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Topics	to	be	discussed	
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Ø  Particle yields  
And nuclear modification 

Ø Correlations 
Ø  Spin Asymmetries 



PHENIX-Forward	
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Muon arms:  
Vertex + Tracking + hadron absorbers  
1.2<|𝝶|<2.2:  µ, J/ψ, h± 

Muon Piston Calorimeter (MPC) + MPC-ex:  
Pre-shower (MPC-ex) + crystal calorimeter 
3.1<|𝝶|<3.8:  π0, η, γ 

ZDC 
 Forward hadronic calorimeter 
|𝝶|>6.5:   n 

PHENIX	OPERATION	
ENDED	IN	2016	



Par@cle	Yields,	
Correla@ons	
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pQCD,	PDF,	FF	 Produc,on	Mechanism	

Gluon	Satura,on	



pp	→	η+X,	μ+X,	DY		
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pp	→	ηX,	3.3<|η|<3.8	
PRD90,	072008	(2014)	

FONLL	in	reasonable	agreement	
with	data	at	higher	pT	
Tends	to	underes@mate	data	at	
lower	pT	

pp:	DY→μμ	,	1.2<|η|<2.2	
arXiv:1805.02448	

NLO	pQCD	in	excellent	
agreement	with	data	

pp	→	μX,	1.4<|η|<2.0	
PRD95,	112001	(2017)	

NLO	pQCD	in	excellent	
agreement	with	data	



 produced mainly by NLO flavor excitation  
 produced mainly by LO pair creation  

pp	→	

6	

(cc or bb )+ X
arXiv: 1805.02448 

Produc,on	Mechanism	

bb
cc

Angular correlations  



pA	→	h±+X	
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p-going:   RCP<1 
Shadowing? Saturation? 

A-going: RCP>1 
Anti-shadowing? 

… Though, not described by current nPDF 



pA	→	μ±+X	
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Muons	from	heavy	flavor	
PHENIX	

PRL112,	252301	(2014)	

-2.0<y<-1.4	

1.4<y<2.0	

Similar to h±:  
 
p-going:   RCP<1 

Shadowing? Saturation? 
A-going: RCP>1 

Anti-shadowing? 
 

Not supported by nPDF 



pA	→	φ+X,	J/ψ+X	
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PRC 92, 044909 (2015) 

Similar pattern for h±, µ±, ϕ 
 
J/ψ suppressed 

Breakup in nuclear matter  



p(d,3He)A	→	J/ψ+X		vs		ψ’+X	

PRC 95, 034904 (2017) 

•  Breakup of quarkonia due to 
interaction with nuclear matter 

•  Larger suppression of the 
weakly bound state ψ’ 

•  Larger suppression of ψ’ at 
nucleus going direction 

•  More data coming: Incl. J/ψ, 
Upsilon, single leptons 
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h-h correlation	
PRL 107, 172301 (2011) 

CGC => suppression of back 
to back correlation 

pp
pair
pp

dA
pair
dA

coll
dA N
J

σσ
σσ
/
/1

=

Other mechanisms (including final state effects) 
may lead to the similar suppression 

E.g. CNM energy loss 
 

γ-h correlation: final state effect reduced 
−> Need a pre-shower in front of forward EMCal 
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MPC-EX	
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EMCal Pre-shower 

3.1<|η|<3.8 
Pre-shower:  

Extends π0/γ separation from 
p~20 GeV/c to ~80 GeV/c 
 

 
  Run16: dAu at 20, 39, 62 and 200 GeV 

π0 RCP coming soon 
Dir. γ results coming later 

 



Spin	Asymmetries	
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bT

kT
xp

TMD: 3D imaging, parton dynamics Proton Spin Decomposition 

J/ψ production mechanism Probes CGC 



Proton	Spin	Decomposi@on:	ΔG		

14	14	

DSSV: Phys Rev Lett, 101, 072001 (2008)  
Data from up to 2006 

 
New DSSV: Phys Rev Lett, 113, 012001 (2014)  

Data from up to 2009 

Significant non-zero Δg(x) in the kin. region probed by RHIC 
Similar result from another global fit NNPDF 

Still huge uncertainty in unmeasured region (x<0.05) 
=> Measurements at higher √s and forward rapidity 

dxΔg(x)
0.05

1

∫ = 0.2−0.07
+0.06 (90% CL) 

pp: PHENIX π0+ STAR jet 



ΔG:	Towards	lower	x	 1
2
=
1
2
Δq+Δq( )+ΔG + LZ
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pp → J/ψ  at √s=510 GeV 1.2<|η|<2.4 

J/ψ production mechanism uncertainty  
Not yet in the global fit 

PRD 94, 112008 (2016) 

ALL ∝
Δg(x1)
g(x1)

⋅
Δg(x2 )
g(x2 )

⋅α̂LL
gg→J /ψ+X

Already 
constrained 
by RHIC 

Get access 
to x down 
to 2×10-3 



ΔG:	Towards	lower	x	 1
2
=
1
2
Δq+Δq( )+ΔG + LZ
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π0 in forward region at √s=510 GeV: 
Based on collected 2013 data 
Probes lower x down to ~10-3  

π0: 3.1<|η|<3.9 

From available 
PHENIX+STAR 
data from 2011-15 
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RHIC projection
data ≤ 2015

EIC projection
√s = 78 GeV¬

proton spin

∫ d
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1
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xmin

Other channels also being measured 
(but with weaker stat. power) 

γ, η, π±, h±, heavy flavor through 
e and µ, h-h, γ-h 

Projection 
Aschenauer, Stratmann,Sassot 
PRD 92, 094030 
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Forward-rapidity	π0	AN	

Collinear (higher twist) pQCD predicts  
 AN ~ 1/pT

  ? 

No fall off is observed out to pT ~5 GeV/c 
STAR showed no fall off up to ~7 GeV/c 

Naïve collinear pQCD predicts  
 AN ~ αsmq / pT ~ 0 

Asymmetries survive at highest √s 
Perturbative regime!  

Asymmetries of the ~same size at all √s 
Asymmetries scale with xF 
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PRD90, 012006 (2014) 



Transverse	Spin	Physics	
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Initial State: 
Sivers/Twist3 mechanism 
Ø  AN  for jets, direct photons 
Ø  AN for heavy flavor è gluon 
Ø  AN for W, Z, DY 

Final State: 
Collins mechanism 
Ø  Hadron azimuthal asymmetry in jet 
Ø  Hadron pair azimuthal asymmetry  

(Interference fragmentation function)   
 

Sensi@ve	to	correla@ons	
proton	spin	–	parton	transverse	mo,on	
	

Not	universal	between	SIDIS	&	pp	

Sensi@ve	to		
transversity	x	spin-dependent	FF	
	

Universal	between	SIDIS	&	pp	&	e+e-	

Other mechanisms  
Ø  Diffraction 

Ø  Parton dynamics  
Ø  3D imaging 

Ø  Quark transversity 
Ø  Tensor charge 



Open	Heavy	Flavor	AN	

Dominated by gluon-gluon fusion 
 
Used to constrain tri-gluon correlation in 
the Twist-3 collinear framework 

Z.Kang, J.Qiu, W.Vogelsang, F.Yuan, 
PRD78,114013 
Y.Koike, S.Yoshida, PRD84,014026 

 
Significant reduction in uncertainties 
expected from 2015 data  

pp	→	μX	
PRD95,	112001	(2017)	
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J/ψ	AN	
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AN	sensitive to J/ψ	production mechanism 

F.Yuan, PRD78, 014024:  
For non-zero gluon Sivers, AN vanishes in 
color octet model, but survives in color 
singlet model 

Consistent with zero 

Considerable improvements from 2015 
data (see below) 

PRD86, 099904(E) (2012) 



First														data	!!!	
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p↑+ A

100GeV	

Au, Al	

Run15 (2015)	

Polarized Proton	

100GeV/nucleon	

Ø  Pin down the origin of  AN 

Ø  Study gluon saturation effect with a polarized probe! 
Kang&Yan PRD84 034019, Kovchegov&Sivert PRD86 034028, Hatta et al PRD95 014008  



pA:	J/ψ	AN	
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PRD 98, 012006 (2018) 

J/ψ	production sensitive to gluon distribution 
AN	sensitive to J/ψ	production mechanism 

F.Yuan, PRD78, 014024:  

For non-zero gluon Sivers, AN vanishes in color octet 
model, but survives in color singlet model 

In p+p and p+Al: AN ~ 0 
In p+Au: trends to AN < 0  

?? 

1.2<|η|<2.4 



pA:	h+	AN	

23	23	

AN >0 in p+p forward 
AN ~ 0 (suppressed!) in p+Au  

Theory expects AN ~ 1/A1/3 due to gluon saturation 

Z.Kang and F.Yuan, PRD 84, 034019 (2011) 

Supported by our data!  

1.2<|η|<2.4 



pA:	n	AN	
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n at |η|>6.8 

ZDC	(n): 	η>6.8	
BBC	(h±):	 	3.0<|η|<3.9	

Ø  Strong	dependence	on	A	and	par@cle	
produc@on	in	other	rapidity	regions	

Ø  Likely	mul@ple	mechanisms	contribute	

Ø  Correla@on	with	par@cle	produc@on	in	
other	rapidi@es,	and	different	A	and	√s	will	
help	to	isolate	different	channels		

 

One pion exchange: 
B.Kopeliovich et al 
PRD 84, 114012  

Electromagnetic interaction:  
G.Mitsuka, PRC95 044908 

PRL 120, 022001 (2018) 



sPHENIX	
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New	detector	for	the	RHIC	facility	at	
BNL	(USA)	

New	Collabora@on	formed	
>70	ins@tu@ons	and	coun@ng	

	
For	studies	of	the	strongly	interac@ng	
Quark-Gluon	Plasma	using	jet,	photon	
and	heavy-flavor	observables	

With	strong	capabili@es	for	Spin	
Physics	measurements	

	
Time	line:		

CD0	Review	-	Sep	2016	
CD1/3a	Review	-	May	2018	
Installa@on	complete	-	2022	
Running	–	2023	



sPHENIX	
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Solenoid 1.4T 
EMCal & HCal 
Tracking 

+ Forward EMCal & Hcal 
+ Forward tracking 



Forward	Jet	and	h±	
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Good jet resolution for E, η, φ Excellent charged track momentum 
resolution even in forward region 



Jet	AN	
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ANDY: PLB 750, 660 

Sensitive to Sivers fnct. 
 
Jet AN~0 => cancellation from u&d?  

Tagging jets with the charge of leading 
hadron changes jet composition  
=> ability to separate effects from u and d 
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Hadron	in	Jet:	Collins	Asymmetry	
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R! { , , }i Ti i iEα η φ=

h jet 

Gives access to transversity 
Expands x-range to higher 
values => necessary for 
tensor charge  
 
 
 
Calculable on lattice  

δqa = δqa (x)−δq a (x)( )dx
0

1

∫



DY	for	nPDF	
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Current nPDF are mainly constrained by DIS data (affected also by final state effect) 
DY: no final state effect, kinematics reconstruction at LO, directly tag antiquarks 

Unique kinematics coverage 
compared to fixed target and LHC  

Full GEANT simulation 

Can do measurements at 5<m<8 GeV/c2  

A comprehensive set of measurements will be crucial for nPDF: DY, γ+jet, jet+jet, HF  



Fragmenta@on	in	a	Nuclear	Environment	
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Hadron production in e+A 
suppressed compared to e+p   
=> fragmentation modification 

R!
{ , , }

i
Ti i i

E
α

η φ
=

h jet 

Access fragmentation 
function (FF) through  
p+p(A) −> (jet h)+X 

Direct access to gluon FF 

Kaufmann, Mukherjee, Vogelsang: PRD 92, 054015 



Summary	
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ü  A	lot	of	PHENIX	results	contribu@ng	to	all	aspects	of	Forward	Physics	

ü  A	lot	more	results	to	come		

Collected	data	on	disk/tape	are	being	ac@vely	analyzed	

New	young	researchers	joining	the	collabora@on	

ü  Stay	tuned	for	new	PHENIX	results!	

PHENIX	→	sPHENIX		transi@on	for	2020+	physics	



Backup	
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Forward	Vertex	Detector	(FVTX)	
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7.2	
Interac,on	

lengths	

MPC	
BBC	

75	μm	radial	segmenta@on	
	
Δϕ=7.5o	/	strip	
	
Measures	radial	distance	of	the	closest	
approach	(DCAR)	to	the	vertex.	



Muon	Piston	Calorimeter(MPC)	+	Pre-Shower	(MPC-ex)	
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7.2	
Interac,on	

lengths	

MPC	
BBC	

MPC	

MPC-ex	

MPC-ex	helps	to	measures	high	pT	π0		

arXiv:1301.1096	



p(d)A:	Heavy	Flavor	
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PRL	109,	242301	
PRC	87,	034904	 PRC	87,	034904	

PRL	112,	252301	

PRC	87,	034904	
PRL	112,	252301	

HF is suppressed in d-going direction and enhanced Au-going direction 
Similar to light hadrons 
Parton scattering, shadowing, energy loss, etc. 

J/ψ breakup   

Forward Backward Mid-rapidity 
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pp	→	

38	

bb + X

Theory underestimates RHIC data by a factor of ~2 
Unlike higher energy LHC data 
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40	
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Charmonium	produc,on	in	the	nucleus	

PHENIX	d+Au	J/	Ψ	data	from:	
	PRL		107	143301	(2011)and	PRC	87	034904	(2013)	

Together	have	>200	cita,ons		

PDF	Modifica,ons	

Vogt,	PRC	92	034909	(2015)	

Gluon	satura,on/CGC	

Ma	et	al,	PRD	92	071901	(2015)		

Energy	Loss	

Arleo,	JHEP	1303	(2013)		

“Breakup”	

PRL		107,	143301	(2011)	

Comovers	

Ferreiro,	PLB	749	(2015)	

“Ini,al	state”	 vs.		“Final	state”	



pA	
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B-meson	RCuAu	
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Phys. Rev. C 96, 064901 (2017)	



Δq-bar:	W±	→	l±		uLdR →W +

dLuR →W −

1
2
=
1
2
Δq+Δq( )+ΔG + LZ

Constrains flavor separated (anti-)quark polarization at high Q~MW 
at x>0.05, with no fragmentation involved (as in SIDIS)  

e: |η|<0.35  μ:	1.2<|η|<2.4 
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Uncertainties are large due to sizable 
background (S/B= 0.15−0.28) 
 
Data generally agree with current theory 
constraint, with some tension in backward 
region, leading to a preference of  
ubar polarization to be more positive and 
dbar polarization to be more negative 
 

PRD 98, 032007 (2018) 

x(Δu −Δd )

x(d −u)



Di-jet	ALL:	ΔG(x)	to	lower	x	
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If we run at √s=500 GeV 

0

0.2

0.4

0.6

0.8

1

10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 1

DSSV 2014
with 90% C.L. band

projection with
RHIC data ≤ 2015:
STAR:
1-jet 200 & 510 GeV
PHENIX:
incl. π0 510 GeV at
mid & fwd rapidity

∫  
dx

 ∆
g(

x,
Q

2 )
x m

in1

xmin

Q2 = 10 GeV2

DIS +  
RHIC ≤2009  

DIS +  
RHIC ≤2015  

STAR: 1805.09742 

fsPHENIX will considerably improve it 
Effective jet triggering and high DAQ rate 
Higher rapidity => Lower x (down to ~10-3) 45	



nPDF	
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Current nPDF are mainly constrained by DIS data (affected also by final state effect) 
Large uncertainty at low x 



nPDF	from	DY	
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sPHENIX:  
pp:  197 pb-1 

pAu:330 nb-1  



p(d)A:	direct	photons	

MPC-EX: EMCal + Preshower 
3.1<|η|<3.8 
π0/γ separation to >80 GeV/c 
Analysis of 2016 dAu data is ongoing 
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PRD 86, 094016 (2012)

CGC prediction for direct photon RpA γ-h forward-forward correlations  

Selects large-x 
quark in p(d) and 
low-x gluon in A 
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RpA:	forward-backward	
Nucleus	size	and	rapidity	dependence	
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From J.Jia 
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