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Abstract. Hadronic collisions with transversely polarized protons are an important part of the quest to understand the transverse spin structure of the proton. Experiments at RHIC collected large datasets at center of mass
energies of 200 GeV and 500 GeV, accessing a kinematic regime where factorization is expected to hold. The
STAR detector at RHIC, due to its azimuthal symmetry, particle identiﬁcation capabilities and large acceptance
compared with other experiments with polarized protons, is in a unique position to study transverse spin phenomena in p + p↑ . This contribution will highlight measurements of transversity using di-hadron correlations,
transverse single spin asymmetries in jets, measurements sensitive to the origins of the large single spin asymmetries measured in the forward direction, transverse spin asymmetries in W production, which are sensitive to
modiﬁed universality eﬀects of Sivers function as well as short and long-term upgrades at STAR.

1 Introduction
The study of transverse single spin asymmetries (TSSAs)
in p + p↑ collisions has a long history (see [1] and references therein). Perhaps the most well known result is that
large TSSAs are observed for pions and charged kaons in
the forward region. Here the forward direction is loosely
deﬁned as events with an xF > 0.2, where xF = 2p√L s . At
leading order, for 2-2 scattering, xF = x1 − x2 , where xi are
the x values of the partons participating in the scattering.
Large xF therefore corresponds to the valence quark region, where experiments have shown that transverse spin
eﬀects are large. The quest to understand the origin of
the large transverse spin asymmetries has motivated substantial progress in the theory community. Notably is the
progress in leading twist models that take intrinsic transverse momentum in the parton distribution (PDF) or fragmentation function (FF) into account [2][3] and calculations that go beyond leading twist in the nucleon structure
or the fragmentation process [4][5]. In the following I will
call the former the TMD picture and the latter the twist3
picture. The TMD picture is valid in processes with two
scales, one hard scale that allows to factorize long range
from short range physics and a soft scale for the intrinsic
kT . In p + p hadroproduction, the pT is usually the hard
scale, whereas for electroweak production (W production
and Drell-Yan) the mass of the produced W or γ∗ indicates
the momentum transfer in the hard scattering. The lower
scale (kT ) for hadroproduction is given by the transverse
momentum of detected hadrons with respect to the jet direction if one is looking at ﬁnal state eﬀects (i.e. coming
from fragmentation) or by the di-jet imbalance if one is
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looking at initial state eﬀects. For electroweak production
it is the transverse momentum of the produced vector boson. In the twist3 picture, there is only one hard scale,
which is usually given by the pT of the detected jet or
hadron. It should be noted, that it was recently shown,
that for processes with more than two color-charged objects involved, factorization is broken for the TMD picture [6]. For these proceedings, the most relevant example of this, are processes which lead to azimuthal modulations of hadrons in jets. The advantage of the TMD
picture is, that it allows for an easier separation of the underlying physics eﬀects, since it usually involves the correlation between the large and small scale momenta and
the nucleon spin and momentum. In contrast, the twist3
framework only uses one scale, so the observables have to
be constructed with only one ﬁnal state momentum vector
in hand.
These developments show that p + p collisions provide access to QCD dynamics that are very diﬃcult to access in other experiments. Furthermore, the many measurements are complementary to physics programs using
Semi Inclusive Deep Inelastic Scattering (SIDIS). Collisions can be much harder at a p + p collider operating
at the center of mass energies that RHIC does. In p + p
collisions, gluonic degrees of freedom can be accessed directly and there is no u-quark dominance as for measurements using electromagnetic probes. Furthermore, experiments at a p + p collider are sensitive to a wide range of
scattering angles, therefore they are able to access valence
quarks at relatively high values of x as well as sea-quarks.
These proceedings will describe some of the unique measurements done by the STAR collaboration at RHIC to explore the transverse spin structure. Section 2 will give an
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overview of the STAR experiment with an emphasis on
the capabilities that make it unique for spin measurements
in p + p. The following four sections focus on the measurement of the collinear transverse spin structure (section 3), TMD observables(section 4 ), very forward single
scale measurements (section 5) and TMD observables in
electroweak-production (section 6).

2 The STAR Experiment at RHIC
The Solenoidal Tracker at RHIC (STAR) [7] detector at the
Relativistic Heavy Ion Collider (RHIC) is unique since its
comparatively large acceptance allows the reconstruction
of jets in polarized proton-proton collisions. It also covers
a kinematic range, where transverse spin eﬀects generate
signiﬁcant signals. Since 2002, RHIC delivered polarized
proton beams to the STAR interaction region. Signiﬁcant
samples were collected
√ at 200 GeV and 500 GeV center of mass energies s. At these energies, momentum
transfers can be selected at which the leading twist structure of the proton dominates the measurement. The solid
angle instrumented can be roughly segmented in three
parts: The so-called mid-rapidity region covers pseudorapidity, η values from about −1 to 1. Here using the STAR
Time Projection Chamber (TPC) and Barrel Electromagnetic Calorimeter (BEMC) jets can be reconstructed as
well as charged particles. PID capabilities are provided by
dE/dx and time-of-ﬂight measurements. The endcap region which covers roughly 1.1 < η < 2.0 is instrumented
by the STAR endcap electromagnetic calorimeter [8] and
partially by the TPC. However, as the angle of tracks becomes steeper at higher values of η, the number of points
on the tracks decreases, which leads to a worse momentum resolution and worse dE/dx measurements. Realistically, tracks up to η = 1.3 can be reconstructed. With the
planned inner sector TPC upgrade, addressed in section 7,
the readout density of the TPC will be increased signiﬁcantly, so that the whole endcap region will be covered by
tracking. Current analyses at STAR use π0 and η mesons
reconstructed in the endcap, as well as jets from electromagnetic clusters (EM-jets). Finally, the forward region at
STAR with 2.7 < η < 4.0 is instrumented by the Forward
Meson Spectrometer (FMS) where again neutral mesons
and EM-jets can be reconstructed. It should be noted, that
the physical η can be signﬁcantly diﬀerent from the socalled detector η due to the longitudinal spread of the vertex distribution.

3 Measuring the Collinear Transverse spin
Structure of the Proton with Di-hadron
Correlations
Of the three Parton Distribution Functions, the so-called
transversity h(x) describes the transverse spin structure of
the nucleon [9]. Due to its chiral-odd nature, it is the least
well known PDF and can only be measured in conjunction with another chiral-odd function. The interference
fragmentation function (IFF) is a chiral-odd fragmentation

function, describing the spin dependent production of unpolarized hadrons from transversely polarized quarks. In
p + p an observable can be formulated in a colinear, leading twist framework that is directly sensitive to the product
of h(x) with the IFF H  (z, M). Here z is the fractional energy of the parent quark the produced hadron pair is carrying and M the invariant mass of the hadron pair. Following [10], the polarized cross-section for charged pion
pair production in a p + p↑ collision can be written in a
simpliﬁed form as
σUT ∝



|S | sin(ΦS − ΦR )·

a,b,c,d



dσ̂ ↑ ↑
dxa dxb
f (xb )h(xa ) a b→c d H  (z, M 2 ). (1)
zc
dtˆ

Here S is the spin vector of the polarized proton, f (x) is
the unpolarized PDF, a, b, c, d the partons participating in
the 2-2 scattering, ΦS the azimuthal angle of the spin vector with respect to the scattering plane, ΦR the azimuthal
=P
 h1 − P
 h2 with respect to the scatangle of the vector R


 h2 , P
 h1,2 are the momenta
tering plane around Ph = Ph1 + P
of the two hadrons, tˆ the partonic Mandelstam variable
and M the invariant mass of the hadron pair. To extract
h(x)H  (z, M) and cancel the detector acceptance eﬀects,
we form the spin asymmetry
Φ
Asin
UT sin(ΦRS ) =

1 N ↑ (ΦRS ) − RN ↓ (ΦRS )
P N ↑ (ΦRS ) − RN ↓ (ΦRS )

(2)

Here ΦRS = ΦS − ΦR , P the polarization of the beam,
R the relative luminosity between the up and down spin
states and N ↑,↓ the number of di-hadron pairs in a speciﬁc
ΦRS bin where the polarized beam in up (↑) or down (↓).
Φ
The amplitude of the sin(ΦRS ) modulation Asin
UT is then
directly proportional to transversity times the IFF normalΦ
ized by the unpolarized cross-section. At STAR Asin
UT has
been measured using a dataset with an integrated luminosity of 1.8 pb−1 taken in 2006 using charged identiﬁed pion
pairs at mid-rapditity. Figure 1 shows the measured valΦ
ues for Asin
UT vs η. From simulations using GEANT and
Pythia, we estimate that mean x for the datapoints reach
from 0.15 to 0.25. The mean z is about 0.4. The rise in the
mean x indicates that at higher η valence quarks participate in the scattering, which carry signiﬁcant transversity.
These results are the ﬁrst √direct probe of transversity in
p + p. Datasets taken at s = 200 GeV in 2012 and at
√
s = 500 GeV in 2011 that are currently being analyzed
have about an order of magnitude more statistics and will
therefore increase the precision of this measurement signiﬁcantly.

4 Physics with Jets
Jets in p + p collisions can be used to access the TMD
structure of the proton [11]. Here, the jet axis serves as
a proxy of the outgoing parton. Therefore, we can measure the dependence of the intrinsic transverse momentum
generated in the fragmentation process on the parent proton spin. This can be used to access transversity via the
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Figure 1. Di-hadron Transverse Spin Asymmetries vs η measured at mid-rapdity. The lowest η corresponds to an x of 0.15,
whereas the highest corresponds to x=0.25. The rise of the measured asymmetries with η is consistent with the rising magntitude
of transversity over this x-range.

TMD Collins fragmentation function, or to access the linear polarization of gluons in the protons. Furthermore,
jet kinematics provide access to the underlying partonic
kinematics assuming 2-2 scattering due to the relation
x1,2 = √1s (pT 1 e±η1 + pT 2 e±η2 ), where the pT i , ηi are the
transverse momenta and rapidities of the detected jets and
x1,2 the lightcone fractions of the partons. Even if only one
jet is detected, this means that high pT and large η are more
sensitive to the valence region. The transverse spin asymmetries measured in jet production is similar to eq. 2, only
that the angle ΦR is replaced by the azimuthal angle Φh ,
which is the azimuthal angle of the identiﬁed pion in the
jet measured around the jet axis with respect to the scattering plane. The scattering plane is now spanned by the
beam and the jet axis. The Collins eﬀect, where transversity couples to the Collins Fragmentation function H(z, kT )
similarly to the IFF measurement, can then be measured as
a sin(ΦS − Φh ) modulation, whereas the linear gluon polarization leads to a sin(ΦS − 2Φh ) modulation. These are
so called Collins-like Asymmetries. Both of these observables are interpreted in the TMD picture, which means that
the interpretation will suﬀer from the problems described
in the introduction. A measurement with jets, that has only
one hard scale, is the azimuthal modulation of the jet itself.
That means one extracts the dependence of the jet crosssection on sin(ΦS ), the azimuthal angle between the proton spin and the produced jet. Clearly, this measurement
is insensitive to ﬁnal state eﬀect. In the twist3 framework,
which is appropriate due to the single hard scale, this observable is sensitive to T F , a twist3 quark-gluon correlator. In turn, T F is related to the Sivers function through
an integral relationship [12][13]. At STAR we measured
Collins-like asymmetries at 500 GeV. Here glue-glue scattering dominates at mid-rapidity, in particular at low jet
pT . Figure 2 shows the STAR results. We measured very
small asymmetries. Since this is the ﬁrst time that this

Figure 2. Collins-like asymmetries at 500 GeV for low pT vs z.
Shown are the data identiﬁed charged pions for low pT , where
the gluon contributions are enhanced. For both, forward and
backward asymmetries, the asymmetries are small, which will
provide bounds for model calculations.

Figure 3. Collins asymmetries at 500 GeV. Shown are forward
η > 0 and backward η < 0 asymmetries for diﬀerent ranges in jet
pT . Throughout the kinematic region accessed, the asymmetries
are small for π+ and π− .

quantity has been meaured, the STAR results will provide
important limits for model calculations.
Collins asymmetries
have been extracted from the
√
same dataset at s = 200 GeV used for the di-hadron
asymmetry measurement. The results have been presented
before [14]. The results are consistent with zero due to the
large error bars, however, from calculations [15] which assume that factorization breaking eﬀects are negligible it is
expected that the larger dataset already taken at 200 GeV
will reduce the statistical errors enough to result in a signiﬁcant result.
Collins asymmetries have also been measured at
500 GeV. Results are shown in ﬁg. 3. However, since
transversity for gluons vanishes, it is expected that Collins
asymmetries are small for the region covered by STAR.
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Figure 4. Jet AN at 500 GeV. Small asymmetries are observed
over the full range of pT at all rapidities accessed in the STAR
barrel. This bounds the magnitude of the twist3 correlator T F
and the related Sivers function in this kinematic region, which is
dominated by gluon scattering.

Consistent with this, the STAR
results do not show signif√
icant asymmetries. The s = 500 GeV dataset has also
been used to extract transverse spin asymmetries of jets,
which are sensitive to the gluon Sivers function. Results
are shown in ﬁg. 4. Asymmetries are very small, consistent with a small gluon Sivers function. (Full results presented at [16])

Figure 5. Forward EM-jets vs. jet-energy. Jets in the backward
direction (xF < 0) are consistent with zero. Asymmetries for
jets consisting of two photons that are in the π0 mass region are
consistent with the forward AN measured for π0 s at other experiments. In contrast, jets with a higher photon count, have signiﬁcantly smaller asymmetries.

5 Forward Single Spin Asymmetries
As described in section 1, the study of forward transverse
spin asymmetries AN for neutral pions have a long history
in p + p scattering. Similar to the observable for jets described in section 4, AN is a very simple observable [17].
It is proportional to the excess of particles that go to left
vs. the right if the spin of the polarized proton points up.
Due to its simplicity it is relatively hard to pin down the
separate contributions to the asymmetry, since unlike the
jet AN , both initial and ﬁnal state eﬀects can play a role.
Most measurements have been done with reconstructed
π0 mesons, but also η mesons [1] as well as charged pions and kaons have been measured [18]. STAR observed
large asymmetries for π0 at large transverse momenta in
√
s = 500 GeV collisions. To investigate the mechanisms
behind these asymmetries, STAR measured asymmetries
for EM-jets for diﬀerent photon multiplicities. In particular, transverse single spin asymmetries AN for jets from
photons reconstructed in the FMS in 2.7 < η < 4.0 with
an anti-kT -algorithm with radius of R = 0.7 are measured.
Figure 5 shows the result for AN vs. jet energy for jets consisting of two photons in the invariant mass region of the
π0 . This jet sample consists therefore mainly of isolated
π0 . The magnitude of these asymmetries rises with the energy and is consistent with the forward AN measured for
inclusive π0 s.
In contrast, asymmetries for jets with more than 2 photons are signiﬁcantly smaller and show a ﬂat dependence
on the jet energy. A possible conclusion from these results
is that the contribution of initial state eﬀects is negligible for the large forward AN . That the asymmetry is large

Figure 6. Forward EM-jets with and without central jet requirement vs. EM-jet pT and multiplicity. The requirement of jet
at midrapidity or the endcap region leads to signiﬁcantly lower
asymmetries for isolated π0 .

for isolated π0 could mean that exclusive processes contribute to AN . To test this hypothesis, we repeated the same
measurement for events where in addition to the forward
EM-jet, a EM-jet in the mid-rapidity or endcap region of
STAR was detected and for events, where no EM-jet was
found at mid-rapidity or in the endcap. Figure 6 shows
that for the 2-photon case (isolated π0 s) the requirement of
a jet at mid-rapidity leads to a signiﬁcant decrease of the
asymmetries. For jets with larger multiplicities, the diﬀerence is within the statistical and systematic errors, since
the signal is very small. Even though this result seems
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to indicate, that exclusive processes might play a signiﬁcant role for single transverse spin asymmetries at high η
in p + p, it has to be noted, that the requirement of the
second jet at mid-rapidity restricts the kinematic region of
the measurement compared to the case where none is detected. In the latter case the second jet might have been
in a region that is not instrumented. However as noted
above, in 2-2 scattering the larger x accessed can be computed as x = √1s (pT 1 eη1 + pT 2 eη2 ). This means, that for
events, where jets are missed because they fall into a region which is not instrumented at negative η, x remains
virtually unchanged. The case where the undetected jet
falls into the forward region (i.e. η > 4.0) has a negligible cross-section. This suggests, that hard 2-2 scattering
where both outgoing partons fragment into jets are not the
leading contributor to the large AN .

6 Transverse Single Spin Asymmetries of
fully reconstructed W Bosons
One of the milestones in the nuclear physics community is
to observe the sign change of the Sivers function between
processes with ﬁnal state interactions (FSI), like SIDS, vs
processes with initial state interaction (ISI). ISI processes
can be probed in hadronic collisions, like polarized p + p.
Two quarks annihilate and form a γ∗ or a W or Z boson.
One then has to pick out the process where the electroweak
gauge boson decays leptonically, to isolate the ISI. The
leptonic decay of the W boson at STAR has a very unique
signature. Since the W has high mass, W produced even
at mid-rapidity probe the Sivers function in the valence
region as well as the sea-region. For this analysis, fully
reconstructed Ws are used. The momentum of the undetected neutrino is reconstructed from the recoil which is
corrected for particles escaping through holes in the detector using MC simulations. Figure 7 shows the results
from the ﬁrst exploratory measurement in 2011. The statistical error bars are still too large to test the predicted sign
change of the Sivers function. However, this measurement
used only an integrated luminosity of 25 pb−1 , which has
to be compared with√the luminosity collected during a potential long run at s = 500 at RHIC that could collect
as much as 900 pb−1 . With this amount of statistics, this
channel will be very valuable in testing the sign change
predictions for the Sivers function even the evolution from
SIDIS to the W scale introduces some uncertainty. In addition to the sign change, this measurement will be very
important to determine the Sivers function for sea-quarks,
which are virtually unconstrained at the moment as well as
the QCD evolution of the Sivers function [19].

7 Short and longterm Upgrades
STAR plans a number of short and long term upgrades that
will extend the reach of its spin program [20]. For the next
RHIC run, Run15, starting at the end of this year, STAR
will have a preshower detector for the FMS in place. The
main physics goal of this detector is the measurement of
transverse spin asymmetries of direct photons which are

Figure 7. Transverse single spin asymmetry AN for fully reconstructed W bosons at midrapidity vs. W pseudorapidity. The
statistical error bars of this exploratory measurements are still
too large, to give an answer to the Sivers sign-change question.
However, they will provide limits on the sea-quark Sivers function.

again related to the Sivers function. Since photons do not
carry color charge, the relevant calculations are well understood. In addition, RHIC will for the ﬁrst time have
polarized p + A collisions in Run15. Probing high gluon
densities at low x in Au with spin can provide additional
insight into the physics of the saturation regime. In the
long term, possibly starting around 2020, STAR is planning for a more extensive forward upgrade. The centerpiece of which is a new combined ECAL/HCAL system
covering 2.5 < η < 4.5 that will allow jet reconstruction
in the forward region as well as hadron reconstruction. A
tracking system is also planned to allow charge reconstruc-
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tion which is needed e.g. for the di-hadron correlation
measurements. Possible physics topics with transverse
spin include precision measurements of Collins and Sivers
asymmetries as well as IFF asymmetries. This would allow the measurement of transversity up to values of x of
0.4 and greater. It could also address question about the
TMD evolution of the Collins function and possible factorization breaking eﬀect. Another upgrade, which is currently underway, is the instrumentation of inner sectors of
the TPC. Currently only about a third of the inner readout pads are instrumented, which means that for tracks at
steeper angles, not enough points can be reconstructed for
tracking or PID. As mentioned above, currently the tracking capability of STAR ends at about η = 1.3. With the inner sector upgrade, tracking will be available up to η = 2.0,
therefore covering the STAR endcap. This would enable
a similar phyisic program than in the STAR barrel, but at
higher x. It is expected that this upgrade will be ﬁnished
by the end of 2017.
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