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Transverse Spin Asymmetries 

 The persistence of large transverse asymmetries at 

RHIC energies, where collinear pQCD describes the 

cross-sections well, was a surprise. 

 The transverse structure of the nucleon is largely 

unknown  

 Large transverse asymmetries carry potential 

information about QCD dynamics beyond 1-D picture 

 

𝐴𝑁 =
𝑑𝜎𝐿 − 𝑑𝜎𝑅
𝑑𝜎𝐿 + 𝑑𝜎𝑅

 

http://arxiv.org/abs/1312.1995 
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Transverse Spin Asymmetry Sources 

(II) Final State Effects: “Collins” 
  

 Correlation between proton & quark spin  

+ spin dependant fragmentation function 
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Collins FF (final state) Quark transverse 

spin distribution 

J. C. Collins, Nucl. Phys. B396, 161 (1993) 

 Twist-3 quark-gluon/gluon-gluon 

correlators in polarized hadron. 

(I) Initial State Effects: “Sivers” 
 

 

        Correlation between proton-spin and  

      intrinsic transverse quark momentum 
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Sivers distribution (initial state) 

D. Sivers, Phys. Rev. D 41, 83 (1990) 

 Twist-3 quark-gluon fragmentation 

function. 



K. Barish  

Transverse Spin Measurements 

 Inclusive AN (central/forward) 

– Central p0, h 

– Forward p0, EM clusters,      

h, m, J/y 

 Photon AN (MPC-EX) 

 Jet correlations/structure,  

     DY (fsPHENIX) 

Upgrades 

Upgrade plans 
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The PHENIX Detector 

Muon Arms 

1.2 < | η | < 2.4 
 J/Ψ 

 charged hadrons 

 heavy flavor 

Central Arms 
| η | < 0.35 

 charged hadrons 
 π0, η  

 direct photon 
 J/Ψ 
 heavy flavor 

MPC 3.1 < | η | < 3.9 
 π0, η 
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MPC detectors 

 Lead-tungstate EMCal (3.1<|h|<3.8) 
» Enables measurements of  forward p0 and h                               

mesons  

 Photon merging effects significant for                                               

E>20 GeV (pT>2 GeV/c) 
» For s=62   GeV, 20 GeV  0.65 xF  two photon p0 analysis 

» For s=200 GeV, 20 GeV  0.20 xF  “Single clusters” 

 Single Clusters 

» p0’s are dominant 

source. 

» With increasing pT, there 

is a sizable increase in 

contributions from 

direct and other 

photons.  

 

tower size 2.252 cm2 

220 cm from vertex 
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Polarized Protons at RHIC-PHENIX 

Year s (GeV) L (pb-1) P FoM (P2L) 

2006  62.4 0.02 48% 0.0046 

2006  200 2.7 51% 0.7 

2008  200 5.2 46% 1.1 

2012 200 9.2 58% 3.1 
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AN: mid-rapidity p0 and h 

http://arxiv.org/abs/1312.1995 

(s=200 GeV) 

π0 process 

contribution 

(central) 

 p0 asymmetries consistent with 
zero observed over a wide pT 

range  

 Exceed precision of  previous 
publication (Phys. Rev. D 74, 
094011) by a factor of  20 and 
extends pT range. 

 Constrains gluon Sivers  

 h asymmetries are also 
consistent with zero.   
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Forward p0 AN  (62.4 GeV) 

 Significant asymmetries for xF>0 (~ linear for xF > 0.2) 

 AN consistent with zero for xF<0 

 Quark-gluon is the dominant partonic component. 

π0 process contribution 

in PHENIX forward arms 

F Lx 2p s

http://arxiv.org/abs/1312.1995 

(s=200 GeV) 
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Isospin Comparison of pion AN 

 p ud

 0 / 2p uu dd

 p ud

Data cannot be explained by initial 
state effects of  quarks (Sivers) alone 
(assuming u and d quark Sivers 
functions extracted from SIDIS) 
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Quark origins of  pions (PYTHIA): 

 u → p+  / d → p+ : 100 / 0 

 u → p0 / d → p0  :   75 / 25 

 u → p- /  d → p - :   50 / 50  

√s = 62.4 GeV 

http://arxiv.org/abs/1312.1995 
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 Sizable forward non-zero asymmetries 

 No dependence on s  apparent from 19.6 GeV to 200GeV 

 Slight differences in pseudorapidity and/or pT 

Forward p0 AN s dependence  

http://arxiv.org/abs/1312.1995 
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Forward AN for EM Clusters 

EM Cluster contribution 

η < 3.3 η > 3.3 

xF xF 

√s = 200 GeV MPC 
tower size 2.252 cm2 

220 cm from vertex 

decay photon 

π0 

direct photon 

Magnitude of  forward 

asymmetries similar to 

E704 (19.4 GeV/c2) and 

STAR at (200GeV/c2) 

Decay photon impact positions 

for low and high energy p0’s. 

http://arxiv.org/abs/1312.1995 
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Comparison of clusters with STAR p0  

 Good agreement 
for xF < 0.4. 

 For xF>0.4, 
statistically limited, 
but there is a 
possible difference 
between clusters 
and p0’s, leaving 
room a direct 
photon 
contribution. 

http://arxiv.org/abs/1312.1995 
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AN as a function of pT 

A significant decrease of  the asymmetry as 

expected from higher twist calculations is not 

conclusive.    

http://arxiv.org/abs/1312.1995 
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Forward AN(h ) 

 Significant asymmetries observed for positive xF 

 Asymmetries consistent with PHENIX p0 measurements 

 Difference in fragmentation mass, strangeness, isospin 

 Final asymmetry and cross-section results on expected 

soon. 

PRD86 (2012) 051101 



K. Barish  

 AN Forward J/y at 200GeV (Run 12) 

 Only color single generates 

SSA  sensitive to production 

mechanism. 

 AN is consistent with zero. 
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AN Forward single muon (200 GeV) 

 Single muon AN from D meson decay 

» Production dominated by gg fusion 

» Probes gluon related correlation 

functions (initial state)  
– Koike and Yoshida, Phys Rev. D84 (2011) 014026. 

» Sensitive to gluon Sivers distribution 

  

 AN consistent with 

zero 

 A large 2012 data 

sample will 

increase 

sensitivity. 

 A new Forward 

Silicon Vertex 

Detector (FVTX) 

will help in 

rejecting 

hadronic decay 

background in 

Run 15. 
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AN very forward leading neutrons 

10

The mean values of the simulated pT dist ribut ions in
each energy region are also listed in Table I. The cross
sect ion was obtained after the correct ion of the energy
unfolding and the cut efficiency.

TABLE I I : Systemat ic uncertaint ies for the cross sect ion
measurement . The absolute normalizat ion error is not in-
cluded in these errors. The absolute normalizat ion uncer-

tainty was est imated by BBC counts to be 9.7% (22.9± 2.2
mb for the BBC t rigger cross sect ion).

exponent ial pT form Gaussian pT form

pT dist ribut ion 3 – 10% 7 – 22%

beam center shift 3 – 31%

proton background 3.6%

mult iple hit 7%

total 11 – 33% 16 – 39%

Table I I summarizes all systemat ic uncertaint ies evalu-
ated as the rat io of the variat ion to the final cross sect ion
values. The absolute normalizat ion error is not included
in these errors. It was est imated by BBC counts to be
9.7% (22.9± 2.2 mb for the BBC trigger cross sect ion).

The background contaminat ion in the measured neu-
t ron energy with the ZDC energy from 20 to 140 GeV
for the acceptance cut of r < 2 cm was est imated by
the simulat ion with the py t hia event generator. The
background from protons was est imated to be 2.4% in
the simulat ion. The systemat ic uncertainty in the exper-
imental data was determined to be 1.5 t imes larger than
this as discussed in sect ion I I B 3. Mult iple part icle de-
tect ion in each collision was est imated to be 7% with the
r < 2cm cut .

In the cross sect ion analysis, we evaluated the beam
center shift described in Appendix A as a systemat ic un-
certainty. For the evaluat ion, cross sect ions were calcu-
lated in the different acceptances according to the result
of the beam center shift while requiring r< 2 cm, and the
variat ions were applied as a systemat ic uncertainty.

B . R esul t

TABLE I I I : The result of the different ial cross sect ion
dσ/ dxF (mb) for neut ron product ion in p+ p collisions at√

s= 200 GeV. The first uncertainty is stat ist ical, after the
unfolding, and the second is the systemat ic uncertainty. The

absolute normalizat ion error, 9.7%, is not included.

xF exponent ial pT form Gaussian pT form

0.53 0.243± 0.024± 0.043 0.194± 0.021± 0.037

0.68 0.491± 0.039± 0.052 0.455± 0.036± 0.085

0.83 0.680± 0.044± 0.094 0.612± 0.044± 0.096

0.93 0.334± 0.035± 0.111 0.319± 0.037± 0.123
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FIG. 13: (color online) The cross sect ion result s for forward
neut ron product ion in p+ p collisions at

√
s= 200 GeV are

shown. Two different forms, exponent ial (squares) and Gaus-
sian (circles), were used for the pT dist ribut ion. Stat ist ical

uncertaint ies are shown as error bars for each point , and sys-
temat ic uncertaint ies are shown as brackets. The integrated

pT region for each bin is 0 < pT < 0.11xF GeV/ c. Shapes of
ISR result s are also shown. Absolute normalizat ion errors for
the PHENIX and ISR are 9.7% and 20%, respect ively.

Thedifferent ial crosssect ion, dσ/ dxF , for forward neu-
t ron product ion in p+ p collisions at

√
s= 200 GeV was

determined using two pT dist ribut ions: a Gaussian form,
asused in HERA analysis, and an exponent ial form, used
for ISR data analysis. The results are listed in Table I I I
and plot ted in Fig. 13. We show the results for xF above
0.45 since the data below 0.45 aresignificant ly affected by
the energy cut -off before the unfolding. The pT range in
each xF bin is 0 < pT < 0.11xF GeV/ c from Eq. (2) with
the acceptance cut of r < 2 cm. The absolute normaliza-
t ion uncertainty for the PHENIX measurement , 9.7%, is
not included.

Invariant cross sect ions measured at the ISR exper-
iment were converted to different ial cross sect ions for
the comparison with the PHENIX data. The conver-
sion formula from the invariant cross sect ion Ed3σ/ dp3

to dσ/ dxF is described with the approximat ion in the
forward kinemat ics as

dσ

dxF

=
2π

xF A cc.

E
d3σ

d3p
pT dpT , (8)

where Acc. means the pT range of the PHENIX accep-
tance cut ; 0 < pT < 0.11xF GeV/ c for the r < 2 cm cut .
As a pT shape, we used an exponent ial form exp(− 4.8pT )
which was obtained from the 0.3 < xF < 0.7 region from
the ISR results [2, 3].
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TABLE V: The result s of the xF dependence of A N for neu-
t ron product ion in the ZDC t rigger sample of p+ p collisions

at
√

s= 200 GeV. First and second uncertaint ies show stat is-
t ical and pT -correlated systemat ic uncertaint ies, respect ively.

Scale uncertaint ies from the asymmet ry measurements and
the beam polarizat ion are not included.

xF AN χ 2 / ndf

-0.776 -0.0059± 0.0252± 0.0095 11.6/ 7

-0.682 -0.0219± 0.0255± 0.0035 6.833/ 7

-0.568 -0.0050± 0.0303± 0.0076 9.252/ 7

0.568 -0.0503± 0.0263± 0.0076 7.012/ 7

0.682 -0.0625± 0.0221± 0.0035 2.68/ 7

0.776 -0.0772± 0.0217± 0.0095 5.38/ 7

TABLE VI: The result s of the xF dependence of A N for

neut ron product ion in the ZDC⊗BBC t rigger sample of p+ p
collision at

√
s= 200 GeV. First and second uncertaint ies show

stat ist ical and pT -correlated systemat ic uncertaint ies, respec-
t ively. Scale uncertaint ies from the asymmet ry measurements

and the beam polarizat ion are not included.

xF AN χ 2 / ndf

-0.749 0.0035± 0.0117± 0.0082 2.672/ 7

-0.664 -0.0093± 0.0106± 0.0037 2.915/ 7

-0.547 -0.0033± 0.0115± 0.0096 6.783/ 7

0.547 -0.0629± 0.0097± 0.0096 13.27/ 7

0.664 -0.0657± 0.0090± 0.0037 5.425/ 7

0.749 -0.0667± 0.0099± 0.0082 5.003/ 7

ror bars and pT -correlated systemat ic uncertaint ies are
shown as brackets. Scale uncertaint ies from the asym-
metry measurements and the beam polarizat ion are not
included.

We observe significant negat ive AN for neutron pro-
duct ion in the posit ive xF region and with no energy
dependence within the uncertaint ies, both for inclusive
neut ron product ion and for product ion including a beam-
beam interact ion requirement . No significant backward
neut ron product ion asymmetry is observed.

V . D I SC U SSI ON

The measurement of the cross sect ion for the p+ p pro-
duct ion of neutrons at

√
s= 200 GeV has been presented

here, and it is consistent with xF scaling when compared
to ISR results. These cross sect ions are described by the
OPE model in Regge calculus [4–10]. Therefore, the ob-
served large asymmetry for neutron product ion at RHIC,
as presented in [1] and here, may arise from the inter-
ference between a spin-flip amplitude due to the pion
exchange and nonflip amplitudes from other Reggeon ex-
changes. So far our knowledgeof Reggeon exchangecom-
ponents for neutron product ion is limited to the pion.
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FIG. 17: The xF dependence of A N for neut ron produc-

t ion in the ZDC t rigger sample (top) and for the ZDC⊗BBC
t rigger sample (bot tom). The error bars show stat ist ical un-
certaint ies and brackets show pT -correlated systemat ic uncer-
taint ies. Systemat ic scale uncertaint ies listed in Table IV and
polarizat ion scale uncertaint ies are not included.

Under the OPE interpretat ion, the asymmetry has sen-
sit ivity to the contribut ion of all spin nonflip Reggeon
exchanges, even if the amplitudes are small. Recent ly
Kopeliovich et al. calculated the AN of forward neutron
product ion from the interference of pion and Reggeon ex-
changes, and the results were in good agreement with the
PHENIX data [21].

We can also discuss our results based on the meson-
cloud model [22]. This model gives a good descript ion
for the result from a Drell-Yan experiment at FNAL,
E866[23]. In this model, the Drell-Yan process is gen-
erated by the interact ion between the d quark in one
proton and the d̄ quark in the π+ of p → nπ+ state
for other proton. In this model the neutron should be
generated with very forward kinemat ics, possibly simi-
lar to the kinemat ics of the results presented here. The
meson-cloud model was successfully applied to neutron
product ion in the ISR experiment [8] and we expect it is
applicable to our AN and cross sect ion measurements for
higher energy p+ p collisions.

neutron 

neutron 

 

BBC hits 

Single pion exchange? 

Phys. Rev. D88, 032006 (2013) 

Large negative asymmetry used for local polarimetry 
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AN : forward g (MPC-EX) 
 8 layer Silicon minipad Tungsten sandwich pre-shower in front of 

lead-tungstate MPC electromagnetic calorimeter (3.1<|h|<3.8) 

– Reconstruct and reject p0 mesons  enhances p0/g separation (up to >80GeV) 

 Spin Physics Motivation: 

– Sign mismatch between twist-3 quark gluon distribution functions  Tq,F(x, x) 
extracted from RHIC (assuming no Collins) and moments of the Sivers function 
from SIDIS measurements. 

– The Collins fragmentation functions in                                                                     
the p+p measurements may be the reason.                                                            

– AN of prompt photons (free of contribution                                                                       
from the Collins effect) can be used to                                                                 
verify this & check consistency of theory. 

 Timescale: Expected for Run 15. 

Gamberg and Kang 
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Summary and Outlook 

 Central rapidity measurements 

– AN for p0 and h => constrain gluon Sivers 

 Forward rapidity measurements 

– AN for p0 , EM Clusters including pT , xF dependence 

– Comparison with data at different s and charged pions 

– Provides info to constrain Collins, Sivers, and twist-3 effects 

 Upgrades will significantly extend physics capabilities 

– FVTX will enhance forward heavy-flavor program (m, J/y) 

– MPC-EX will enable forward AN (g) measurements 

– Polarized p + A measurements sensitive to gluon saturation 

– Proposed new Forward Spectrometer (fsPHENIX) for jet 

correlations/structure and Drell-Yan measurements (talk by 

John Lajoie)  

– The fsPHENIX would also be well matched with ePHENIX (talk by 

Sasha Bazilevsky) 

 




