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Our	Vision:	PHENIX	->	Forward/sPHENIX->ePHENIX	

~2000	 2017→2022	 ~2025	 Time	

Current	PHENIX	 f/sPHENIX	 An	EIC	detector	

•  PHENIX	completed	2016	
•  16y+	work	

100+M$	investment	
•  130+	published	papers	to	

date	

}  Comprehensive	central	upgrade	
based	on	BaBar	magnet	

}  fsPHENIX:	forward	tracking,	
HCal	and	muon	ID	

}  Key	study	of	transverse	spin	
}  New	collabora=on/new	ideas	

}  Path	of	PHENIX	upgrade	leads	
to	a	capable	EIC	detector	

}  Large	coverage	of	tracking,	
calorimetry	and	PID	

}  New	collabora=on/new	ideas	

Documented:	h^p://www.phenix.bnl.gov/plans.html	

RHIC:	A+A,	polarized	p+p,	polarized	p+A	 eRHIC:	e+p,	e+A	



Recent	Ac=vi=es	&	Efforts	
•  PHENIX@BNL	and	SeaQuest@Fermilab	

–  QGP,	CNM	and	Spin;	Dark	photon/Higgs	
–  Muon	Trackers,	FVTX	@RHIC	
–  MuID,	Polarized	NH3	target,	DAQ,	trigger	@Fermilab		
–  Mechanical	and	electronics	engineering		

•  sPHENIX	
–  QGP	B-jet	physics		
–  MAPS	tracking			
–  Si	mini-strip	tracking	(~FVTX)				

•  f/sPHENIX	
–  TMD	spin	physics:	Jet	AN,	Drell-Yan	
–  CNM	physics:	dE/dx,	shadowing	in	pA	
–  Tracking:	MAPS	&	GEM	tracker	

•  EIC	
–  TMD,	GPD,	CNM	physics		
–  Tracking,	MAPS	&	GEM	
–  Hadron	PID,	Modular	Cerenkov	detector			
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sPHENIX	
•  B-jet	Physics		

•  Precision	tracking	w/	MAPS	
–  Low	mass	pixel	detector	
–  Excellent	technology	for	EIC	
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Monolithic	Ac=ve	Pixel	Sensor	(MAPS)	Technology	

MAPS	sensor:		
-  Low	mass,	ultrathin	50um	
-  Fine	pixel	28x28	um	
-  On-chip	digi=za=on	

Excellent	choice	for		
(1)  EIC	tracking	
(2)  Forward	sPHENIX	tracking		
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Inner	Tracking	Region	

Inner	Silicon	Tracker	with	MAPS:	
-  0.3%	X0	per	layer	
-  15+	years	R&D	from	ALICE	



1st MAPS prototype sensor being 
studied at LANL

LANL	LDRD:	FY17-19,	$5M	 6

Annual Fermilab 
Test beam
Test prototype tracker
Validate tracking and 
reconstruction

sPHENIX	EMCAL	&	HCAL	prototypes	–	April	2016	

LDRD	Experimental	Goal:	LANL-built	4-stave	prototype	tracker	at	test	beam	
with	custom	sPHENIX	readout	

sPHENIX	readout	(FVTX	experRse)		
Custom	front	end,	integrate	into	

MAPS	stave		
construcRon		



Forward	sPHENIX	

-1	<	eta	<	4	
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Detector Concept Magnet System

Figure 2.1: A schematic view of combined sPHENIX/fsPHENIX detector systems, showing
the location of vertex tracker (a reconfigured FVTX), intermediate tracker (GEM), HCal,
MuID, and piston field shaper in the forward region.

pipe to shape the magnetic field near the beam axis, see Figure 2.2. One possible choice
for a large saturation point material for such a field shaper could be an alloy with a large
concentration of cobalt. For example, the material HIPERCO-50 with a 49%Co+49%Fe
composition saturates at 2.25 Tesla.

Figure 2.2: The magnetic piston field shaper surrounding the beam pipe. The tungsten
saw-tooth ring structure is also shown, as a possible upgrade to the baseline design to absorb
the background from the particles shower within the piston material.

17

p	 p/A	

Clearly	isolate	and	measure		
Sivers-like	and	Collins-like	effects	in	p+p,	and	more	
	
Interests	in	low	mass	tracking	system:	
-  MAPS	for	vertexing		
-  GEM	for	tracking	
-  Cerenkov	PID		
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Process	Dependence	of	Sivers	TSSA:	QCD	dynamics	

• Change	of	sign	in	flavor-tagged	Jet	TSSA	

beam
 / pz = pFx

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

N
A

-0.06

-0.04

-0.02

0

0.02

0.04

0.06
 = 1.7-3.3, P=60%η > 4 GeV/c, 

T
 R=0.7 p

T
Pythia Anti-k

NA

N
upA

N
downA

 = 2.5ηAnselmino, et. al.: 

NA

N
upA

N
downA

beam
 / pz = pFx

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

N
A

-0.01

-0.005

0

0.005

0.01

 = 1.7-3.3, P=60%η > 4 GeV/c, 
T

 R=0.7 p
T

Pythia Anti-k

NA

N
upA

N
downA

 = 2.5ηGamberg, Kang, Prokudin: 
NA

N
upA
N
downA

Naïve	DIS	Fit	Sivers	
Included	process	dependence	
And	Q2	evolu=on	
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EIC	Physics	Interests	
•  Physics	of	Gluon	distribu=ons,	interac=ons	
and	correla=ons	–	QCD	dynamics	
–  Gluon	polariza=on		
–  Gluon	TMDs,	heavy	quark	and	di-jet	
–  Gluon	satura=on	

•  Propaga=on	of	parton/hadron	in	nuclei	
–  Jet	fragmenta=on		and	dE/dx	

•  3D	tomography	of	the	proton	
–  GPDs	
–  DVCS	and	alike	
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EIC	“Technical”	Interests	
•  Low	mass	tracking	detectors	

–  MAPS	for	heavy	quark	physics		
–  GEM	for	general	tracking	

•  Hadron	PID	
–  Modular	Cerenkov	detectors	(par=ally	supported	by	EIC	R&D	
through	BNL)	

•  Other	groups	@LANL	
–  ISR:	detectors		
–  AOT:	electronics,	accelerator	etc	
–  Compu=ng	&	simula=ons:	big	data?		

–  Theory	synergy:	QGP,	CNM,	Spin,	physics	BSM				
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Forward	Physics	Ideas	for	
sPHENIX	&	Applicability	for	EIC	

Ming	Liu	
LANL	



		Forward	sPHENIX	Proposal		
(An	upgrade	path	that	harvests	pp,	pA	and	AA	physics	and	leads	to	an	EIC	era)	

Transverse	Spin	Physics	Centric	in	the	Forward	Rapidity:	
Where	significant	novel	effects	observed!	

10/13/14	 Ming	Liu,	Spinfest2014	 12	7/21/16	 Ming	Liu,	UC	EIC-Consor=um	Workshop@LBL	 12	



Forward	sPHENIX	and	EIC	
•  Address	many	of	the	same	key	physics	of	EIC		

–  Spin	Physics	and	3D	structure		
–  CNM	Physics		

•  Complementary	to	EIC	measurements	
–  TMD	vs	Collinear	factoriza=on	
–  Satura=on	physics		

•  Cri=cal	to	cross	check	of	consistency	among	various	theore=cal	
framework				
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DIS	vs	p+p(A)	



(ii) Collins mechanism: 
Transversity × spin-dep 
fragmentation	

(i) Sivers mechanism: 	
correlation between proton 
spin & parton kT	

SP	

p	

p	

Sq	 kT,π	

TSSA	Physics:	EIC	&	fsPHENIX,	an	example		

SP	

kT,q	p	

p	

Sq	
Phys Rev D41 (1990) 83; 43 (1991) 261	 Nucl Phys B396 (1993) 161	

Collinear Twist-3: quark-gluon/gluon-gluon correlation	

   Sivers-like, Collins-like and more 
	

AN ∝ f1T
⊥q (x,k⊥

2 ) ⋅Dq
h (z) AN ∝δq(x) ⋅H1

⊥(z2,k⊥

2 )
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A	Surprise:	AN	Sign	Mismatch?	
First	a^empt	to	check	the	“Universality	of	QCD	descrip=on	of	TSSA”		

•  Twist-3	(RHIC)	v.s.	Sivers	(SIDIS)	•  should be very relevant for single-spin asymmetries 
   in pp " πX 

STAR 

E704 

Used to extract TF: Qiu,Sterman 
Kouvaris et al. 
Kanazawa,Koike 
Kang,Prokudin 

•  should be very relevant for single-spin asymmetries 
   in pp " πX 

STAR 

E704 

Used to extract TF: Qiu,Sterman 
Kouvaris et al. 
Kanazawa,Koike 
Kang,Prokudin 

A	possible	solu=on?			Kang,	Prokudin	PRD	(2012)	

May 11, 2011 Zhongbo Kang, RBRC/BNL

Distinguish scenario I and II

! Scenario I and II are completely different from each other

! To distinguish one from the other, in hadronic machine (like RHIC), 
one needs to find observables which are sensitive to twist-3 
correlation function (not fragmentation function), such as single 
inclusive jet production, direct photon production

31

-0.1

-0.05

0

0.05

0.1

0 0.2 0.4 0.6 0.8 1

Q=2 GeV

u-quark

x

x 
gT

u,
F(x

, x
)

-0.1

0

0.1

0 0.2 0.4 0.6 0.8 1

Q=2 GeV

d-quark

x

x 
gT

d,
F(x

, x
)

new Sivers

old Sivers directly obtained

Feb 10, 2012 Zhongbo Kang, RBRC/BNL

What could go wrong - Scenario I

! To obtain ETQS function, one needs the full kt-dependence of the 
quark Sivers function

! However, the Sivers functions are extracted mainly from HERMES data 
at rather low Q2~2.4 GeV2, and TMD formalism is only valid for the 
kinematic region kt << Q.
! HERMES data only constrain the behavior (or the sign) of the Sivers function at 

very low kt ~ $QCD.

26
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SIDIS	Data	

unknown	



Hadron	TSSA	in	Twist-3	Framework	

16	

El
d3sA1B!p

d3l 5(
abc

E dxfa/A~x !E dx8fb/B~x8!E dz
z S Ec

d3ŝa1b!c

d3pc
D Dc!p~z !

z . ~16!

The predictive power of Eq. ~16! depends on independent measurements of the non-perturbative functions, fa/A , fb/B and
Dc!p , and the calculation of the partonic part Ecd3ŝa1b!c /d3pc .
Just as for most other physical observables calculated in perturbative QCD, the predictive power of the theory for twist

three relies on factorization theorems @31#. Physical observables that depend on the transverse polarization of a single hadron
are typically power corrections to the total cross section, in comparison with spin-averaged or longitudinally polarized
spin-dependent cross sections. In Ref. @32#, for a physical observable with a large momentum transfer Q , we extended the
factorization program to O(1/Q2) corrections for spin-averaged hadron-hadron cross sections, and in @11,33# to O(1/Q)
corrections in spin-dependent cross sections.
Following the generalized factorization theorem @11,33#, the transverse spin-dependent cross section for large lT pions,

Ds(sWT), can be written in much the same way as the spin-averaged cross section, Eq. ~15!, as a sum of three generic
higher-twist contributions, each of which can also be factorized into four functions,

DsA1B!p~sWT!5(
abc

fa/A
~3 ! ~x1 ,x2 ,sWT! ^ fb/B~x8! ^Ha1b!c~sWT! ^Dc!p~z !

1(
abc

dqa/A
~2 ! ~x ,sWT! ^ fb/B

~3 ! ~x18 ,x28! ^Ha1b!c9 ~sWT! ^Dc!p~z !

1(
abc

dqa/A
~2 ! ~x ,sWT! ^ fb/B~x8! ^Ha1b!c8 ~sWT! ^Dc!p

~3 ! ~z1 ,z2!

1higher power corrections, ~17!

where (abc represents sums over parton flavors: quark, anti-
quark and gluon, and where fb/B(x8) and Dc!p(z) are stan-
dard twist-two parton distributions and fragmentation func-
tions, respectively. In Eq. ~17!, the first term corresponds to
the process sketched in Fig. 4~a!, and the second and third
terms correspond to the ones sketched in Fig. 4~b!.
For the first term in Eq. ~17!, nonvanishing contributions

to Ds(sWT) come from twist-3 parton distributions ~correla-
tion functions! fa/A

(3) (x1 ,x2 ,sWT) in the polarized hadron. For
the second and third terms, the contributions to Ds(sWT) in-
volve the twist-2 transversity distributions dqa/A

(2) (x ,sWT)
@21,22#. Because the operator in the transversity distribution
requires an even number of g-matrices @21,22#, the second
term and third terms in Eq. ~17! also include a twist-3, chiral-
odd parton distribution fb/B

(3) (x18 ,x28) from the unpolarized
hadron B , or a twist-3, chiral-odd fragmentation function,
Dc!p
(3) (z1 ,z2). In the factorized form of Eq. ~17!, PT invari-

ance may be applied in a manner analogous to the treatment
of the DIS cross section given above. In this case, however,
PT invariance allows nonzero AN for a limited number of
functions, as discussed in the Appendix.
As in the spin-averaged cross section, Eq. ~15!, the hard-

scattering functions Ha1b!c(sWT) are the only factors in Eq.
~17! that are calculable in QCD perturbation theory. The cal-
culation of the H’s depends on the explicit definitions of the
twist-3 distributions, for example fa/A

(3) (x1 ,x2 ,sWT), and the
predictive power of Eq. ~17! relies on the universality of the
new twist-3 distributions @11,33#.
Equation ~17! illustrates the typical complexity of higher-

twist analysis: even at first nonleading twist, whole new

classes of functions begin to contribute. This complexity is
particularly difficult to sort out for physical observables to
which leading-twist terms contribute. The combination of
small effects and complex parametrizations has made the ex-
traction of higher twist distributions from the data difficult,

FIG. 4. Factorization of a typical forward scattering amplitude
contributing to the spin-dependent cross section for hadronic pion
production: ~a! with chiral-even three-parton matrix element, ~b!
with chiral-odd transversity.

SINGLE TRANSVERSE-SPIN ASYMMETRIES IN . . . PHYSICAL REVIEW D 59 014004

014004-5

Qiu	&	Sterman		PRD	59	(1998)	

1st	term:		twsit-3	correla=on	func=ons,	“Sivers”	
2nd	term:	twist-2	transversity	*	twist-3	from	unpol	beam	(expected	small)	
3rd	term:	twist-2	transversity	*	twist-3	FF,	“Collins”			

	

Need	new	direct	measurements	of	Sivers	and	Collins	TSSA	in	p+p!		
				Forward	sPHENIX	Upgrade	Proposal	
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Access	Sivers	and	Collins	in	p+p		
in	the	right	Kinema=c	region	X	=	0.1	~	0.5	

• Forward	jet	and	hadron	fragmenta=on	TSSA	measurement!		

Forward	jet	

Central	or	forward	sub-leading	jet	

x1	 x2	

z	
jT	

xF	=	(X1	–	X2)	~	X1	=	(pZ1	+	pZ2)/100,			when	x1	>>	x2				
	
			-	q(x1)	+	g(x2)	process	dominates		
			-	quark	q(x1)	Sivers	and	Collins	asymmetry	
	

x1	

x2	

h+/-	h+/-	
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p+p	

SIDIS	



Access	Sivers	and	Collins	with	Jet	and	Hadron	Azimuthal	
Distribu=ons	in	Transversely	Polarized	p+p	Collisions		

which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"

collisions are available. Section IV contains our final re-
marks and conclusions.

II. FORMALISM

In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.

Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:

Ejd"
AðSAÞB!jetþ!þX

d3pjdzd
2k?!

¼
X

a;b;c;d;f#g

Z dxadxb
16!2xaxbs

d2k?a

&d2k?b$
a=A;SA
#a#

0
a
f̂a=A;SAðxa;k?aÞ$b=B

#b#
0
b
f̂b=Bðxb;k?bÞ

&M̂#c;#d;#a;#b
M̂'

#0
c;#d;#

0
a;#

0
b
%ðŝþ t̂þ ûÞD̂!

#c;#
0
c
ðz;k?!Þ: (1)

In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ (1=2ð(1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic

transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.

$a=A;SA
#a#

0
a
f̂a=A;SAðxa; k?aÞ contains all information on the

polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,

which will be discussed in the following. $a=A;SA
#a#

0
a

is the

helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B

is encoded into $b=B
#b#

0
b
f̂b=Bðxb;k?bÞ.

The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity

scattering amplitudes for the hard partonic process ab ! cd.
The D̂!

#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD

fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.
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which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"

collisions are available. Section IV contains our final re-
marks and conclusions.

II. FORMALISM

In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.

Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:

Ejd"
AðSAÞB!jetþ!þX

d3pjdzd
2k?!

¼
X

a;b;c;d;f#g

Z dxadxb
16!2xaxbs

d2k?a

&d2k?b$
a=A;SA
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0
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0
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#0
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0
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0
b
%ðŝþ t̂þ ûÞD̂!

#c;#
0
c
ðz;k?!Þ: (1)

In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ (1=2ð(1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic

transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.

$a=A;SA
#a#

0
a
f̂a=A;SAðxa; k?aÞ contains all information on the

polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,

which will be discussed in the following. $a=A;SA
#a#

0
a

is the

helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B

is encoded into $b=B
#b#

0
b
f̂b=Bðxb;k?bÞ.

The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity

scattering amplitudes for the hard partonic process ab ! cd.
The D̂!

#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD

fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.

AZIMUTHAL ASYMMETRIES FOR HADRON . . . PHYSICAL REVIEW D 83, 034021 (2011)

034021-3

Experimental	variables:	
-  Jet	Pj,	xF	
-  Hadron	Ph	,	PID	
-  Beam	polariza=on		

Feng	Yuan,	PRL	100,	032003	(2008)	
Umberto	D’Alesio	et	al	PRD	83	034021	(2011)	

7/21/16	 Ming	Liu,	UC	EIC-Consor=um	Workshop@LBL	 18	

checked that even in themaximized scenario this last
contribution is always negligible in all the kinemati-
cal configurations considered; therefore, we will not
discuss it anymore in the sequel;

(2) The cos!H
" asymmetry is generated by the quark

Boer-Mulders!Collins convolution term, involving
a transversely polarized quark and an unpolarized
hadronboth in the initial state and in the fragmentation
process. In the central rapidity region (#j ¼ 0) the
maximized value of this asymmetry is of the order
1–3%, depending on the fragmentation function set
adopted and on the c.m. energy considered, being
almost negligible at

ffiffiffi
s

p ¼ 500 GeV. In the forward
rapidity region, #j ¼ 3:3, the maximized cos!H

"

asymmetry can be much larger both at
ffiffiffi
s

p ¼ 200
and 500 GeV. As an example, in Fig. 2 we show the
maximized cos!H

" asymmetry (solid red lines) for"þ

production at c.m. energy
ffiffiffi
s

p ¼ 200 GeV in the cen-
tral (left panel) and forward (right panel) rapidity
regions as a function of pjT , from pjT ¼ 2 GeV up

to the maximum allowed value, adopting the Kretzer
FF set. Slightly lower values are obtained using the
DSS set.

(3) The cos2!H
" asymmetry is related to the term in-

volving linearly polarized gluons and unpolarized
hadrons both in the initial state and in the fragmen-
tation process, that is, the convolution of a Boer-
Mulders-like gluon distribution with a Collins-like
gluon FF. Even the maximized contribution is prac-
tically negligible in the kinematical configurations
considered. As an example, again in Fig. 2, we show
the maximized cos2!H

" asymmetry (dashed green
lines) for "þ production at

ffiffiffi
s

p ¼ 200 GeV c.m.
energy in the central (left panel) and forward (right

panel) rapidity regions as a function of pjT , adopting
the Kretzer FF set. Similar results are obtained using
the DSS set.

Concerning results with available parametrizations, for
the quark-originated cos!H

" asymmetry we have verified
that the asymmetries obtained with the parametrizations
adopted here, our set SIDIS 2 and the BMP set for the
Boer-Mulders function, are negligible in all kinematical
configurations considered. No parametrizations are pres-
ently available for the analogous gluon contributions lead-
ing to the cos2!H

" asymmetry.

B. Azimuthal asymmetries for ANðp"p ! jetþ ! þ XÞ
Let us now discuss our numerical results for the Sivers

(A
sin!SA
N ) asymmetry and the quark [A

sinð!SA
&!H

" Þ
N ] and gluon

[A
sinð!SA

&2!H
" Þ

N ] Collins(-like) asymmetries; see Eq. (32).
Our estimates are qualitatively similar at the three different
c.m. energies considered, with some differences in the size
of the asymmetries and in the relative weight of the
quark and gluon contributions where both play a role.
Therefore, we will concentrate on the results obtained atffiffiffi
s

p ¼ 200 GeV.

1. The Sivers asymmetry

In this case, both quark and gluon contributions can be
present, and they cannot be disentangled. However, some
kinematical configurations can be dominated by quark or
gluon terms, and a sizable asymmetry in these regions
might be an unambiguous indication for a Sivers asymme-
try generated by the dominant partonic contribution.
In Fig. 3 we show the total observable Sivers asymmetry

(solid red line) and the corresponding quark and
gluon contributions (dashed green and dotted blue lines,
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FIG. 2 (color online). Maximized quark-originated ( cos!H
" ) and gluon-originated ( cos2!H

" ) asymmetries (solid red and dashed
green lines, respectively) for the unpolarized pp ! jetþ "þ þ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel)
and forward (right panel) rapidity regions as a function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, adopting the

Kretzer FF set. Slightly lower (similar) values are obtained for quark (gluon) asymmetries when using the DSS set.
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Forward	sPHENIX	

-1	<	eta	<	4	
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Detector Concept Magnet System

Figure 2.1: A schematic view of combined sPHENIX/fsPHENIX detector systems, showing
the location of vertex tracker (a reconfigured FVTX), intermediate tracker (GEM), HCal,
MuID, and piston field shaper in the forward region.

pipe to shape the magnetic field near the beam axis, see Figure 2.2. One possible choice
for a large saturation point material for such a field shaper could be an alloy with a large
concentration of cobalt. For example, the material HIPERCO-50 with a 49%Co+49%Fe
composition saturates at 2.25 Tesla.

Figure 2.2: The magnetic piston field shaper surrounding the beam pipe. The tungsten
saw-tooth ring structure is also shown, as a possible upgrade to the baseline design to absorb
the background from the particles shower within the piston material.
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III. OUTLINE OF THE ANALYSIS

In this Section, we outline the details of our analysis.
More specifically, we discuss our choice of parametriza-
tion, the selection of data sets, treatment of experimental
normalization uncertainties, and how we determine the
parameters by means of a global χ2 minimization. We
also briefly sketch how we make use of Mellin moments
to include exact NLO expressions for the cross sections
(7), (11), and (14) in our analysis and how we assess un-
certainties in the extraction of fragmentation functions
with the help of the Lagrange multiplier technique.

A. Parametrization

All recent analyses of fragmentation functions are
based exclusively on SIA data [7–10] and have cho-
sen the most simple functional form Nizαi(1 − z)βi to
parametrize the DH

i at some initial scale µ0 for the Q2-
evolution (2). The structure of the SIA cross section
(7)-(10) allows to extract only information on Dπ++π−

q+q̄
from data (similarly for kaons). Without assumptions it
is impossible to distinguish “favored” or “valence” from
“unfavored” or “sea” fragmentation, for instance, Dπ+

u

from Dπ+

ū where |π+⟩ = |ud̄⟩. This is a serious limitation
of all present analyses [7–10], as the obtained fragmenta-
tion functions cannot be used to compare to a wealth of
recent data on the production of charged pions and kaons
in SIDIS [18] or proton-proton collisions [21]. In Ref. [7]
a linear suppression factor Dπ+

ū /Dπ+

u = (1 − z) was as-
sumed to break this “deadlock”. This was later shown to
be in fair agreement with charged pion multiplicities in
SIDIS from HERMES [18] within a LO combined analysis
of SIA and SIDIS data [34]; see also Fig. 4 and discussions
below.

In our global analysis we will determine for the first
time individual fragmentation functions for quark and
anti-quarks for all flavors as well as gluons from data.
To accommodate also the experimental information from
lepton-nucleon and hadron-hadron scattering data, we
adopt a somewhat more flexible input distribution than
in [7–10]

DH
i (z, µ0) =

Nizαi(1 − z)βi[1 + γi(1 − z)δi ]
B[2 + αi, βi + 1] + γiB[2 + αi, βi + δi + 1]

,

(15)
where B[a, b] represents the Euler Beta-function and Ni

is normalized such to represent the contribution of DH
i to

the sum rule (5). A more restrictive initial parametriza-
tion with γi = 0 in Eq. (15) would introduce artifi-
cial correlations between the behavior of fragmentation
functions in different regions of z obscuring also the as-
sessment of uncertainties. We find that the extra term
∼ (1− z)δi in Eq. (15) considerably improves the quality
of the global fit, closely related to the fact that the anal-
ysis of fragmentation functions is restricted to medium-

to-large z. Accordingly, additional power terms in z, em-
phasizing the small z region, have little or no impact on
the fit and are not pursued further. The initial scale µ0

for the Q2-evolution is taken to be µ0 = 1 GeV in our
analysis.

Since the initial fragmentation functions (15) at scale
µ0 should not involve more free parameters than can be
extracted from data, we have to impose, however, cer-
tain relations upon the individual fragmentation func-
tions for pions and kaons. We have checked in each case
that relaxing these assumptions indeed does not signif-
icantly improve the χ2 of the fit of presently available
data to warrant any additional parameters. In detail, for
{u, ū, d, d̄} → π+ we impose isospin symmetry for the
sea fragmentation functions, i.e.,

Dπ+

ū = Dπ+

d , (16)

but we allow for slightly different normalizations in the
q + q̄ sum:

Dπ+

d+d̄ = NDπ+

u+ū. (17)

For strange quarks it is assumed that

Dπ+

s = Dπ+

s̄ = N ′Dπ+

ū (18)

with N ′ independent of z.
It is worth noticing that assuming N = N ′ = 1 [7, 10]

in Eqs. (17) and (18), respectively, SIA data alone allow
to distinguish between favored and unfavored fragmenta-
tion functions in principle. We shall scrutinize the com-
patibility of these assumptions with SIDIS and hadronic
scattering data in Sec. IVF. At any rate, their impact
on the assessment of uncertainties of fragmentation func-
tions is highly non trivial.

For charged kaons we fit DK+

u+ū and DK+

s+s̄ independently
to account for the phenomenological expectation that the
formation of secondary ss̄ pairs, which is required to form
a |K+⟩ = |us̄⟩ from a u but not from an s̄ quark, should
be suppressed. Indeed, we find from our fit, see Sec.
IV below, that DK+

s+s̄ > DK+

u+ū in line with that expec-
tation. For the unfavored fragmentation the data are
unable to discriminate between flavors and, consequently,
we assume that all distributions have the same functional
form:

DK+

ū = DK+

s = DK+

d = DK+

d̄ . (19)

We adopt the functional form (15) also for the fragmen-
tation of heavy charm and bottom quarks into charged
pions and kaons but setting γi = 0. As in [7–10] we as-
sume that DH

c = DH
c̄ and DH

b = DH
b̄

for H = π+, K+.
Heavy flavors are included discontinuously as massless
partons in the evolution (2) above their MS “thresholds”,
Q = mc,b, with mc,b denoting the mass of the charm and
bottom quark, respectively. This treatment of heavy fla-
vors is very much at variance with heavy quark parton
densities, where very elaborate schemes have been devel-
oped to properly include mass effects near threshold and
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certainties in the extraction of fragmentation functions
with the help of the Lagrange multiplier technique.

A. Parametrization

All recent analyses of fragmentation functions are
based exclusively on SIA data [7–10] and have cho-
sen the most simple functional form Nizαi(1 − z)βi to
parametrize the DH

i at some initial scale µ0 for the Q2-
evolution (2). The structure of the SIA cross section
(7)-(10) allows to extract only information on Dπ++π−

q+q̄
from data (similarly for kaons). Without assumptions it
is impossible to distinguish “favored” or “valence” from
“unfavored” or “sea” fragmentation, for instance, Dπ+

u

from Dπ+

ū where |π+⟩ = |ud̄⟩. This is a serious limitation
of all present analyses [7–10], as the obtained fragmenta-
tion functions cannot be used to compare to a wealth of
recent data on the production of charged pions and kaons
in SIDIS [18] or proton-proton collisions [21]. In Ref. [7]
a linear suppression factor Dπ+

ū /Dπ+

u = (1 − z) was as-
sumed to break this “deadlock”. This was later shown to
be in fair agreement with charged pion multiplicities in
SIDIS from HERMES [18] within a LO combined analysis
of SIA and SIDIS data [34]; see also Fig. 4 and discussions
below.

In our global analysis we will determine for the first
time individual fragmentation functions for quark and
anti-quarks for all flavors as well as gluons from data.
To accommodate also the experimental information from
lepton-nucleon and hadron-hadron scattering data, we
adopt a somewhat more flexible input distribution than
in [7–10]

DH
i (z, µ0) =

Nizαi(1 − z)βi[1 + γi(1 − z)δi ]
B[2 + αi, βi + 1] + γiB[2 + αi, βi + δi + 1]

,

(15)
where B[a, b] represents the Euler Beta-function and Ni

is normalized such to represent the contribution of DH
i to

the sum rule (5). A more restrictive initial parametriza-
tion with γi = 0 in Eq. (15) would introduce artifi-
cial correlations between the behavior of fragmentation
functions in different regions of z obscuring also the as-
sessment of uncertainties. We find that the extra term
∼ (1− z)δi in Eq. (15) considerably improves the quality
of the global fit, closely related to the fact that the anal-
ysis of fragmentation functions is restricted to medium-

to-large z. Accordingly, additional power terms in z, em-
phasizing the small z region, have little or no impact on
the fit and are not pursued further. The initial scale µ0

for the Q2-evolution is taken to be µ0 = 1 GeV in our
analysis.

Since the initial fragmentation functions (15) at scale
µ0 should not involve more free parameters than can be
extracted from data, we have to impose, however, cer-
tain relations upon the individual fragmentation func-
tions for pions and kaons. We have checked in each case
that relaxing these assumptions indeed does not signif-
icantly improve the χ2 of the fit of presently available
data to warrant any additional parameters. In detail, for
{u, ū, d, d̄} → π+ we impose isospin symmetry for the
sea fragmentation functions, i.e.,

Dπ+

ū = Dπ+

d , (16)

but we allow for slightly different normalizations in the
q + q̄ sum:

Dπ+

d+d̄ = NDπ+

u+ū. (17)

For strange quarks it is assumed that

Dπ+

s = Dπ+

s̄ = N ′Dπ+

ū (18)

with N ′ independent of z.
It is worth noticing that assuming N = N ′ = 1 [7, 10]

in Eqs. (17) and (18), respectively, SIA data alone allow
to distinguish between favored and unfavored fragmenta-
tion functions in principle. We shall scrutinize the com-
patibility of these assumptions with SIDIS and hadronic
scattering data in Sec. IVF. At any rate, their impact
on the assessment of uncertainties of fragmentation func-
tions is highly non trivial.

For charged kaons we fit DK+

u+ū and DK+

s+s̄ independently
to account for the phenomenological expectation that the
formation of secondary ss̄ pairs, which is required to form
a |K+⟩ = |us̄⟩ from a u but not from an s̄ quark, should
be suppressed. Indeed, we find from our fit, see Sec.
IV below, that DK+

s+s̄ > DK+

u+ū in line with that expec-
tation. For the unfavored fragmentation the data are
unable to discriminate between flavors and, consequently,
we assume that all distributions have the same functional
form:

DK+

ū = DK+

s = DK+

d = DK+

d̄ . (19)

We adopt the functional form (15) also for the fragmen-
tation of heavy charm and bottom quarks into charged
pions and kaons but setting γi = 0. As in [7–10] we as-
sume that DH

c = DH
c̄ and DH

b = DH
b̄

for H = π+, K+.
Heavy flavors are included discontinuously as massless
partons in the evolution (2) above their MS “thresholds”,
Q = mc,b, with mc,b denoting the mass of the charm and
bottom quark, respectively. This treatment of heavy fla-
vors is very much at variance with heavy quark parton
densities, where very elaborate schemes have been devel-
oped to properly include mass effects near threshold and
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u+ū in line with that expec-
tation. For the unfavored fragmentation the data are
unable to discriminate between flavors and, consequently,
we assume that all distributions have the same functional
form:

DK+
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u+ū. (17)

For strange quarks it is assumed that

Dπ+

s = Dπ+

s̄ = N ′Dπ+
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More specifically, we discuss our choice of parametriza-
tion, the selection of data sets, treatment of experimental
normalization uncertainties, and how we determine the
parameters by means of a global χ2 minimization. We
also briefly sketch how we make use of Mellin moments
to include exact NLO expressions for the cross sections
(7), (11), and (14) in our analysis and how we assess un-
certainties in the extraction of fragmentation functions
with the help of the Lagrange multiplier technique.

A. Parametrization

All recent analyses of fragmentation functions are
based exclusively on SIA data [7–10] and have cho-
sen the most simple functional form Nizαi(1 − z)βi to
parametrize the DH

i at some initial scale µ0 for the Q2-
evolution (2). The structure of the SIA cross section
(7)-(10) allows to extract only information on Dπ++π−

q+q̄
from data (similarly for kaons). Without assumptions it
is impossible to distinguish “favored” or “valence” from
“unfavored” or “sea” fragmentation, for instance, Dπ+

u

from Dπ+

ū where |π+⟩ = |ud̄⟩. This is a serious limitation
of all present analyses [7–10], as the obtained fragmenta-
tion functions cannot be used to compare to a wealth of
recent data on the production of charged pions and kaons
in SIDIS [18] or proton-proton collisions [21]. In Ref. [7]
a linear suppression factor Dπ+

ū /Dπ+

u = (1 − z) was as-
sumed to break this “deadlock”. This was later shown to
be in fair agreement with charged pion multiplicities in
SIDIS from HERMES [18] within a LO combined analysis
of SIA and SIDIS data [34]; see also Fig. 4 and discussions
below.

In our global analysis we will determine for the first
time individual fragmentation functions for quark and
anti-quarks for all flavors as well as gluons from data.
To accommodate also the experimental information from
lepton-nucleon and hadron-hadron scattering data, we
adopt a somewhat more flexible input distribution than
in [7–10]

DH
i (z, µ0) =

Nizαi(1 − z)βi[1 + γi(1 − z)δi ]
B[2 + αi, βi + 1] + γiB[2 + αi, βi + δi + 1]

,

(15)
where B[a, b] represents the Euler Beta-function and Ni

is normalized such to represent the contribution of DH
i to

the sum rule (5). A more restrictive initial parametriza-
tion with γi = 0 in Eq. (15) would introduce artifi-
cial correlations between the behavior of fragmentation
functions in different regions of z obscuring also the as-
sessment of uncertainties. We find that the extra term
∼ (1− z)δi in Eq. (15) considerably improves the quality
of the global fit, closely related to the fact that the anal-
ysis of fragmentation functions is restricted to medium-

to-large z. Accordingly, additional power terms in z, em-
phasizing the small z region, have little or no impact on
the fit and are not pursued further. The initial scale µ0

for the Q2-evolution is taken to be µ0 = 1 GeV in our
analysis.

Since the initial fragmentation functions (15) at scale
µ0 should not involve more free parameters than can be
extracted from data, we have to impose, however, cer-
tain relations upon the individual fragmentation func-
tions for pions and kaons. We have checked in each case
that relaxing these assumptions indeed does not signif-
icantly improve the χ2 of the fit of presently available
data to warrant any additional parameters. In detail, for
{u, ū, d, d̄} → π+ we impose isospin symmetry for the
sea fragmentation functions, i.e.,

Dπ+

ū = Dπ+

d , (16)

but we allow for slightly different normalizations in the
q + q̄ sum:

Dπ+

d+d̄ = NDπ+

u+ū. (17)

For strange quarks it is assumed that

Dπ+

s = Dπ+

s̄ = N ′Dπ+

ū (18)

with N ′ independent of z.
It is worth noticing that assuming N = N ′ = 1 [7, 10]

in Eqs. (17) and (18), respectively, SIA data alone allow
to distinguish between favored and unfavored fragmenta-
tion functions in principle. We shall scrutinize the com-
patibility of these assumptions with SIDIS and hadronic
scattering data in Sec. IVF. At any rate, their impact
on the assessment of uncertainties of fragmentation func-
tions is highly non trivial.

For charged kaons we fit DK+

u+ū and DK+

s+s̄ independently
to account for the phenomenological expectation that the
formation of secondary ss̄ pairs, which is required to form
a |K+⟩ = |us̄⟩ from a u but not from an s̄ quark, should
be suppressed. Indeed, we find from our fit, see Sec.
IV below, that DK+

s+s̄ > DK+

u+ū in line with that expec-
tation. For the unfavored fragmentation the data are
unable to discriminate between flavors and, consequently,
we assume that all distributions have the same functional
form:

DK+

ū = DK+

s = DK+

d = DK+

d̄ . (19)

We adopt the functional form (15) also for the fragmen-
tation of heavy charm and bottom quarks into charged
pions and kaons but setting γi = 0. As in [7–10] we as-
sume that DH

c = DH
c̄ and DH

b = DH
b̄

for H = π+, K+.
Heavy flavors are included discontinuously as massless
partons in the evolution (2) above their MS “thresholds”,
Q = mc,b, with mc,b denoting the mass of the charm and
bottom quark, respectively. This treatment of heavy fla-
vors is very much at variance with heavy quark parton
densities, where very elaborate schemes have been devel-
oped to properly include mass effects near threshold and

• allow for possible breaking 
of SU(3) of sea and SU(2) in 
favored distributions

• unless data can not discriminate for 
unfavored fragmentations

• Normalizations for different experiments (if not included in syst.)
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Jet	Quark-Flavor	Tagging	With	Leading	
Charged	Hadrons	in	p+p	

Jet Measurements with fsPHENIX Physics Performance
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Figure 3.3: Up (red), down (blue) quark and other purities (magenta and brown) for jets
in the rapidity range 1.7–3.3 and transverse momenta above 4 GeV as a function of the
reconstructed jet xF when requiring a h+ (left figure) with z > 0.5, or no hadron selection
(middle figure), or h� (right figure) with z > 0.5.
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Figure 3.4: Positive leading charge cut efficiency (red) and Negative leading charge cut
efficiency (blue) for jets with pT > 4 GeV/c in the pseudorapidity range 1.7–3.3.

The charge sign selection cuts needed to enrich quark fractions away from the natural
abundance will reduce the statistical sample of jets that are analyzed as only a portion of
the fragmentations will produce leading charged hadrons. These efficiencies are shown
in Fig. 3.4 for both the leading positive charge cut and the leading negative charge cut.
The efficiency for the positive charge selections rises from 6% at low xF to 10% at large
xF, a reflection of the rapidly increasing up quark contribution to the parton distribution
function. The efficiency for the negative charge sign selection remains at a level 4% across
xF.

Deeper inspection of the jet fragmentation will gather more information than the examina-
tion of the leading particle only and will allow the construction of more sophisticated cuts
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Jet	+	h+(z>0.5)				
favors	u-quark	
	

Jet	+	h-(z>0.5)					
favors	d-quark	
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Flavor	Tagged	Jet		Sivers	Asymmetry	

•  Jet	and	leading	h+	and	h-	
•  jet_eta=	[1,4]	
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Jet Measurements with fsPHENIX Physics Performance
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Figure 3.5: Projected statistical precision for jet AN measurements (left column) and ex-
tracted theory constraints (right column) for theoretical inputs from Anselmino, et. al. (top
row) and Gamberg, Kang, & Prokudin (bottom row) using jets with pT > 4 GeV/c in the
pseudorapidity range 1.7–3.3. Shaded bands depict existing theoretical uncertainties assum-
ing a fit to world data involves no spin-dependent fragmentation. Bars show the expected
statistical uncertainties from 97 pb�1 of p+p at 200 GeV.

For the selected data x ranges can be probed above the previously available SIDIS measure-
ments of about 0.3. The ranges probed as function of jet energy bin are displayed in Fig. 3.8
where one can see, that the higher jet energies at the forward rapidities generally reach x
of 0.5 to 0.6 at

p
s = 200 GeV. This will allow to better constrain the global transvsersity

analysis and provide the full range of integration for the up and down tensor charges of
the nucleon.

If the baseline fsPHENIX detector were extended with full pion-kaon particle identification

32

Naïve	direct	mapping		
from	SIDIS	Sivers	
-	“u-quark	jet”	AN	>0	

With	process-dep		
from	SIDIS	Sivers	
-	“u-quark	jet”	AN	<	0	
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Fig. 6. The Sivers distribution functions for u, d and s flavours,
at the scale Q2 = 2.4 (GeV/c)2, as determined by our simul-
taneous fit of HERMES and COMPASS data (see text for de-
tails). On the left panel, the first moment x ∆Nf (1)(x), eq. (17),
is shown as a function of x for each flavour, as indicated. Simi-
larly, on the right panel, the Sivers distribution x ∆Nf(x, k⊥) is
shown as a function of k⊥ at a fixed value of x for each flavour,
as indicated. The highest and lowest dashed lines show the
positivity limits |∆Nf | = 2f .

Sivers distribution. In particular, we definitely find

∆Nfs̄/p↑ > 0 (18)

and confirm the previous findings for valence
flavours [2,7–9],

∆Nfu/p↑ > 0, ∆Nfd/p↑ < 0. (19)

There are simple reasons for the above results. The
Sivers distribution function for s̄ quarks turns out to
be definitely positive, due to the large positive value

of Asin(φh−φS)
UT for K+; notice that the value of Ns̄ sat-

urates the positivity bound |Nq| ≤ 1. Similarly, the
positive sign of ∆Nfu/p↑ is, essentially, driven by the
positive π+ and K+ SSAs and the opposite sign of
∆Nfd/p↑ by the small SSA measured by COMPASS
on a deuteron target. The u and d Sivers functions are
also predicted to be opposite in the large-Nc limit [29]
and in chiral models [30].
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Fig. 7. The Sivers distribution functions for u and d flavours,
at the scale Q2 = 2.4 (GeV/c)2, as determined by our present
fit (solid lines), are compared with those of our previous fit [2]
of SIDIS data (dashed lines), where π0 and kaon productions
were not considered and only valence quark contributions were
taken into account. This plot clearly shows that the Sivers func-
tions previously found are consistent, within the statistical un-
certainty bands, with the Sivers functions presently obtained.

– The Sivers functions for ū, d̄ and s quarks, instead,
turn out to have much larger uncertainties; even the
sign of the ū and s Sivers functions is not fixed by avail-
able data, while ∆Nfd̄/p↑ appears to be negative. This
could be consistent with a positive contribution from u
quarks, necessary to explain the large K+ asymmetry,
which is decreased, for π+, by a negative d̄ contribu-
tion. One might expect correlated Sivers functions for
s and s̄ quarks: we have actually checked that choosing
∆Nfs/p↑ = ±∆Nfs̄/p↑ slightly worsens the χ2

dof (from
1 up to about 1.1), but still leads to a reasonable fit.

– We notice that the Burkardt sum rule [31]

∑

a

∫

dxd2k⊥ k⊥ fa/p↑(x,k⊥) ≡
∑

a

⟨ka
⊥⟩ = 0, (20)

where, from eqs. (2) and (17),

⟨ka
⊥⟩ =

[

π

2

∫ 1

0
dx

∫ ∞

0
dk⊥ k2

⊥ ∆Nfa/p↑(x, k⊥)

]

(S×P̂ ) =

mp

∫ 1

0
dx ∆Nf (1)

q/p↑(x) (S×P̂ )≡⟨ka
⊥⟩ (S×P̂ ), (21)

is almost saturated by u and d quarks alone at Q2 =
2.4 (GeV/c)2:

⟨ku
⊥⟩ + ⟨kd

⊥⟩ = −17+37
−55 (MeV/c),

⟨kū
⊥⟩ + ⟨kd̄

⊥⟩ + ⟨ks
⊥⟩ + ⟨ks̄

⊥⟩ = −14+43
−66 (MeV/c).

(22)

The individual contributions for quarks are:

⟨ku
⊥⟩=96+60

−28 (MeV/c), ⟨kd
⊥⟩=−113+45

−51 (MeV/c),

⟨kū
⊥⟩=2+24

−11 (MeV/c), ⟨kd̄
⊥⟩=−28+20

−60 (MeV/c), (23)

⟨ks
⊥⟩=−4+11

−15 (MeV/c), ⟨ks̄
⊥⟩=17+30

−8 (MeV/c),

Sivers,	SIDIS	fit	
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Projeciton	
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Physics Performance Drell-Yan Measurements with fsPHENIX

Figure 3.6: Expected single spin asymmetry Asin(f�fh)
N sensitivities for charged hadrons

in jets in the rapidity range 1.7–3.3 and transverse momenta above 4 GeV as a function
of the fractional hadron energy z for h+ (red points) or h� (blue points). The expected
asymmetries for pions based on the SIDIS Collins fits are also displayed. The error bars
shown are statistical only.

capabilities, for example with the RICH planned for the EIC detector [2], one could also
extract pion and kaon asymmetries separately. This would allow a full flavor decompo-
sition of the transversity distribution into at least up, down and sea quarks or possible
even distinguishing the light and strange sea. The corresponding kaon Collins fragmenta-
tion functions are expected to be obtained in the Belle experiment well in advance of the
fsPHENIX era. The expected uncertainties on the kaons asymmetries are shown in Figure
3.9. A gas RICH detector is assumed for charged kaon identification in the momentum
range of 15–60 GeV. Even with the substantially smaller unpolarized kaon fragmentation
functions for light quarks and the rapidly falling spectrum of light hadron fragmentation
functions good statistics are available when integrated over the full jet energy range.

3.3 Drell-Yan Measurements with fsPHENIX

One of the goals of fsPHENIX is to investigate the Sivers transverse-spin asymmetry in
the Drell-Yan process in order to compare it with that from the DIS process and to test the
“non-universality”. This has become one of the top priorities for the world-wide hadronic
physics community. We need to measure the asymmetry in the Drell-Yan process to collect
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which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"

collisions are available. Section IV contains our final re-
marks and conclusions.

II. FORMALISM

In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.

Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:

Ejd"
AðSAÞB!jetþ!þX

d3pjdzd
2k?!

¼
X

a;b;c;d;f#g

Z dxadxb
16!2xaxbs

d2k?a

&d2k?b$
a=A;SA
#a#

0
a
f̂a=A;SAðxa;k?aÞ$b=B

#b#
0
b
f̂b=Bðxb;k?bÞ

&M̂#c;#d;#a;#b
M̂'

#0
c;#d;#

0
a;#

0
b
%ðŝþ t̂þ ûÞD̂!

#c;#
0
c
ðz;k?!Þ: (1)

In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ (1=2ð(1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic

transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.

$a=A;SA
#a#

0
a
f̂a=A;SAðxa; k?aÞ contains all information on the

polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,

which will be discussed in the following. $a=A;SA
#a#

0
a

is the

helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B

is encoded into $b=B
#b#

0
b
f̂b=Bðxb;k?bÞ.

The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity

scattering amplitudes for the hard partonic process ab ! cd.
The D̂!

#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD

fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.
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Access	Gluons:	Open	Charm	TSSA	
Qiu,	2010	



Study	Novel	Heavy	Quark	TSSA	at	RHIC		
Twist-3	tri-gluon	correla=on	Funs		
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Koike	et.	al.	(2011)	
Kang,	Qiu,	Vogelsang,	Yuan	(2008)	

AN (D) ≠
?
AN (D)

€ 

g + g →c + c 

δ f = +1(c); −1(c )



•  DY	AN	accesses	quark	Sivers	effect	
(f1T⊥)	in	proton	

•  f1T⊥	expected	to	reverse	in	sign	
from	SIDIS	to	DY	meas.	
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Forward	Dimuon	Drell-Yan	AN	

proton 

proton μ-	

μ+	
proton 

lepton lepton 

pion 

Semi-inclusive	DIS	(SIDIS)	 Drell-Yan	



Drell-Yan		
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Forward	sPHENIX	–	a	Portal	to	EIC	

•  For	the	first	=me	to	clearly	iden=fy	and	separate	key	
spin	observables	in	forward	jet	and	hadron	
produc=ons	in	p+p	collisions,	in	the	quark	sector	
•  Forward	jet	TSSA	(Sivers-like)		
•  Hadron	TSSA	inside	a	jet	(Collins-like)				
•  Larger	effect	with	quark-flavor	tagged	jets	
•  Test	process	dependence	of	TSSA	
•  High	sta=s=cs	and	precision		

•  Access	gluon	TMDs/Twist-3	via	heavy	quarks	
•  Open	charm,	J/Psi	TSSAs	etc.	

•  Complementary	to	EIC	physics	program	
•  Spin	physics	
•  CNM	physics		
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Our	Vision	PHENIX	->	Forward/sPHENIX->ePHENIX	

~2000	 2017→2022	 ~2025	 Time	

Current	PHENIX	 f/sPHENIX	 An	EIC	detector	

•  PHENIX	completed	2016	
•  16y+	work	

100+M$	investment	
•  130+	published	papers	to	

date	

}  Comprehensive	central	upgrade	
based	on	BaBar	magnet	

}  fsPHENIX:	forward	tracking,	
HCal	and	muon	ID	

}  Key	study	of	transverse	spin	
}  New	collabora=on/new	ideas	

}  Path	of	PHENIX	upgrade	leads	
to	a	capable	EIC	detector	

}  Large	coverage	of	tracking,	
calorimetry	and	PID	

}  New	collabora=on/new	ideas	

Documented:	h^p://www.phenix.bnl.gov/plans.html	

RHIC:	A+A,	polarized	p+p,	polarized	p+A	 eRHIC:	e+p,	e+A	



Projected	Luminosi=es	
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TSSA	in	Heavy	Quark	Produc=on	in	p+p	
Kang,	Qiu,	Vogelsang,	Yuan,	PRD	2008	
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