data sample 
from fast offline 

CDF, PRD 91, 091101 
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K+K− invariant mass distribution at 200 GeV 

• Prominent peak around 1.5-1.6 GeV 
• Some enhancement in the f2(1270)/f0(1370) region 
• In spectrum measured by WA102 (fixed target), there is a significant 

contribution from f0(980) not seen by STAR 
– K acceptance is very small at such low pT 

 

• Expect ~104 exclusive K+K− events in the full 2015 data set 
– Will permit cross section and partial wave analyses 
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K+K-	invariant	mass	distribu.ons	at		
√s=200	GeV			

•  Prominent	peak	around	1.4-16	GeV/c2	
•  Some	enhancement	in	the	f2(1270)/f0(1370)	region	
•  In	spectrum	measured	by	WA102	(fixed	target),	there	is	significant		
						contribu.on	from	f0(980)	not	seen	by	STAR	
						(K	acceptance	is	very	small	at	such	low	pT)	

•  Expect	~104	exclusive	K+K-	events	in	the	full	2015	data	set	
						(Will	permit	cross	sec.on	and	par.al	wave	analysis)	
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Summary	
•  RHIC	probes	at	low	x	region	of	nuclei		with	forward	detectors	where	gluon	

satura.on	effects	may	manifest	themselves.	
•  Previous	RHIC	measurements	showed	a	hint	of	satura.on	in	0-20%	d+Au	

collisions.		STAR	2015	p+A	data	is	being	analyzed	for	𝜋0-	𝜋0	and	EM	jet	–	
EM	jet	azimuthal	correla.ons.	

•  PHENIX	data	show	long	range	correla.ons	in	ridge	like	structure	for	small	
systems	:			Glasma	or	Flow	effects?			

•  Preliminary	measurement	of	AN	for	polarized	p+A	collisions	shows	liple	
suppression.	

•  	𝜋+𝜋-		and	K+K-	mass	distribu.on	for	Central	Exclusive	Produc.on	(CEP)	
extracted	from	a	frac.on	of	the	available	data.	Results	from	the	full	
sta.s.cs	are	under-way.	

	
•  For	2021+	both	STAR	and	sPHENIX	planning	for	forward	detector	upgrades	

to	measure	fully	reconstructed	jets	at	forward	rapidi.es	–	a	step	forward	
for	future	EIC	collider.	
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backup	
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Spin	Dependent	Cross	sec/on	
Kang,	Yuan:	PRD	84,	034019	(2011)	

Transversely	polarized	
proton	

Collins	Fragmenta.on	
Func.on	

π	
k┴,π	

P	

sp	

sq	

A	

q	

This	is	one	mechanism.	Others:	
e.g.	Sivers:	see	Boer	et	al.	PRD	74,	074018	
Kang-Xiao	arXiv	1212.4309	
Odderon	(3	gluon)exchange:	Yovchegov	
arXiv:1201.5890	
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CGC	inspired	k┴	dependent	unintegrated		
Gluon	distribu.on	func.on	Low-x	

Rela.ve	to	
Quark	jet	
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The	Ridge	at	RHIC		
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A	clear	ridge	on	the	Au-going	side	in	central	d+Au,	3He+Au;	a	more	subtle	effect	in	p+Au			
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