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This experiment and Polarized RHIC began 30 years ago, in 1990.
RHIC spin started at Penn State University in 1990
My personal goal was single spin asymmetries in pA
(“We”) did not push pA as a major justification for polarized RHIC because
• The physics was controversial. Many avoided thinking about Transverse Single Spin Asymmetries.
• it was not clear RHIC could do polarized pA!!
• In 2013, a small group began planning for a 2015 polarized pA run.

Run 15 (2015)
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• The Forward Transverse Single Spin Asymmetries arise, not because of the spin dependence of parton-parton
scattering, but because of aspects of the QCD environment in which hard scattering partons interact.
• For non-zero N , initial or final state interactions partons must acquire a non-zero internal transverse
momentum (kT) from initial, final state or higher twist (spectator parton) interactions. Above that (kT) scale, AN
should fall with hard scattering pT.
• The dependence of N on forward kinematics for the produced  is measured for p+p +X. From these
new data: The asymmetry increases with transverse momentum up to a surprising pT scale around 5 GeV/c.
• A mysterious observation: N is much larger for isolated  events than for more “jet-like” events.
• The role of a spectator nucleus, containing the unpolarized proton, could arise from several exotic mechanisms.
Among possible mechanisms, is a modification of the soft gluon distribution, as might be associated with “Color
Glass Condensate”. PHENIX recently published a measurement for charged hadron production in nuclei that
may be consistent with predicted large suppression of N from gluon saturation effects. The STAR
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measurement, with neutral pions, observes a much smaller nuclear suppression of N than the PHENIX result.

Kinematics of forward pion production via q-g scattering.

qg qg
xquark  large



q



0

fragmentation

 , pt , xF
0

xgluon  small
g  (unobserved jet )

 g ,  pt

3

In the quark rest frame, a polarized quark
absorbs a helicity polarized photon (gluon)
flipping the quark spin.
Only 1 quark spin state can absorb or emit
polarized gauge boson.

Same process, different frame.
Helicity polarized quark
absorbs helicity polarized photon (gluon).
Intermediate state quark at rest!!

A helicity polarized quark
absorbs only one of two helicity polarized
photon or gluon state.
In a frame where quark is always relativistic!!
Conservation of helicity in photon or gluon quark
interaction explains ALL.

Helicity conservation of quark is always
applicable, but for frames involving quarks
that come to rest during the interaction
(like fixed target collisions).
The consequences of helicity conservation are
surprising!!

How Helicity Conservation Explains Spin Dependent Cross Sections (animation)4

A quark transverse spin state is superposition of helicity states.
Transverse
spin
momentum

=

+

While scattering of a longitudinally polarized quark cross sections can prefer a particular
spin state (ALL) ….
the transverse spin state of the quark is the superposition of the two helicity states (equal
magnitude). This means that while helicity conservation explains ALL, it forbids AN in the
parton-parton scattering process.
AN comes from initial state and final state interactions.
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Conventional PQCD models for longitudinal spin asymmetry,
ALL , in pp scattering derives from calculable longitudinal spin
dependence of constituent partons. Helicity conservation of highenergy partons implies parton level longitudinal asymmetries.
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With conventional PQCD models for transverse spin asymmetry,
AN , in pp scattering can be expressed in a longitudinal bases.
Helicity conservation of high-energy partons, an essential aspect of
PQCD, implies vanishing parton level transverse asymmetries.
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AN can not come from the parton cross section itself.

p
But if pion transverse momentum T contains a component kT (which is correlated with spin  or ),
from initial or final state interactions (or fragmentation), transverse asymmetry AN is possible.

pT | pT  kT |
If the unpolarized parton cross section falls with parton transverse
momentum with a power law dependence.
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• Initial state and final state parton
interactions can generate such kT
• Changes in the shape (power N) of the
parton hard cross section can alter the
asymmetry. (ie. gluon saturation effects).

kT
N 
pT
AN should fall with pT above some nominal pT scale.
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Why might AN be different in pp vs pAu?
• The fundamental parton process has AN nearly equal to zero.
For q  g  q  g AN is nearly equal to zero.
• Non-zero AN must involve initial and final state interaction.
This implies a possible dependence on nuclear environment pp, pAl, pAu.
• The models for AN require initial or final state to add transverse momentum kT to the
larger pT. The observable AN are amplified by the steepness of the pT dependence of
the parton-parton cross section.

• For forward scattering, where scattering involves a low x gluon, saturation effects may
change the shape of the pT dependence of the cross section.
• This means that a saturation model, like Color Glass Condensate, may imply less severe
cross sections and thus smaller AN. This has become an important question.
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Sivers Effect: Initial state parton has transverse
momentum. Experiments may select “trigger bias”
events with a bias in the transverse momentum.

(animation)

Collins Effect: Fragment transverse
momentum (relative to jet) reflects
the transverse spin of quarks
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In recent years, there have been many calculations based on Collins, Sivers or twist-3 collinear
methods, with a goal to reproduce the basic nature of AN dependence on kinematics {Kouvaris et
al(2006), Anselmino et al (2013, Kanazawa et all 2014, Anselmino et al 2015, Gamberg et al 2018}.



There has been success at describing the dependence of AN on x F but less success on pT dependence.



These new STAR data shows an increasing AN with pT up to xF  0.5 and 2  pT  5 GeV/c.



The Kanazawa calculation, based on twist-3 collinear methods, finds a parameterization,
consistent with DIS measurements, that does resulted in a nearly flat, or only a very slowly
falling pT dependence above about 3 GeV/c.

The required large value of internal kT implied by these data is counter-intuitive.
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Transverse Asymmetries ( 𝐴𝑁) are insensitive to spin dependence of parton-parton cross sections.
They are sensitive to the “environment”, including initial or final state interactions of hard scattering partons.
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Event Selection for 0 events:
1. Analyze FMS for all photon candidates.
Here a photon () is an EM shower that has been fit successfully to photon
hypothesis
2. Two photon events include two photon candidate ( ’s),

0

a. Select photon candidates with a minimum energy of 1 GeV
b. At least two photons () are found within a fixed cone size  =0.08 rad.
There may also be additional FMS ’s outside isolation cone.
c.

Separate events into two categories
i) Isolated:
Exactly 2 photons in cone.
ii) Non-Isolated: More than 2 photons in cone. (jet-like)

d. Select pion candidates that have leading (largest pt) pair of photons in
cluster.
e. Pair hit energy distribution is fit to 2 positions and 2 energies. At higher
energy the separation approaches the cell dimension and mass fits
broadens to larger mass.

STAR
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Mass distributions

For two specific kinematic
regions.
For 3 collision systems
pp, pAl, pAu .
Simple background fits
under pion peak.
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STAR

Uncorrected transverse spin
asymmetries for the same 6
regions. The azimuthal
distributions of the uncorrected
asymmetries,

N  ( )  N  ( )
a0 ( )  
N ( )  N  ( )
This is shown for events in the
mass range
0.015  M   0.255 GeV/c .

Fits to the functional form

a0 ( )  p0  p1 cos 
with parameters p0 and p1 .
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1) For pp, pAl , pAu: AN are all similar.
2) For xF<0.47: A N increasing function of pT ,
up through pT~5 GeV/c. (Surprising).
Above some pT > kT scale, we expected A N to fall
with pT :
  ( xF , pT , 0)    ( xF , pT ,  )
AN ( xF , pT )  
 ( xF , pT , 0)    ( xF , pT ,  )
( pT  kT )  N  ( pT  kT )  N
( pT  kT )  N  ( pT  kT )  N
N

kT
pT

STAR
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Calculations by theorists.
The XF dependence of AN is correctly
characterized in many theoretical
calculations. The rise with pT is more
difficult to explain.
A twist-3 calculation , involving fits to
many parameters, resulted in calculations
that were in agreement with single
inclusive deep inelastic scattering
asymmetries and with the xF dependence
of π0 AN in pp collisions.

Towards an explanation of transverse single spin asymmetries
in proton-proton collisions: the role of fragmentation in
collinear factorization. Phys. Rev. D89, 111501 (2014).

This calculation also resulted in a nearly
flat, or very slowly falling, pT dependence
above about 3 GeV/c for the π0 AN in pp
scattering.
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Isolated (1/3 of events)

not-isolated (2/3 of events)
0

AN for isolated events about twice as large as
non-isolated events.
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STAR

AN for isolated events also about twice as large as non-isolated events for pAl and pAu collisions.

18

STAR

p A   0 X
AN ( pAAu )
ratio :
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For p  A   0 X
Dependence of AN on Nuclear A.
Fit to exponent P with
AN ( pA)  AN ( pp ) AP
Average measured value of exponent P= -0.06.

P= -0.06

STAR
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quark x
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PHENIX
Measurement

STAR
Measurement
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Inclusive quark-gluon process kinematics
(pion observed)
Direct Observables:
 (pion pseudo-rapidity)  yq (quark rapidity)
pT (pion Pt) )  pt (quark Pt)
xF (pion longitudinal momentum fraction Feynman X)

Underlying variables:
xq ( quark momentum fraction )
xg ( gluon momentum fraction )
pt (quark transverse momentum)

gluon x

Unobserved:  recoil  yg (gluon recoil rapidity)

pseudo-rapidity of 

pseudo-rapidity of 
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PHENIX published a measurement of A

for
+charged hadrons, comparing within a single kinematic
region for each of pp, pAl and pAu.
N

0.1  xF  .2
1.8  pT  7.0 GeV / c
STAR points for s at xF  0.17
Equivalent STAR point
Not likely consistent with
PHENIX point.

=-3 (STAR P)
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There has been interest in the possible impact from saturation effects, including Color Glass
Condensate, on AN . In the forward region, of where the parton collision can involve a soft gluon of
very low momentum fraction (x), the prediction could be:

AN ( A)  A  A
P

1/3

This CGS (P=-1/3) predictions appears to apply only to the very low corner of the kinematic range
(xF vs pT ) covered by STAR.
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PHENIX and STAR kinematics

STAR
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AN ( pA)  AN ( pp ) AP

Does the exponent, P, depend on the isolation of the final state pion.

Apparently Not.
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What is the message: That isolated events have larger AN.
Does this suggest that the conventional model of pion production is not the sub-process with the large AN?

Conventional sub process

qg qg
quark  fragment to pion
We have long known that “exclusive scattering” results in very large spin asymmetries.
Could we be scattering from a pion within the proton, without emphasis on the parton sub-process at all?
More thought is needed.
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Conclusions
•

STAR has measured the dependence of N on forward kinematics
for the produced  is measured for p+p +X.

•

In contrast to intuition, for xF<0.47, N rises with increasing pT
through pT~5 GeV/c.

•

The asymmetry N is larger (by about a factor of two) for events
that have isolated s in the FMS than for events showing evidence
of jet fragments.

•

For collisions of polarized protons with nuclei, p+A +X, the
dependence of N on nuclear size (A) is measured to be small.

•

The nuclear dependence of N for these s may be difficult to
reconcile with the recent PHENIX measurement for charged
hadrons in a slightly different kinematic region.

•

The agreement of PHENIX data with gluon saturation models is
not verified by these STAR data. (The kinematics for PHENIX, and
even for STAR, may not be ideal for applicability of the saturation of
Color Glass Condensate predictions).

Combine AN data for All systems.
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