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Abstract

Title: Transverse Single-Spin Asymmetry for Electromagnetic Jets at Forward Rapidities in p↑+p Collisions at
√

s = 200
GeV at STAR

Abstract (SPIN21):
There have been various attempts, both experimentally and theoretically, to understand the origin of the unexpectedly large
transverse single-spin asymmetries (AN ) for inclusive hadron production at forward rapidity in p↑+p collisions that persist
from low to high center-of-mass energies. Two proposed potential sources are the twist-3 contributions in the collinear
factorization and the transverse-momentum-dependent contributions from either the initial-state quark and gluon Sivers
functions or the final-state Collins fragmentation function. Jet AN is sensitive to the initial state effect and can provide
access to Sivers functions. AN for jets of different substructures can help better understand the underlying mechanism for
the observed large AN . Transversely polarized p↑+p collisions at RHIC are ideal to disentangle the initial and final state
effects. The STAR Forward Meson Spectrometer (FMS) and Endcap Electromagnetic Calorimeter (EEMC), having
pseudo-rapidity coverages of 2.6 - 4.2 and 1.1 - 2.0 respectively, can be used to detect photons, neutral pions, and eta
mesons. We present preliminary results of AN for electromagnetic jets in FMS and EEMC using p↑+p collisions at

√
s =

200 GeV where we explore the dependences of AN on photon multiplicity inside the jet, jet transverse momentum, and jet
energy.
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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.
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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,
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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).
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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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Update on EM-Jet AN in FMS and EEMC

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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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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Details of Dataset
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Goal: Extract AN as a function of EM-jet pT , energy and photon multiplicity for the reaction p↑ + p→
EM-jet + X using FMS and EEMC.

Dataset:
- Run 15(200 GeV pp trans)
- Production tag: P15ik (FMS stream) and P16id (Physics stream)
- Full Run List: Can be found in the files here (FMS) and here (EEMC)
- Fill Numbers: Can be found in the files here (FMS) and here (EEMC)
- Fill-by-fill FMS hot/bad channel list: Can be found in the file here

Data-stream:
-FMS-stream (For FMS EM-jet)
- Physics-stream (For EEMC EM-jet)
Triggers:
- Small BS, Large BS and FMS-JP Triggers (For FMS EM-jet)
- EHT0, JP and MB triggers (For EEMC EM-jet)
- Veto on LED and abort gap
STAR library: SL20a
Source code for this analysis: github.com/latifkabir/BrightSTAR
(Relevant directory is emJetAnalysis)

https://raw.githubusercontent.com/latifkabir/BrightSTAR/master/database/Run15FmsRunList.txt
https://raw.githubusercontent.com/latifkabir/BrightSTAR/master/database/Run15PhyRunList.txt
https://raw.githubusercontent.com/latifkabir/BrightSTAR/master/database/Run15FmsFillNumberDB.json
https://raw.githubusercontent.com/latifkabir/BrightSTAR/master/database/Run15PhyFillNumberDB.json
https://raw.githubusercontent.com/latifkabir/BrightSTAR/master/database/Run15FmsHotChList.json
https://github.com/latifkabir/BrightSTAR
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Analysis Details and List of Cuts
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Analysis Details and List of Cuts
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Trigger Dependent pT Cut
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Trigger Id  (GeV) 15% Higher

FMS-sm-bs1 480801 1.1

FMS-sm-bs1 480821 / 480841 1.0

FMS-sm-bs2 480802 / 480822 1.6

FMS-sm-bs3 480803 2.2

FMS-sm-bs3 480823 / 480843 1.9

FMS-lg-bs1 480804 1.1

FMS-lg-bs1 480824 / 480844 1.0

FMS-lg-bs2 480805 / 480825 1.6

FMS-lg-bs3 480806 / 480826 2.4

FMS-JP0 1.6

FMS-JP1 2.4

FMS-JP2 3.2

EM Jet Jobs

NanoJetTree over written upto Job sub no. 16. or run number: 16078031

Ring of Fire Giving Trigger

Borad sum trigger with higher threshold causes the ring of fire issue. Thus, small-bs3 has the
worset case, next small-bs2 and next large-bs3. Try excluding first small-bs3.

E  T

For EEMC,
-Trigger thresholds for EH0, JP1, JP2
are taken 4.25, 5.41, 7.28 GeV
respectively.
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Jet Reconstruction
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FMS hot channel masking before
reconstruction.

Fill-by-fill FMS hot/bad channel list

Exclude highly bit-shifted FMS channels

Vertex z priority: TPC, VPD, BBC

Updated StJetMaker for FMS. Tuned for
EM-jet analysis.

FMS points as input for Anti-kT

EEMC towers as input for EEMC EM-jet

Anti-kT with R = 0.7

Eγ > 1.0 GeV (For FMS EM-Jet)

ET (tower) > 0.2 GeV (For EEMC EM-jet)

Jet pT > 2.0 GeV/c

-80 cm < Vz < 80 cm

Jet Reconstruction 

D
et

ec
to

r 

G
E

A
N

T 
PY

T
H

IA
 

etcp
e

,,
,
π

γν ,,

gq,

Pa
rt
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le

 

Jet Levels MC Jets 

Anti-KT Jet Algorithm: 
•  Radius = 0.6 
•  Used in both data and simulation 

Pa
rt

on
 

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-Jet AN Extraction
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EEMC

Binning:

Energy bins: 0 - 20 GeV, 20 - 40 GeV, 40 - 60 GeV and 60 - 80 GeV

pT bins: 0 - 5 GeV/c with 0.5 GeV/c increment, 5.0 - 6.0, 6.0 - 8.0 GeV/c

16 equal φ bins in the range −π to π

Up to 5 photon multiplicity bins

Done separately for xF > 0 and xF < 0
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2.65 < η < 3.9

1.1 < η < 2.0
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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-

 [rad]φ 0 0.5 1 1.5 2 2.5 3

ra
w

 A

0.05−
0.04−
0.03−
0.02−
0.01−

0

0.01

0.02

0.03

0.04

0.05
 / 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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EM-Jet AN Extraction

Allows extraction of both physics asymmetry and beam asymmetry
Used to cross check the other extraction method
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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

 [rad]φ 3− 2− 1− 0 1 2 3

ra
w

 A

0.05−
0.04−
0.03−
0.02−
0.01−

0

0.01

0.02

0.03

0.04

0.05
 / ndf 2χ  13.19 / 14

p0        0.0004955± 0.01265 

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 Corrections and Systematic Uncertainties

AN Corrections and Uncertainties:

Event Misidentification:
- Misidentification of 1, 2 etc photons as other types (2, 1, etc)
Background Uncertainty
- Pile-up, Abort gap, Ring of fire
- Underlying events
Polarization Error

Energy or pT Corrections and Uncertainties:
Calibration uncertainty
Energy or pT correction
Uncertainty due to radiation damage

Remaining work on systematic uncertainties to be used for final results
Current systematics for AN is likely over estimated as it is based on a simulation that is not perfect. Final
results aim to address this.

- For Details of the corrections and systematic uncertainties, see the pwg presentation here
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https://drupal.star.bnl.gov/STAR/system/files/userfiles/6445/EmJetAN_Corrections_And_Systematics_pwg_update.pdf
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FMS EM-Jet Simulation: Configuration

Library version: SL20a

Geometry: y2015

Chain option: "ry2015a agml usexgeom MakeEvent McEvent vfmce Idst BAna l0 l3 Tree logger
fmsSim fmspoint evout -dstout IdTruth bigbig fzin geantout clearmem sdt20150417.193427"

Beam Energy: 200 GeV

PYTHIA Tune: Tune Perugia6 (Tune param 370): Perugia with CTEQ6 structure
functions.

FMS Gain and Gain Correction: Same as data.

Event Filter: PYTHIA and BFC level filtering (StFmsFilterMaker ).

Trigger Simulation: FMS Trigger Simulator (StFmsTriggerMaker ).

Bad/Hot channels: Same as data.
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FMS EM-Jet Simulation: Workflow

- For Details about the outcome of simulation studies, see the pwg meeting presentation here
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Figure 2.7: Assignment of FMS channels to QT boards (labelled by letters A-J, divided by
solid black lines) and to QT8 cards within each board (labelled by numbers 0–3, divided
by dotted black lines). Red lines divide quadrants (i.e., QT crates) and green lines divide
regions within each quadrant associated to DSM layer 0. Grey cells along the outer edges
are not in the trigger.

for each quadrant, consists of 3 DSM boards: one associated with QT boards A-D, another

with E-H, and the third with I-J. Layer 0 DSM boards sum together QT8 ADC sums in

various combinations of 4 adjacent QT8 stripes:

• sum over all QT8 cards of each QT board individually:

– sumA, sumB, sumC, sumD, sumE, sumF, sumG, sumH, sumI, sumJ

• sums split between adjacent QT boards (4 adjacent QT8 cards):

– sumBC = B2 + B3 + C0 + C1

– sumCD = C2 + C3 + D0 + D1

– sumEF = E2 + E3 + F0 + F1

54

E thr
Q = Energy sum

(per quadrant)

(SL20a)

https://drupal.star.bnl.gov/STAR/system/files/EM_Jet_Update_Sep2020_Collab_Meeting.pdf
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Small BS, Large BS and
FMS-JP Triggers

Anti-kT with R = 0.7

Eγ > 1.0 GeV

Jet pT > 2.0 GeV/c

2.8 < ηEM−jet < 3.8

Statistical and systematic
error bars

3.46% polarization scale
uncertainty not shown
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Small BS, Large BS
and FMS-JP Triggers

Anti-kT with R = 0.7

Eγ > 1.0 GeV

Jet pT > 2.0 GeV/c

2.8 < ηEM−jet < 3.8

Statistical and
systematic error bars

3.46% polarization
scale uncertainty not
shown
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EHT0, JP and MB triggers

Anti-kT with R = 0.7

Photon multiplicity based on EEMC tower counts

Tower ET > 0.2 GeV

Jet pT > 2.0 GeV/c

1.0 < ηEM−jet < 2.0

Statistical and systematic error bars

3.46% polarization scale uncertainty not shown
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