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Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.

1



Outline
2

Bernd Surrow7th International Workshop on Transverse Phenomena in Hard Processes / Transversity 2024
Trieste, Italy, June 3 - 7, 2024

H∢
1

h1

X

̂σ

X

⃗ph,1

⃗ph,2

⃗ph

f1⃗pa, ⃗sa
i j

k

⃗pb

  = parton 
polarization 

 = parton 
flavors
i, j, k, l

l

D1

Theoretical Foundation 

RHIC Collider and STAR experiment 

Analysis Details -  Asymmetry 

 Asymmetry Results 

Analysis Details -  Cross-Section 

 Cross-Section Results 

Summary

π+π−

π+π−

π+π−

π+π−



Bernd Surrow

Theoretical foundation
Probe transverse proton spin structure using high-energy polarized p+p collisions
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Important new insight into the transverse proton spin structure at STAR in polarized 

p+p collisions at high energies using well established processes both theoretically and 

experimentally involving jets / hadrons   

Transversity-related measurements: Important insight into transverse spin 

structure - Need coupling of transversity (h1) to chiral-odd transverse spin 

dependent fragmentation function (FF): 

Collins TMD FFs: Azimuthal single-spin asymmetries of charged pions in jets 

Di-hadron FFs: Azimuthal correlations of charged pion pairs 

Deepen our understanding concerning universality, factorization and evolution!

X

i,j,k

h
i/pa

1 (xa)⌦ f
j/pb

1 (xb)⌦H
^h1h2/k
1 (z,Mh)

X

i,j,k

h
i/pa

1 (xa) f
j/pb

1 (xb)H
?h/k
1 (z, kT )

long-range short-range long-range

f1(x1)

f2(x2)

�̂(LO, NLO, NNLO)

Dh
f

X

f i/pa

1 (xa)

Dh/k
1 (z)

f j/pb

1 (xb)

FF Review: A. Metz and A. Vossen, Prog. Part. 
Nucl. Phys. 91 (2016) 136.



Theoretical Foundation
4

Bernd Surrow

Proton spin structure 

Semi-inclusive Deep Inelastic Scattering

Semi-inclusive hadron production in deep inelastic scattering (SIDIS) provides a power-
ful probe of the transverse momentum dependent (TMD) quark distributions of nucleons.
Common kinematic variables have been described in the DIS section (see the Sidebar on
page 18). In SIDIS, the kinematics of the final state hadrons can be specified as follows

Figure 2.11: Semi-inclusive hadron production
in DIS processes: e+N ! e

0 + h+X, in the
target rest frame. P hT and S? are the trans-
verse components of P h and S with respect to
the virtual photon momentum q = k � k0.

�h, �s Azimuthal angles of the final state
hadron and the transverse polarization
vector of the nucleon with respect to
the lepton plane.

PhT Transverse momentum of the final state
hadron with respect to the virtual pho-
ton in the center-of-mass of the virtual
photon and the nucleon.

z = Ph · P/q · P gives the momentum frac-
tion of the final state hadron with re-
spect to the virtual photon.
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Figure 2.12: Leading
twist TMDs classified ac-
cording to the polarizations
of the quark (f, g, h)
and nucleon (U, L, T).
The distributions f

?,q
1T and

h
?,q
1 are called naive-time-

reversal-odd TMDs. For glu-
ons a similar classification of
TMDs exists.

The di↵erential SIDIS cross section can be written as a convolution of the transverse
momentum dependent quark distributions f(x, kT ), fragmentation functions D(z, pT ), and
a factor for a quark or antiquark to scatter o↵ the photon. At the leading power of 1/Q,
we can probe eight di↵erent TMD quark distributions as listed in Fig. 2.12. These distri-
butions represent various correlations between the transverse momentum of the quark kT ,
the nucleon momentum P , the nucleon spin S, and the quark spin sq.

32

Proton spin structure in terms of parton distribution functions (PDFs) 

Three leading twist collinear PDFs, integrated over parton transverse momentum : 

Unpolarized PDF 

 Helicity PDF 

Transversity PDF 

Motivation: Measurement of observable to constrain  in collinear framework in polarized 

p+p collisions employing chiral-odd di-hadron fragmentation function (DiFF)!

kT

f1(x) =
g1(x) =
hq

1 (x) =

hq
1 (x)
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Transversity

Correlation between nucleon transverse polarization and 
transverse polarization of quarks - no gluon transversity! 

First transversity global 
analysis by M. Radici and 
A. Bacchetta (Phys. Rev. 
Lett. 120, 192001 
(2018)) 

New global analysis by 
JAM global analysis 
(arXiV 2308.14857)! 

Important connection to 
Lattice QCD!
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Observables for transversity - Theoretical formulation
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Unpolarized cross-section:
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angle �RS mentioned above. The hard scale is set to be µ = Q, and the unpolarized PDF f1 is taken from Ref. [36].

Both COMPASS and HERMES measured the asymmetry for proton targets, while COMPASS also used a deuteron
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where hq/D

1 are the deuteron transversity PDFs. From this one immediately sees that the SIDIS data is sensitive only
to the valence transversity PDFs [63, 66, 69], with the proton asymmetry primarily sensitive to uv and the deuteron
asymmetry equally sensitive to uv and dv.

C. Dihadron Production in Proton-Proton Collisions

In the process p"p ! (⇡+
⇡
�)X, a transversely polarized proton with 4-momentum PA collides with an unpolarized

proton with 4-momentum PB producing an outgoing dihadron pair with 4-momentum Ph (with PhT the magnitude
of the transverse component) and pseudo-rapidity ⌘. The measured asymmetry (denoted as AUT by STAR [121]) is
given by [122]
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The hard scale is set to be µ = PhT . The hard (perturbative) partonic cross sections d�̂ and d��̂ [123] depend on
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Observables for transversity - Experimental measurement

AUT =
dσUT
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=
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dσ↑ + dσ↓

Di-hadron azimuthal correlation asymmetry,  , for   :AUT p ↑ + p → h+h− + X
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Independent measurement of  is required from  experiments (e.g. BELLE!) 

 is least known, specifically for gluon fragmentation (New constrain from STAR!)  
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STAR observed significant  correlation asymmetry, , using 200 GeV and 
500 GeV  

 

 enhanced around -mass region.
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First proof-of-principle measurements at 200GeV and 510GeV
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Radici et. al. Phys. Rev. Lett. 120 
(2018), 19 192001
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Polarized p+p collider facility at BNL

Absolute Polarimeter  
  (H jet)

RHIC pC Polarimeter

PHENIX/sPHENIX

STAR

Siberian Snakes

Spin Rotators
Siberian 
Snakes

Pol. Proton 
Source 200 MeV 

Polari-meter

Rf Dipole Strong AGS snake

AGS polarimeters

Helical Partial  
Siberian Snake

Partial Snake
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RHIC Collider and STAR Experiment
Transverse spin-polarized p+p production runs
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Di-hadron FFs: 2006 at 200GeV 

and 2011 at 500GeV measurements 

and updates presented here! 

TMD Collins FFs: 2012 / 2015 at 

200GeV and 2011 at 500GeV 

measurements 

Large data samples in 2015 at 

200GeV  and 2017 / 2022 at 

510GeV!
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Overview of STAR experiment

EEMC Magnet TPC TOF VPD BBCBEMC

Sub-Detector Acceptance Function

TPC -1 < 𝞰 <1, 0 < 𝟇 < 2𝞹 Tracking, PID

BEMC -1 < 𝞰 <1, 0 < 𝟇 < 2𝞹 Event triggering

TOF -1 < 𝞰 <1, 0 < 𝟇 < 2𝞹 PID

7th International Workshop on Transverse Phenomena in Hard Processes / Transversity 2024
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Polarized p+p data samples and kinematic coverage

Collision mode proton-proton
Polarization type transverse

Year 2006 2011 2012 2015 2017 2022 2024

200 500 200 200 510 508 200

~ 1.8 ~ 25 ~ 22 ~ 52 ~ 320 ~ 400 ~ 190

~ 60 ~ 53 ~ 57 ~ 57 ~55 ~52

s (GeV)
Lint (pb−1)

⟨Pbeam⟩( % )

Published  IFF   
STAR, Phys. Lett. 
B 780 (2018) 332 
STAR, Phys. Rev. Lett. 
115 (2015) 242501

AUT STAR Preliminaries @ 
 = 200 GeV 

Unpolarized  
Cross Section (2012) 
IFF Asymmetry (2015)

s
π+π−

STAR IFF 
Preliminary @ 

 = 510 GeVs

Planned IFF and 
Cross Section 
Measurements 

7th International Workshop on Transverse Phenomena in Hard Processes / Transversity 2024
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Kinematic coverage

Collision mode proton-proton
Polarization type transverse

Year 2006 2011 2012 2015 2017 2022 2024

200 500 200 200 510 508 200

~ 1.8 ~ 25 ~ 22 ~ 52 ~ 320 ~ 400 ~ 190

~ 60 ~ 53 ~ 57 ~ 57 ~55 ~52

s (GeV)
Lint (pb−1)

⟨Pbeam⟩( % )

STAR Kinematic Coverage:  

Covers larger  values compared to HERMES 

and COMPASS. 

Intermediate x coverage, probing 

predominantly valence quark region.

Q2

7th International Workshop on Transverse Phenomena in Hard Processes / Transversity 2024
Trieste, Italy, June 3 - 7, 2024



Analysis details -  Asymmetryπ+π−
14

Bernd Surrow

Kinematic variables and selection cuts 

π+

Scattering plane

 reaction planeπ+π−

π−

π−

⃗ph1

⃗ph2

⃗s
⃗pbeam

⃗ph⃗R

π+

Two crucial vectors:   and ⃗ph = ⃗ph1
+ ⃗ph2

⃗R =
1
2

( ⃗ph1
− ⃗ph2

)

Pion identification by measuring the 
ionization energy loss (dE/dx) 

with  GeV/c  and  

Oppositely charged pion pairs,  

Direction of  always points from 

 to   gets otherwise 
diluted

pπ
T > 1.5 |η | < 1

π+π−

⃗R
π− π+ AUT

Access to the quark polarization via correlation:   ⃗S ⋅ ⃗R × p⃗h

Polarized parton fragments to  :π+π−
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Asymmetry determination

AUT sin(ϕRS) =
1
P

N↑(ϕRS)N↓(ϕRS + π) − N↓(ϕRS)N↑(ϕRS + π)

N↑(ϕRS)N↓(ϕRS + π) + N↓(ϕRS)N↑(ϕRS + π)

Cross-ratio formula:  binning in  extractionϕRS AUT

Free from relative luminosity terms (cancels out in 
symmetric detector system!)

P  Average beam polarization≡

ϕRS

ϕRS + π
0π

 binning schemeϕRS

Two transverse polarization states: ,  

16  bins of uniform widths over [ ]. 

Symmetry between  [ ] and [ ] hemispheres.  

Count  yields in each 16   bins for each  

polarization states: ,  .

↑ ↓

ϕRS −π, π

−π, 0 0, π

π+π− ϕRS

N↑(ϕRS) N↓(ϕRS)

Run 15
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Systematic uncertainties

TOF PIDTPC PID

STAR PID relies on the measured ionization energy loss (dE/dx) by the TPC at low .  

Time of Flight (TOF) helps to 

improve the STAR PID, in conjunction with the TPC via dE/dx 

The fraction of proton, kaon, and electron (backgrounds) in the pion signal region 

estimates the PID systematic uncertainty

𝑝𝑇
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Asymmetry vs. pseudo-rapidity  at 200GeV and 510GeVηπ+π−
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n(

U
T

A

STAR Preliminary 2017
-1 = 350 pb

int
 = 510 GeV, Ls+ X at -π+π →+p ↑p

)< 42(GeV/c
inv

-π+π(GeV/c)< 25, 0.2 < M
T

-π+π9 < p
2> = 1.02 GeV/c

inv

-π+π> = 13 GeV/c, <M
T

-π+π<p

Tot Sys.

 1.4% scale uncertanity from beam polarization (not shown)±

 increases with  at 200GeV (Run 15) and 510GeV (Run 17) - Sizable  expected for , i.e., large ! 
Improved PID treatment for 510GeV (Run 17) using TPC/TOF, whereas 200GeV (Run 15) based on TPC PID 
only so far, TOF PID incl. for final result for 200GeV (Run 15) 
Systematic uncertainties: PID and Trigger bias 

AUT η hq
1 (x) η > 0 x
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Asymmetry vs. invariant mass  integrated in  at 200GeV and highest  bin at 510GeV Mπ+π−

inv pT pT
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 = 500 GeVsRadici et. al., 
-1 = 25 pb
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 = 500 GeV, LsSTAR 2011, 

-1 = 350 pb
int

 = 510 GeV, LsSTAR 2017, 
STAR 2011 PID Sys.
STAR 2011 Trig. Bias Sys.
STAR 2017 Tot Sys.

 + X-π+π → + p ↑p
 > 0-π+πη> = 13 GeV/c, -π+π

T
<p

STAR Preliminary 2017

 4.5% (STAR 2011) scale uncertanity from beam polarization (not shown)± 1.4% (STAR 2017), ±

 asymmetry is enhanced around  ~ 0.8, consistent with the previous measurement and theory 

prediction  

Theory calculations overshoots the new measurement beyond the  resonance peak  

Statistical precision is significantly improved by the new result

AUT Mπ+π−

inv

ρ

7th International Workshop on Transverse Phenomena in Hard Processes / Transversity 2024
Trieste, Italy, June 3 - 7, 2024



 Asymmetry Resultsπ+π−
19

Bernd Surrow

Asymmetry vs. invariant mass  in  bins at 200GeV and 510GeVMπ+π−
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 1.4% scale uncertanity from beam±
polarization (not shown)

 vs  in  different  and bins  

Signal grows stronger at higher  in forward region / Resonance peak around   ~ 

. 

Backward signal is small, mainly from low x quarks from polarized beam

Asin(ϕRS)
UT Mπ+π−

inv pT ηπ+π−

pT ηπ+π− Mπ+π−

inv ∼ 0.8 GeV/c2

Mρ

ηπ+π−
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Asymmetry vs. transverse momentum  in  bins at 200GeV and 510GeVpT Mπ+π−

inv

Large asymmetry signal at higher  in forward region. Stronger signal when  . 

Backward signal ( ) is small, mainly from low x quarks from polarized beam.

pT ηπ+π− ⟨Minv⟩ ∼ Mρ

ηπ+π− ηπ+π− < 0
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Selection criteria

Inclusive  differential cross section: 

As a function of invariant mass, , in | |<1 . 

Much needed for the  extraction.  

Access to .  

STAR Run 2012 dataset @  GeV  

Triggers: JP0, JP1, JP2 

Lower trigger threshold provides better gluon 

sensitivity than Run 2015. 

 construction is same as in the IFF analysis, 

except for the track  GeV/c.

π+π−

Mπ+π−

inv η

Dh1h2
1

Dh1h2/g
1

s = 200

π+π−

pT > 0.5
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2 = 3.4e+07, <M> = 0.52 GeV/c
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2 = 1.9e+08, <M> = 0.55 GeV/c

-π+π

eventsJP1, N
2 = 9.1e+07, <M> = 0.58 GeV/c

-π+π

eventsJP2, N

Di-hadron channel,  :p + p → π+π− + X

π−

⃗ph1

⃗ph2

⃗pbeam

⃗ph⃗R

π+
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Cross-section determination and systematic uncertainties
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Unfolding accounts for the bin migration effect and backgrounds 

Unfolding is performed for each trigger, allowing independent measurement of triggered cross-
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7th International Workshop on Transverse Phenomena in Hard Processes / Transversity 2024
Trieste, Italy, June 3 - 7, 2024



)
G

eVpb
  (- π+ π

dM

- π+ π
σd

210

310

410

510

610

710

810

910

1010

 Pythia 6.4.28 @ Perugia 2012,
 PARP(90)=0.213, CTEQ6 PDFs
 Data 
 Syst. Unc. 
 JAM DiFF Prediction

STAR Preliminary 
 = 200 GeV s + X  at -π+π →p + p 

 < 15 (GeV/c), 0.02 < cone < 0.7
-π+π

T
| < 1, 1 < p-π+πη|

 -1 = 26 (pb)
int

),  L2 < 4.0 (GeV/c
-π+π

inv0.27 < M

)2 (GeV/c
-π+π

invM
0.5 1 1.5 2 2.5 3 3.5 4

m
es

)
σσδ (

0.5−

0

0.5

R
at

io

0.5−

0

0.5Syst.
mes)σ

σδ ( Stat.
mes)σ

σδ (
mesσd

mesσ - dpythσd
 

mesσd
mesσ - dJAMσd

 

10% luminosity uncertainty not shown.

Analysis details -  Cross-Sectionπ+π−
23

Bernd Surrow

Preliminary di-hadron cross-section result

Top Panel:  

First unpolarized   cross-section 

measurement 

Good agreement in comparison to 

PYTHIA simulation and JAMDiFF 

preduction 

Bottom Panel: 

Systematic uncertainties (Green band!) 

Statistical uncertainties (Red band!) 

Relative difference to PYTHIA / 

JAMDiFF shown in black/blue 

Access to  for gluons 

Path to model-independent extraction of 

π+π−

Dh1h2
1

h1(x)
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Summary
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New measurements of IFF di-

pion asymmetries at 200GeV 

(2015) and 510GeV (2017) 

First di-pion cross-section 

measurement at 200GeV  (2012)

Improved PID systematics (Combination of TPC+TOF) for Run 17 

data at 510GeV, to be applied to 200GeV measurement 

Publication of 200GeV and 510 di-pion measurements: Input to 

global analysis for transversity extraction!
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Outlook

Precision measurement of IFF asymmetries for pions / kaons from 2015+2024 at 

200GeV and 2017+2022 at 510GeV 

Planned cross-section measurements for pions at 510GeV and Kaons at 200/510GeV
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