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π0	AN	Measurements	at	Forward	Rapidity	

22

 

No indication of falling A
N 

as p
T

as opposed to twist-3 expectations

π0 A
N
 vs p

T

Forward rapidity hadron production

isolation cones

²  	Rising	AN	with	xF	
²  AN	nearly	independent	of	√s	

Transverse	Single	Spin	Asymmetry	

Inclusive	π0	produc9on	

xF	=	2pZ/√s	
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Sivers	and	Collins	effect	

}	

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

Modulation Combination
√
s Target Observed Measurement

Distribution name GeV type hadron types

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

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

p π±,K± prelim. Pesaro (2011)

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

3.5 n π± Qian et al. (2011)

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

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

p π±,K± prelim. Pesaro (2011)

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

3.5 n π± Qian et al. (2011)

cos(2φ)UU h⊥
1 ⊗H⊥

1 18 d h± prelim. Sbrizzai (2011)

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

3.5 n π+ Osipenko et al. (2009)

sin(3φ− φS)UT h⊥
1T ⊗H⊥

1 18 d h± prelim. Kotzinian (2007)

Pretzelosity 18 p h± prelim. Parsamyan (2011)

7.4 p π±,K± prelim. Pappalardo (2010)

sin(2φ)UL h⊥
1L ⊗H⊥

1 18 d h± Alekseev et al. (2010a)

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

d π±,π0,K+ Airapetian et al. (2003)

3.5 n π±,π0 Avakian et al. (2010)

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

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

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

3.5 n π± Huang et al. (2012)

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

effects.

1. The Sivers and Boer-Mulders TMD distributions

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

fq/p↑(x, kt) = f q
1 (x, k

2
t )− f⊥q

1t (x, kt)
S · (kt × p̂)

M
. (36)

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

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

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

32

Sivers	effect	:	the	correlaAon	between	the		
transverse	momentum	(kt)	of	the	struck	
quark	and	the	spin	(S)	and	momentum	(p)	
of	its	parent	nucleon		
	

S	
kt	
p	

Sivers	distribu9on			

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

2. The Collins TMD fragmentation function

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

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

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

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

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

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

3. Probing transversity

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

proportional to the nucleon’s C-odd tensor charge, viz.

34

Scabered	
quark	u	

d	
u	 uu	

X	
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π0,η	
π±,k±	

FragmentaAon,	ΔDh
q 

sq	=	spin	of	the	fragmenAng	quark	
kq	=	momentum	direcAon	of	the	quark	
pt	=	transverse	momentum	of	hadron	with	
	respect	to	the	direcAon	of	the	fragmenAng	quark	

pt	
sq	

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

SensiAve	to	proton	spin-	parton		
transverse	mo.on	correlaAons	

SensiAve	to	transversity(δq)	
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SeparaAng	Sivers	and	Collins	effects				

need	to	move	beyond	inclusive	producAon	

•  Sivers	effect	:	Full	Jets,	Direct	photons,	Drell-Yan		
•  Collins	effect		:	azimuthal	orienta9on	of	par9cles	within	a	jet	

)(),( 2
1 zDkxf h

q
q
T ⋅∝ ⊥
⊥

Sivers	distribu9on	

),()( 2
21 ⊥

⊥⋅∝ kzHxqδ

Collins	FF	Quark	transverse	
spin	distribu9on	

AN	=		 +	

Observed	transverse	single-spin	asymmetries	of	inclusive	
hadrons	could	arise	from	the	Sivers	effect	or	Collins	effect,	or	
from	a	linear	combina9on	of	the	two	
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RHIC	:	the	world’s	first	and	only	polarized	proton	collider		

Beams: √s 62.4 - 500 GeV pp 

AGS	LINAC	
BOOSTER	

		Polarized	Source	

		200	MeV	Polarimeter	

Hydrogen	Jet	Polarimeter	

PHENIX	
STAR	

Siberian	Snakes	

Siberian	Snakes	

	Spin	Flipper	

	Carbon	Polarimeters	

		RF	Dipole	 	AGS	Internal	Polarimeter	

AGS	pC	Polarimeter	

Strong	Snake	

Tune	Jump	Quads	
Helical	ParAal	Snake	

Spin	Rotators	

For		2011	:		Average	Blue	Beam	Polariza9on	=	51.6%	(Transverse)				
																					Luminosity	=22	pb-1	
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FPD EM Calorimeter 
Small cells only
Two 7x7 arrays

FMS	Pb	Glass	EM	Calorimeter		
pseudo-rapidity	2.5<η<4.0		
Small	cells:	Outer	cells:		
3.81x3.81	cm	5.81	x	5.81	cm		

Forward	ECAL	in	STAR	
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Photons	in	FMS	
Towersà		Clustersà	
																																				
																																						Photon	candidates	
																																																(photons)	

(shower	shape	fits)	

Forward	Meson	Spectrometer	(FMS)	-	2011	:	
--	Pb	glass	EM	calorimeter	covering	2.5<	η	<4.0	
--	Detect	𝜋0,η,	direct	photons	and	jet-like	events	in	
the	kinemaAc	region	where	transverse	spin	
asymmetries	are	known	to	be	large.	



EM-Jet	characterisAcs	

20/09/2017	
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²  2-photon	jets	are	mostly	π0	

²  Events	with	more	than	2	photons	show	jet-like	
energy	flow	γγ	invariant	mass	2-photon	EM-jets		

dE/d(ΔR)	distribuAon	of		EM-Jets		

EM-Jet	Energy	60-80	GeV	
Z	γγ	<0.8,	no.	photons	=2	
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p+p	√s	=	500	GeV	transverse	datasets		
							Jet	algorithm	:	anA-kt	
							R-parameter	:	0.7	
							pTEM-Jet

	>	2.0	GeV/c	
							photons	with	pT	>		0.001	GeV/c		
Leading	EM-Jets	:			
MulA-photon	Jets	with	highest		energy	
2.8<ηEM-Jet<4.0	
							40	GeV	<	EnergyEM-Jet	<	100	GeV	
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AN	vs.	EM-Jet	Energy	

20/09/2017	

²  Isolated	π0’s	have	large	asymmetries	consistent	with	previous	observaAon	
(CIPANP-2012		Steven	Heppelmann)		

							hbps://indico.triumf.ca/contribuAonDisplay.pycontribId=349&sessionId=44&confId=1383	

²  Asymmetries	for	jets	with	photons	>2	events	are	much	smaller	
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Graph
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 < 4.0EMJetd2.8 < 

STAR Preliminary π0-Jets	–	
2γ-EM-Jets		
					mγγ	<0.3	
						Zγγ	<0.8	
	
2γ-EM-Jets	(η	+	con9nuum)	–	
	mγγ	>	0.3		
	
EM-Jets	–		
	photons	>2	
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Isolated	π0	:			
I)  reconstructed	π0	for	2-photon	jet	
II)  	no	photon	within	physical	cone	(eg.	

70mR)	of	reconstructed		π0		



AN	for	different	#	photons	in	EM-Jets	
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EM-Jet Energy = 40-60 GeV                              60-80 GeV                                       80-100 GeV no. photons =  1                  2                       3                     4                   5

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

²  Three-photon	jet-like	
events	have	a	clear	non-
zero	asymmetry,	but	
substanAally	smaller	
than	that	for	isolated	
π0’s	

²  AN	decreases	as	the	
event	complexity	
increases	(more	
parAcles	in	jets)	

²  AN	for	#photons	>5	is	
similar	to	that	#photons	
=	5	
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AN	for	correlated	central	jets	and	no	central	jet	cases	
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²  Asymmetries	for	the	forward	isolated	π0		are	low	when	there	is	a	correlated	away-side	jet.		
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JETs	at	central	rapidity		
	
	
•  EM	Jets	are	

reconstructed	in	
midrapidity		BEMC
+EEMC,		-1.0<ηEM-

Jet<2.0	
	
•  Back	to	back	Δφ	

relaAons	used	to	find	
if	there	is	any	
associated	jets	

2	à2		parton	scabering					



AN	for	π0	and	Collins	asymmetries	of		π0		
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TSSA of Forward π0 at STAR 3
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Fig. 1. Distribution of di-photon mass with 38 GeV < Eγγ < 43 GeV, 2.8 < η < 4.0 and energy
sharing Zγγ < 0.8 (Zγγ = |E1 − E2|/Eγγ). Grey area: signal region; Shaded area: sidebands.

by QCD theory in which π0 emerges as a result of 2 → 2 partonic hard-scattering73

there must be other potential sources that generate the observed isolated π0 with74

large asymmetries. But it should be pointed out that here the reconstructed jet75

is only the electromagnetic component of the full jet. In the future with forward76

detector upgrades at STAR a full jet reconstruction will be possible.77
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Fig. 2. Left: inclusive π0 transverse single spin asymmetries vs xF . Right: compare inclusive π0

AN vs isolated and non-isolated π0 AN .

The pT dependence of inclusive π0 AN can also be used to test theory predictions,78

e.g. from twist-3 expectations AN will always decrease with increasing pT due to79

the nature of higher twist terms. Figure 3 shows AN vs pT for inclusive and isolated80

π0 from two xF bins.81
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Fig. 3. Inclusive π0 AN vs pT . Left: 0.24 < xF < 0.32, Right: 0.32 < xF < 0.40.

2.3. Sivers/Collins asymmetries of jet-like events and π0 in jets82

In the transverse momentum dependent framework the observed asymmetries are83

generated through the Sivers5 and Collins6 mechanism. These theories describe84

processes which involve two scales such as di-jet asymmetries7 and azimuthal asym-85

metries of hadrons within jet8. It has been shown that the Sivers function is related86

to twist-3 parton distribution function via an integral relation3, and there exists87

a similar relation between Collins function and twist-3 fragmentation functions2.88

With the same dataset STAR has measured asymmetries of forward EMjets and π0
89

azimuthal asymmetries within the EMjet.90

Fig. 4. AN of EMjets containing different number of photons.

Figure 4 shows AN of EMjet constructed by applying anti-kT algorithm with91

R = 0.7 on FMS photons. The asymmetries are plotted for jets having only two92

•  π0	is	reconstructed	from	FMS	
•  Collins	asymmetries	of		π0	relaAve	to	jet	axis	is	being	measured			
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Fig. 2. Left: inclusive π0 transverse single spin asymmetries vs xF . Right: compare inclusive π0

AN vs isolated and non-isolated π0 AN .

The pT dependence of inclusive π0 AN can also be used to test theory predictions,78

e.g. from twist-3 expectations AN will always decrease with increasing pT due to79

the nature of higher twist terms. Figure 3 shows AN vs pT for inclusive and isolated80

π0 from two xF bins.81

•  Isolated	π0	 tend	to	have	significantly	 larger	asymmetries	 than	π0	associated	
with	jet	acAviAes	in	the	vicinity.	

•  Sivers	 (EM-Jets)	 and/or	 Collins	 (π0	 relaAve	 to	 jet	 axis)	 asymmetries	 are	
insufficient	to	account	for	the	observed	inclusive	π0	single	spin	asymmetries.	
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AN	for	π0	and	Collins	asymmetries	of		π0		



Summary	and	Outlook	
²  Jets	with	isolated	π0	have	large	asymmetry.	
²  AN	decreases	as	the	event	complexity	increases.	
²  Isolated	π0	asymmetries	are	smaller	when	there	is	a	correlated	EM-jet	

at	mid-rapidity.	
Large	forward	π0		AN	:	Comes	from	2	à	2	parton	scabering	with	
some	contribu9on	from	diffrac9ve	events?	
²  Sivers	(EM-Jets)	and/or	Collins	(π0	relaAve	to	jet	axis)	asymmetries	are	

insufficient	to	account	for	the	observed	inclusive	π0	single	spin	
asymmetries.	
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q 2015	:	installaAon	of	FMS-Preshower	and		Roman	pots		-	p+p	200	GeV	
longitudinal	&	transverse	p↑+Au/Al	200	GeV		transverse,	Spin	effects	in		
diffrac9on	

q 2017	:	installaAon	of	FMS-Postshower		-	p+p	510	GeV	transverse	AN	for		
Dell	Yan,	direct	photons	

	

²  2017	:	post-shower	detector	



Forward	Upgrade	(≧2021)	Overview	

15	

Requirements:	
Ø  wide	acceptance	mid-rapidity	detector	with	good	PID	(p,K,p)	
Ø  forward	rapidi9es	(1.0	<	η	<	4.5)	Ecal	+	HCal	+	charge	iden9fica9on	

	
		 Forward	rapidiAes	

•  2.5	<	η	<4.5	
	
Preshower	detector	
EM	calorimeter	
•  PHENIX	PbSc	
	
Hadronic	calorimeter	
	
•  L	=	4λl		
	
4-6	addiAonal	layers	of	Silicon	
Microstrip	and/or	small-strip		
Thin	Gap	Chamber	



backup	
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FMS	-Jets	 BEMC+EEMC	-Jets	

						

EM-Jet/offAxis	pT			(GeV/c)	EM-Jet/offAxis	pT			(GeV/c)	

FMS	-Jets	 BEMC+EEMC	-Jets	

						

EM-Jet/offAxis	pT			(GeV/c)	EM-Jet/offAxis	pT			(GeV/c)	
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Main%purpose%of%simulaGons%%

JP2%

•  Understanding%FMS%data%with%full%PYTHIA%simulaGons%with%standard%STAR%framework.%

•  Construct%the%matrix%%-%#true%photon%vs.%#photons%detected%:%This%would%be%used%for%

correcGng%%A
N,EM-Jets

%of%a%certain%n-photon-class%from%the%effect%of%probability%

misidenGfying%to%the%other%%%n-photon-clases%

#photons%in%Jets%in%MC%and%data%was%not%matching%:%%

%%%%%%1.%AVenuaGon%was%not%there%in%GEANT%energy%deposiGon%mode.%%GEANT%is%used%with%

an%aVenuaGon%factor.%%%%%

%%%%%%2.%PYTHIA6%is%not%tuned.%Specially,%there%is%no%scope%to%include%%hard%diffracGon.%

#photons%in%Jets%

1/26/16% 5%STAR%CollaboraGon%MeeGng,%BNL%2.	PYTHIA	tune	dependencies	are	checked	:	Hard	diffracAon	not	in	current	scope	of	PYTHIA6		

Data	point	correcAons	and	beber	understanding	Detector	
with	GEANT	simulaAons	
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The Relativistic Heavy Ion Collider  

PHENIX 
STAR 

Brhams 
pp2pp 

Au+Au + Cu+Au 
 

Polarized p+p, d+Au 
Polarized p + Au 

RHIC is a QCD lab 

20/09/2017	

1)				Heavy-ion	Program	
					--	Study	medium	properAes,	EoS	
					--pQCD	in	hot	and	dense	medium	
2)  RHIC	beam	energy	scan	
					--search	of	criAcal	point	
					--	chiral	symmetry	restoraAon	
	
	
1)  Longitudinal	and	transverse	spin	programs	
			--Study		proton	intrinsic	properAes	
2)  Forward	program	
--	spin	structure	of	proton	
		--Study	of	low	x	proper/es	and	search	for	CGC	
	
Tagged	forward	physics	
	--Study	elasAc	and	inelasAc	processes	
--InvesAgate	gluonic	exchanges	and	search	for		
gluonic	maber		

RHIC	Physics	Focus	
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TSSA	–	two	theoreAcal	framework	

20/09/2017	

Sivers fct. 

	
		

Spin-dependent	transverse	momentum		
dependent	(TMD)	func9on	ST.(PxkT	
Brodsky,	Hwang,	Schmidt,	02	
Collins,	02,	Ji,	Belitsky,	Yuan,	02	
								+	Collins	fragmenta.on	func.ons	

Twist-3	quark-gluon	correla9ons		
Efremov	&	Teryaev:	1982	&	1984	
Qiu	&	Sterman:	1991	&	1999	
	
			+	Twist	three	fragmenta.on	func.ons	
	

Efremov, Teryaev; 
Qiu, Sterman 

		

Q ΛQCD QT/PT <<	<<	
QT/PT 

Transverse 
momentum 
dependent 

Q>>QT>=ΛQCD 
Q>>pT 

Collinear/ 
twist-3 

Q,QT>>ΛQCD 
pT~Q 

Efremov, Teryaev; 
Qiu, Sterman 

Need 2 scales 
Q2 and pt 

Remember pp: 
most observables one scale 

Exception: 
DY, W/Z-production 

Need only 1 scale 
Q2 or pt 

But  
should be of reasonable size 

should be applicable to  
most pp observables  

AN(π0/γ/jet) 

Efremov, Teryaev; 
Qiu, Sterman 
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AN	from	fits	

day(run) : 90(43) to 90(61)
 / ndf 2r  8.257 / 10

Prob   0.6037
p0        0.018384± -0.006277 
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day(run) : 90(43) to 90(61)EM-Jet	Energy	=	55-57.5	GeV	

For	2-photon	isolated	π0	
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For	each	slice	of	data	averaged	over	
~18	fills.	Fits	are	well	in	control.	
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² AN	is	calculated	from	p0	+	P×AN	cos(ϕ)	fits	over	each	fill	on		
																																																																																														p0	=	relaAve	luminosity	
																																																																																																																					AN	=	asymmetry		
																																																																																																																						P			=		polarizaAon	
																																	---		AN’s	are	corrected	for	polarizaAon	values	from	RHIC-fills	
																																	---	AN	and	χ2/NDF	are	calculated	over	enAre	fills	

)q(?)+Nq(BN
)q(?)-Nq(BN) = q(NA

)qCos(NA× = p0 + P
)q(?)+Nq(BN
)q(?)-Nq(BN
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AN	with	mid-rapidity	acAviAes	

•  Case-I			:	having	no	central	jet	
•  Case-II		:	having	a	central	jet		

20/09/2017	

η	=	1.09,2.0	
η	=	2.6-4.2	

BEMC	 EEMC	
FMS	

η	=	-1.0,1.0	

Central	EM		Jets	 forward	EMJets	

towers	(BEMC+EEMC)	:		
	anA-kT,	R	=	0.7,	pTEM-Jet

	>	2.0	GeV/c,		-1.0<ηEM-Jet<2.0	
Leading	central	EM-Jets			:		Jet	with	highest	pT	
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ΔΦ	correlaAons	between	forward	and	central	EM-Jets	

20/09/2017	

²  CorrelaAon	is	stronger	for	more	N_photon	Jets	
²  For	higher	EMJets	energy,	correlaAon	grows	stronger	
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RHIC	Cold	QCD	Schedule	



STAR	future	measurements	
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