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Transverse Single-Spin Asymmetry (AN )
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Unexpected large transverse single-spin asymmetries (AN ) are observed in proton-proton collisions

pQCD predicts AN ∼ mq
pT
· αS ∼ 0.001 Kane, Pumplin and Repko

PRL 41 1689 (1978)
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Figure 4
Back-to-back dihadron production in e+e− annihilations. The hadrons are assumed to be in back-to-back jets
and can be applied to the study of transverse momentum–dependent fragmentation functions.

fraction carried by the parton, k⊥ is the transverse momentum, and r⊥ is the coordinate space vari-
able. These functions can be interpreted as the phase-space (r⊥, k⊥) distribution of the parton in the
transverse plane perpendicular to the nucleon momentum direction. Wigner distributions reduce
to TMD distributions and GPDs upon integration over certain variables. These TMD distribu-
tions and GPDs are experimentally accessible, whereas Wigner distributions, in general, are not.

2.2. e+e− Annihilations

To constrain the contribution from the fragmentation processes in SIDIS, we have to measure
the relevant hadron production processes in e+e− annihilations. In particular, the back-to-back
dihadron correlation can provide important information on TMD fragmentation functions (56,
76). This process (Figure 4) has its own unique phenomena, which were discovered recently
by the Belle and BaBar Collaborations (46–48). Two hadrons are produced in the back-to-back
correlation kinematics, and a nontrivial fragmentation function called the Collins fragmentation
function leads to a novel azimuthal angular asymmetry proportional to cos 2φ0.

2.3. Nucleon–Nucleon Scattering

The nucleon structure can also be well studied in hadron–hadron collisions. As shown in Figure 5,
two partons from the incoming nucleons scatter and, in the final state, produce a high-momentum
particle, such as a hadron, jet, or vector boson (from virtual photon decays), or a lepton pair. When
choosing an appropriate polarization for the incoming nucleons, we can study the associated parton
distributions depending on the spin of the nucleon (29, 77).

h, jet, (W±,γ*)
 

P, Sp

Figure 5
Inclusive hadron (h), jet, or vector boson production in pp collisions, which depend on the incoming parton
distributions of quarks and gluons. Among the spin-dependent observables, the single transverse spin
asymmetry (right) is closely related to the transverse spin structure of the nucleon. This asymmetry is also
called left–right asymmetry.

434 Perdekamp · Yuan

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt

. S
ci

. 2
01

5.
65

:4
29

-4
56

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
Je

ff
er

so
n 

L
ab

 -
 N

ew
po

rt
 N

ew
s 

on
 0

3/
03

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

NS65CH18-Yuan ARI 9 September 2015 14:34

Hadron plane

Lep
ton p

lane

Φ0

z
x

e–

e+

k'

k h1

h2

Ph2
Ph1

P hT

θ

Figure 4
Back-to-back dihadron production in e+e− annihilations. The hadrons are assumed to be in back-to-back jets
and can be applied to the study of transverse momentum–dependent fragmentation functions.

fraction carried by the parton, k⊥ is the transverse momentum, and r⊥ is the coordinate space vari-
able. These functions can be interpreted as the phase-space (r⊥, k⊥) distribution of the parton in the
transverse plane perpendicular to the nucleon momentum direction. Wigner distributions reduce
to TMD distributions and GPDs upon integration over certain variables. These TMD distribu-
tions and GPDs are experimentally accessible, whereas Wigner distributions, in general, are not.

2.2. e+e− Annihilations

To constrain the contribution from the fragmentation processes in SIDIS, we have to measure
the relevant hadron production processes in e+e− annihilations. In particular, the back-to-back
dihadron correlation can provide important information on TMD fragmentation functions (56,
76). This process (Figure 4) has its own unique phenomena, which were discovered recently
by the Belle and BaBar Collaborations (46–48). Two hadrons are produced in the back-to-back
correlation kinematics, and a nontrivial fragmentation function called the Collins fragmentation
function leads to a novel azimuthal angular asymmetry proportional to cos 2φ0.
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The nucleon structure can also be well studied in hadron–hadron collisions. As shown in Figure 5,
two partons from the incoming nucleons scatter and, in the final state, produce a high-momentum
particle, such as a hadron, jet, or vector boson (from virtual photon decays), or a lepton pair. When
choosing an appropriate polarization for the incoming nucleons, we can study the associated parton
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Figure 5
Inclusive hadron (h), jet, or vector boson production in pp collisions, which depend on the incoming parton
distributions of quarks and gluons. Among the spin-dependent observables, the single transverse spin
asymmetry (right) is closely related to the transverse spin structure of the nucleon. This asymmetry is also
called left–right asymmetry.
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AN = dσL−dσR
dσL+dσR

 22 

2.1.2  Run-2023 and Opportunities with a Future Run at 500 GeV  
 

First and foremost, a transversely polarized 500 GeV p+p run with anticipated delivered luminosity of 1 
fb-1 will reduce the statistical uncertainties of all observables discussed in Section 2.1.1 by a factor of two, 
including the flagship measurement of the Sivers effect in W and Z production.  This experimental accura-
cy will significantly enhance the quantitative reach of testing the limits of factorization and universality in 
lepton-proton and proton-proton collisions. 

Results from PHENIX and STAR have shown that large transverse single spin asymmetries for inclu-
sive hadron production, AN, that were first seen in p+p collisions at fixed-target energies and modest pT ex-
tend to the highest RHIC center-of-mass (c.m.) energies, √s  = 500 GeV and surprisingly large pT . Figure 
2-9 summarizes the world data as function of Feynman-x. Surprisingly the asymmetries are nearly inde-
pendent of √s over a very wide range (√s: 4.9 GeV to 500 GeV). 

 

 
Figure 2-9: Transverse single spin asymmetry measurements for charged and neutral pions at different center-of-mass 
energies as a function of Feynman-x. 

 
The latest attempt to explain AN for π0 production at RHIC incorporated the fragmentation term within 

the collinear twist-3 approach [61]. In that work, the relevant (non-pole) 3-parton collinear fragmentation 
function !!"ℑ !, !!  was fit to the RHIC data. The so-called soft-gluon pole term, involving the ETQS 
function Tq,F(x1,x2), was also included by fixing Tq,F through its well-known relation to the TMD Sivers 
function !!!! . The authors found a very good description of the data due to the inclusion of !!"ℑ !, !! . 
Based on this work, one is able to make predictions for π+ and π- production at forward rapidities covered 
by the forward upgrade. The results are shown in Figure 2-10 for two different center-of-mass energies 
(200 GeV and 500 GeV) and rapidity ranges (2 < η < 3 and 3 < η < 4). 
 

  
Figure 2-10: Predictions, based on the work in Ref. [61], for AN for π+ and π- production for 2 < η < 3 (left) and 3 < η 
< 4 (right) at 200 GeV (solid lines) and 500 GeV (dashed lines). 

 
The proposed forward upgrade, incorporating forward tracking (see Section 5), will enable us to access 

the previously measured charged hadron asymmetries [62] up to the highest center-of-mass energies at 
RHIC. It will be important to confirm that also the charge hadron asymmetries are basically independent of 
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Possible Mechanisms
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Sivers Mechanism:
Correlation between proton spin and parton kT

Collins Mechanism:
Transversity (quark polarization)

⊗
jet fragmentation

asymmetrySP kT,q

p

p

SP

p

p

Sq kT,π

D. Sivers, Phys Rev D 41 (1990) 83; 43 (1991) 261

Signatures: AN for jets or direct photons,
W+/−, Z 0, Drell-Yan

J. Collins, Nucl Phys B 396 (1993) 161

Signatures: Collins effect, Interference fragmentation
function (IFF), pion AN

Twist-3:
Quark-gluon / gluon-gluon correlations and fragmentation functions. A source for Sivers function.

J.W. Qiu and G. Sterman, Phys Rev Lett 67 2264 (1991)
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Relativistic Heavy Ion Collider (RHIC)
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Relativistic Heavy Ion Collider (RHIC)

World’s only polarized
proton-proton collider

Transverse and longitudinal
polarization

Spin direction varies
bucket-to-bucket (9.4 MHz)

Fill-to-fill variations in spin pattern

Polarized protons up to√
s = 510 GeV

Allows to probe hard scattering
processes with control of
systematic effects
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The STAR Experiment at RHIC
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Calorimetry System:
- Barrel Electromagnetic Calorimeter (BEMC): −1 < η < 1
- Endcap Electromagnetic Calorimeter (EEMC): 1.1 < η < 2
- Forward Meson Spectrometer (FMS): 2.6 < η < 4.1

Full azimuthal coverage
Table 5: Summary of pp running periods at RHIC since 2009, including center-of-mass energy,
STAR’s integrated luminosity and the average beam polarization for blue (B) and yellow (Y) beams
from the H-jet polarimeter. Years with a single polarization value indicate both beams had the
same average value.

Year
√
s (GeV) Recorded Luminosity (pb−1) Polarization Orientation B/Y 〈P 〉

2009 200 25 Longitudinal 55
2009 500 10 Longitudinal 39
2011 500 12 Longitudinal 48
2011 500 25 Transverse 48
2012 200 22 Transverse 61/56
2012 510 82 Longitudinal 50/53
2013 510 300 Longitudinal 51/52
2015 200 52 Transverse 53/57
2015 200 52 Longitudinal 53/57
2017 510 320 Transverse 55

Longitudinal Spin Program

Measurement of the longitudinal single spin asymmetry, AL, in W± production was one of
the initial motivations for the spin-physics program at RHIC, exploring the longitudinally
polarized sea quark distributions. The final W± AL results from the 2013

√
s =510 GeV

data [87] are shown in Fig. 27 combined with previously published data collected by STAR
in 2011 and 2012. The data have now reached a level of precision that for the first time it
is possible to evaluate the individual sea quark polarizations, revealing that the polarization
of ū is larger than that of d̄.

With its ability to identify W±, STAR has released the preliminary results on the unpo-
larized cross-section ratio of the W+ and W− bosons from the STAR 2011 to 2013 data at√
s = 510 GeV [91]. This unique measurement is sensitive to the un-polarized light sea quark

distributions in the region of x > 0.05. A significant advantage of these data is that they
are free of any correction and systematic uncertainties associated with the nuclear targets
typically used in experiments that probe these distributions.

A combined paper from the inclusive jet and dijet ALL using the 2012 510 GeV longitu-
dinally polarized pp data [92, 93] is soon to be submitted to Physical Review D. The paper
introduces the so-called off-axis cone method to correct for the underlying event (UE) con-
tribution to the jet transverse energy on a jet-by-jet basis This method has been expanded
to an UE corrections on dijet invariant mass, Minv. The measured ALL enables exploration
of ∆g(x,Q2) at x ∼ 0.015. The inclusive jet ALL (left-hand of Fig. 28) constrains the mag-
nitude of ∆g(x,Q2), while the four topology binned dijet ALL (right-hand of Fig. 28) give
information on the shape of ∆g(x,Q2). The dijet ALL is presented in four topology bins
based on the pseudorapidities of the two jets.

23

Polarized pp dataset since 2009
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Forward Meson Spectrometer (FMS)
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Additional FMS Information
u Large (5.8 x 5.8 cm) outer cells (red)

u Small (3.8 x 3.8 cm) inner cells (green)

u Each cell is ~18 radiation lengths deep

u Size of FMS is about 1 meter on each side of beam pipe

u Utilize Cherenkov lights (NOT the scintillation lights)

u Lead-Glass cells turn dark after being exposed to radiation

u Exposure to the UV rays in sunlight clears Lead-Glass cells

u To minimize the effects of this damage to the data taking a UV 
curing system was installed and successfully used in Run 2017 

u It was used to clean the Lead-Glass cells during downtime and 
ramping of the beam

16

C. Dilks  6

Lead-Glass Electromagnetic Calorimeter

Forward Pseudorapidity: 2.65 < η < 3.9

Array of ~1200 Pb-glass cells coupled to 
Photomultiplier Tubes (PMTs)

γ, e–, e+ → EM shower

Primary observable: π0→γγ  

FMS: Forward Meson Spectrometer

4.1

]2 [GeV/cγγM
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 > 13 GeVγγE
 < 0.8γγZ

FMS is a lead-glass
electromagnetic calorimeter

Array of ∼1200 Pb-glass cells
coupled to PMTs

Forward pseudorapidity
coverage: 2.6 < η < 4.1

γ, e−, e+ → EM shower

Observables: γ, π0, EM-jet



EM-Jet AN at Forward Rapidities at STAR

Endcap Electromagnetic Calorimeter (EEMC)
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 June 18, 2008  Pibero Djawotho – STAR – UC 
Davis

17

STAR Endcap Electromagnetic Calorimeter

• Coverage: 1.086<η<2.0, 0<φ<2π
• 12 sectors×5 subsectors×η-bins=720 towers
• 1 tower=24 layers:

– Layer 1=preshower-1
– Layer 2=preshower-2
– Layer-24=postshower

• SMD-u and –v plane at 5X0

• 288 SMD strips/plane/sector  [GeV]0πMass
0 0.2 0.4 0.6 0.8 1 1.2

0

5000

10000

15000

20000

25000

30000

35000
 Invariant Mass 0πCoverage: 1.1 < η < 2.0, 0 < φ < 2π

12 sectors (matched to TPC sectors) × 5 subsectors x
12 η-bins = 720 towers.

1 tower = 24 layers, Layer 1 = pre-shower 1, Layer 2 =
pre-shower 2, Layer 24 = post-shower

SMD U and V planes at 5X0

288 SMD strips/plane/sector
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EM-Jet AN with FMS and EEMC at STAR
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p↑ + p → EM-jet + X
Motivation:
- Explore potential sources of large AN

- Isolate subprocess contribution (EM-jet AN ) to
the large AN

- Characterize EM-jet AN as a function of EM-jet
pT , energy and photon multiplicity

Advantages of EM-jet:
- Allows to investigate EM component of a full jet
- Enables us to classify EM-jet in terms of its
constituent photon multiplicity

Dataset:
- RHIC Run 15 data
- p↑p collisions at

√
s = 200 GeV

- Transversely polarized protons with <P> = 57%
- L = 52 pb−1

EM-jet→ Jet reconstructed out of photons only

 

Detectors and Orientation

FMS
Forward
Meson
Spectrometer

EEMCEndcap 
Electromagnetic
Calorimeter
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Jet Reconstruction
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Vertex z priority: TPC, VPD, BBC

Reconstructed FMS photons / EEMC
towers as input for FastJet

Anti-kT algorithm with R = 0.7

Eγ > 1.0 GeV (For FMS EM-Jet)

Jet pT > 2.0 GeV/c

-80 cm < Vz < 80 cm

Monte Carlo

PYTHIA 6.428 event generator

Tune: Perugia 2012 with CTEQ6 PDFs

GEANT based STAR detector simulation

Jet Reconstruction 
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Anti-KT Jet Algorithm: 
•  Radius = 0.6 
•  Used in both data and simulation 
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STAR Detector has: 
•  Full azimuthal coverage  
•  Charged particle tracking from  

                      TPC for |η| < 1.3 
•  E/BEMC provide electromagnetic 
energy reconstruction for -1 < η < 2.0 
STAR well suited for jet measurements 

p. 23 August 25, 2014 A. Gibson, Valparaiso; STAR Low x g; PANIC 
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EM-Jets in FMS and EEMC

EM-jets from forward (FMS) and intermediate (EEMC) rapidities provide different EM-jet E and pT

ranges to be explored
Plots show EM-jet E, pT and photon multiplicity from data
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EM-Jet AN Extraction

Allows extraction of both physics asymmetry and beam asymmetry
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N↑ = I↑0 ε(1 + PAN cosφ)

N↓ = I↓0 ε(1− PAN cosφ)

A(φ) =
N↑ − N↓

N↑ + N↓

A(φ) ≈ PAN cosφ+
I↑0 − I↓0
I↑0 + I↓0

A(φ) = PANcos(φ) + p1

A(φ) + A(φ+ π) ≈ 2
I↑0 − I↓0
I↑0 + I↓0
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p1        0.0003489± 0.0004608 

 / ndf 2χ  13.19 / 14

p0        0.0004955± 0.01265 

p1        0.0003489± 0.0004608 

 20.0 GeV < E < 40.0 GeV,  No. of Photons 2, 2.5 GeV/c < Pt < 3.0 GeV/c
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EM-Jet AN Extraction

Cross-ratio formula to calculate AN

ε = PAN cos(φ)

ε ≈

√
N↑φN↓φ+π −

√
N↑φ+πN↓φ√

N↑φN↓φ+π +
√

N↑φ+πN↓φ

Advantages: Cancels systematics, such as luminosity and detector effects
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Backup FMS coordinates and Azimuthal plan

25 / BSTAR Spin PWG (Mar. 25, 2020)

• Coordinates and Azimuthal angle

─ FMS is located at west end of STAR WAH:

forward direction WRT the Blue (cw running), backward direction WRT the Yellow (ccw)

─ 0-point of the azimuthal plane is x = 0 (South), distributed in the range of [-π, π]

─ South is +x in FMS (detId 9, 11)

-z (E)+z (W)

-x (N)

+x (S)

+y

x

y

-π

+π 0

• AN by cross-ratio method

─ (dσ/dΩ)pol = ε(φ) = P × AN × cos(φ), where

a. ε(φ) : estimated (or raw) asymmetry, where

ε(φ) =

𝑁𝐿
↑ ∙𝑁𝑅

↓ − 𝑁𝐿
↓∙𝑁𝑅

↑

𝑁𝐿
↑ ∙𝑁𝑅

↓ + 𝑁𝐿
↓∙𝑁𝑅

↑
= 

𝑁φ
↑ ∙𝑁φ+π

↓ − 𝑁φ
↓ ∙𝑁φ+π

↑

𝑁φ
↑ ∙𝑁φ+π

↓ + 𝑁φ
↓ ∙𝑁φ+π

↑

b. P : beam polarization (%)

* https://wiki.bnl.gov/rhicspin/Run_15_polarization

c. AN : single transverse spin asymmetry

d. cos(φ) : cosine modulation

─ Separated entire azimuthal plane into 16 segments: index 0-7 for [0, π], 8-15 for [-π, 0]

8 / 19STAR Spin PWG (Mar. 25, 2020)

Analysis Adapting cross-ratio method

x

y

-π

+π 0

0

+π0
0 π-
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 / ndf 2χ  7.325 / 6

p0        0.0005102± 0.01287 

p1        0.0003573±0.0002187 − 

 / ndf 2χ  7.325 / 6

p0        0.0005102± 0.01287 

p1        0.0003573±0.0002187 − 

 20.0 GeV < E < 40.0 GeV,  No. of Photons = 2, 2.5 GeV/c < Pt < 3.0 GeV/c

ε(φ) = p0 cos(φ) + p1
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Corrections: Unfolding for Event Misidentification

Solve a set of five linear equations with five variables for each energy and pT bin

Decompose AN as a linear composition of Ai
N corresponding to ni photons

Use SVD for the unfolding procedure (e.g. TSVDUnfolding class)
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Corrections: Underlying Event and pT Corrections

EM-jet pT values are corrected for contaminations from underlying events (UE) using off-axis cone
method

EM-jet observables are corrected to the particle level

The asymmetry is corrected for the dilution from the background
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EM-Jet AN Projection
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Leading Sources of Systematic Uncertainties

AN uncertainties:
- Event misidentification
- Background contamination
- Beam polarization

Energy or pT uncertainties:
- Calibration
- Energy or pT corrections
- Effects of radiation damage

EEM
jet = 20 - 40 GeV 40 - 60 GeV 60 - 80 GeV No of

Photons

1

2

3

4

5



EM-Jet AN at Forward Rapidities at STAR

Current Status and Outlook

We are studying AN in the subprocess: p↑ + p→ EM-jet + X

Understanding the dependences of AN on photon multiplicity inside EM-jet, jet pT and jet E can help
further characterize large AN in the forward rapidities

Current efforts include: improving the EM-jet simulation and better understanding of the sources of
systematic uncertainties

Expect physics results soon!
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