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On the menu

• EIC machine: overview


• ePIC: the first EIC detector


• Why an EIC?


• Nucleon spin


• Multi-dimensional nucleon structure


• Saturation


• Hadronisation



The electron-ion collider (EIC)
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→ s = 29 − 141 GeV

• Based on RHIC: 

• use existing hadron storage ring


     energy: 41–275 GeV

• add electron storage ring in RHIC tunnel


     energy: 5–18 GeV 

Experiments(
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Tremendous efforts over ~30 years 

SLAC:  
E80 – 155 
e+p,d,3He 

RHIC:  
PHENIX, 
STAR  
p+p  collider 

CERN: 
EMC, SMC,  
COMPASS 
µ+p,d 

HERA:  
HERMES 
e+p,d,3He 

JLab:  
Hall A, B, C 
e+p,d,3He  
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o 5 − 7 collisions luminosity vs center-of-mass energy
• achieves expected physics needs 

o 5 − : collisions luminosity is similar within a factor of ~2 to 3

The EIC Luminosity
Luminosity and centre-of-mass energy: ep collisions

Luminosity for eA similar within factor 2–3

[GeV]
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→ s = 29 − 141 GeV (per nucleon)

• Based on RHIC: 

• use exiting  hadron storage ring


     energy: 41–275 GeV

• add electron storage ring in RHIC tunnel


     energy: 5–18 GeV 

~ 70% polarisation

 ⃗e + ⃗p↑, ⃗d↑, ⃗He
↑

•  

• ℒ = 1033−34 cm−2 s−1

↔ ℒint = 10 − 100 fb−1/year

• ion beam: proton to Uranium

crossing angle: 25 mrad 
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The electron-proton/ion collider (ePIC) detector

h e

6

9.5 m

5.3 m

hermetic coverage:

0o

 ≤ϕ≤360o
  


2o
 ≤θ≤178o

  ⟺ -4<η<4

e newly created 

particles

+ far backward

+ far forward

Data acquisition:

  no trigger

  all collision data is digitised 

  with strong zero-suppression at front-end electronics



Tracking system 1.7 T magnet

• Monolithic Active Pixel Sensor (MAPS) 

Silicon vertexing/inner tracker

• Micro-pattern gaseous detectors

μRWELL/microMegas:                               
timing & pattern recognition


• AC-LGAD based TOF:                             
PID & additional tracking point

10
M. Posik,  EINN Oct. 31st –Nov. 4th  , 2023, Paphos

ePIC Central Tracking Layout Overview

q ePIC tracking system is a hybrid of silicon and gaseous 
technologies

q MAPS Layers
§ Make up inner tracking volume
§ Highly granular and low mass layers to provide 

excellent momentum resolution and precision 
pointing resolution

q MPGD Layers
§ Large area detectors are instrumented in the outer 

tracking volume
§ Provide timing and pattern recognition
§ Planar detectors can provide impact point and 

direction for PID seeding

q AC-LGAD
§ Fast detector to provide low momentum PID.
§ Can provide an additional space point for pattern 

recognition/redundancymicroMegas

μRWELL

radius [cm] % radiation length7
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Electromagnetic calorimeter

1.7 T magnet
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Electromagnetic calorimeter

1.7 T magnet

• Backward EMCAL:                                        
high-precision PbWO4 + Si sensors


• Barrel EMCAL: 

3D imaging with MAPS and sampling Pb/
scintillating fibres with Si sensors


• Forward EMCAL:

finely segmented W powder/scintillating fibres
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Hadronic calorimeter

• Backward HCAL: 

   steel/scintillator sandwich as tail catcher
• Backward HCAL: 

   steel/scintillator sandwich as tail catcher

• Barrel HCAL:                                                  

Fe/scintillator sandwich: detection of neutrals 

• Backward HCAL: 

   steel/scintillator sandwich as tail catcher

• Barrel HCAL:                                                      

Fe/scintillator sandwich: detection of neutrals

• Forward HCAL:                                                 

W/scintillator sandwich longitudinally 
segmented, high granularity: good E resolution
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Particle identification

detectors based on  
Cherenkov radiation          
for 1 GeV/c<p<50 GeV/c


3DUWLFOH�LGHQWLILFDWLRQ�a�SDUWLFOH�YHORFLW\

�

SDUWLFOH�YHORFLW\���PRPHQWXP��IURP�WUDFNLQJ��RU�HQHUJ\��IURP�FDOR�� �3,'

Ɣ YHORFLW\�PHDVXUHPHQW�\LHOGV�PDVV
ż S� �P�ȕȖ
ż (� �P�Ȗ

Ɣ GLUHFW�YHORFLW\�PHDVXUHPHQW
ż WLPH�RI�IOLJKW

Ŷ UHFRUG�WLPH�VLJQDO�DW�PXOWLSOH�ORFDWLRQV��ǻW� �WVWRS���WVWDUW
Ŷ PHDVXUH�WUDMHFWRU\�OHQJWK�DQG�FDOFXODWH��ȕF� �/���ǻW

Ɣ YHORFLW\�GHSHQGHQW�LQWHUDFWLRQV
ż VSHFLILF�HQHUJ\�ORVV
ż &KHUHQNRY�UDGLDWLRQ

Ŷ ș&�PHDVXUHG�ZUW��WUDFN�GLUHFWLRQ
Ŷ SHUIRUPDQFH�DOVR�GHSHQGV�RQ�WUDFNLQJ

Ɣ RWKHU�WHFKQLTXHV�IRU�H�,'
ż %UHKPVVWUDOXQJ
ż WUDQVLWLRQ�UDGLDWLRQ
ż FDORULPHWU\��(���S θc

θc

cos θc ∝
1
v

1.7 T magnet
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Particle identification

detectors based on  
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for 1 GeV/c<p<50 GeV/c
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Particle identification
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for 1 GeV/c<p<50 GeV/c
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Particle identification

detectors based on  
Cherenkov radiation          
for 1 GeV/c<p<50 GeV/c


1.7 T magnet

high 
momentum

n=1.0008

lower momentum

n=1.02

C4F10

within ePIC 

simulation framework
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Particle identification

1.7 T magnet

AC-LGAD based TOF, for p < 0.5 – 3 GeV/c 

v =
L

tstop − tstart
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Particle identification

1.7 T magnet

AC-LGAD based TOF, for p < 0.5 – 3 GeV/c 

v =
L

tstop − tstart

momentum [GeV/c] momentum [GeV/c]10
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Far-backward region
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Far-backward region

low-Q2 taggers
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Far-backward region

low-Q2 taggers

luminosity monitor

required absolute precision: 1% 

required relative precision: 0.01%



Far-forward region
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Far-forward region

Figure 3.6: Top: Example of the expected uncertainties of the Sivers asymmetries in a few selected kinematic
bins as a function of z. Bottom: Up quark Sivers function in bins of x as a function of intrinsic momentum kt. The
orange-shaded areas represent the current uncertainty, while the blue-shaded areas are the uncertainties when
including the ECCE pseudo-data.
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Figure 3.7: Acceptance for DVCS protons as a function of t in the far-forward detectors for different beam energy
configurations. The inserts show the t�distributions of generated events.

different bins in xV = (Q2 + M2
V)/(2 p · q), the x-Bjorken equivalent scale variable for heavy mesons.
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Exclusive production on protonECCE
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Project milestones

CD-0: mission need

CD-1: alternative selection, cost range 

CD-2 project baseline

CD-3: start of construction

CD-4: project completion, start of operation

Construction phase

Science phase

end of RHIC operations

13

Timeline
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Nucleon spin structure

kT

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-

16

Nucleon multi-dimensional structure



Why an EIC?

14

Nucleon spin structure

kT

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-

16

Nucleon multi-dimensional structure

 4 4
 4

Gluon saturation



Why an EIC?

14

Nucleon spin structure

kT

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-

16

Nucleon multi-dimensional structure

 4 4
 4

Gluon saturation

q

Hadronisation



Deep-inelastic scattering (DIS) of electrons and nucleons/nuclei
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Fig. 7. A schematic diagram of the Deep Inelastic Scattering
(DIS) process.

in kT or bT can be derived from this dipole amplitude.
This high-energy approach is essential for addressing the
physics of high parton densities and of parton saturation,
as discussed in sect. 3.2. On the other hand, in a regime
of moderate x, around 10−3 for the proton and higher for
heavy nuclei, the theoretical descriptions based on either
parton distributions or color dipoles are both applicable
and can be related to each other. This will provide us
with valuable flexibility for interpreting data in a wide
kinematic regime.

The following sections highlight the physics opportu-
nities in measuring PDFs, TMDs and GPDs to map out
the quark-gluon structure of the proton at the EIC. An
essential feature throughout will be the broad reach of the
EIC in the kinematic plane of the Bjorken variable x (see
Sidebar I) and the invariant momentum transfer Q2 to
the electron. While x determines the momentum fraction
of the partons probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x is hence essen-
tial for going from the valence quark regime deep into the
region of gluons and sea quarks, whereas a large lever arm
in Q2 is the key for unraveling the information contained
in the scale evolution of parton distributions.

Sidebar I. Deep Inelastic Scattering:
kinematics

Deep Inelastic Scattering

e(k) + p −→ e(k′) + X, as sketched in fig. 7, proceeds
through the exchange of a virtual photon between the
electron and the proton. The kinematic description re-
mains the same for the exchange of a Z or W boson,
which becomes important at high momentum transfer.

Depending on the physics situation, the process is dis-
cussed in different reference frames:

– the collider frame, where a proton with energy Ep and
an electron with energy Ee collide head-on;

– the rest frame of the hadronic system X, i.e. the
center-of-mass of the γ∗p collision;

– the rest frame of the proton.

Kinematic variables

In the following, we neglect the proton mass, M , where
appropriate and the electron mass throughout.

k, k′ are the four-momenta of the incoming and out-
going lepton;
p is the four-momentum of a nucleon.

Lorentz invariants

– the squared e+p collision energy s = (p+k)2 = 4EpEe

– the squared momentum transfer to the lepton Q2 =
−q2 = −(k − k′)2, equal to the virtuality of the ex-
changed photon. Large values of Q2 provide a hard
scale to the process, which allows one to resolve quarks
and gluons in the proton.

– the Bjorken variable xB = Q2/(2p · q), often simply
denoted by x. It determines the momentum fraction
of the parton on which the photon scatters. Note that
0 < x < 1 for e + p collisions.

– the inelasticity y = (q ·p)/(k ·p) is limited to values 0 <
y < 1 and determines in particular the polarization of
the virtual photon. In the collider frame, the energy of
the scattered electron is E′

e = Ee(1 − y) + Q2/(4Ee);
detection of the scattered electron thus typically re-
quires a cut on y < ymax.

These invariants are related by Q2 = xys. The available
phase space is often represented in the plane of x and
Q2. For a given e + p collision energy, lines of constant
y are then lines with a slope of 45 degrees in a double
logarithmic x-Q2-plot.

Two more important variables

W 2 = (p + q)2 = Q2(1 − 1/x) is the squared invariant
mass of the produced hadronic system X.

DIS is characterized by the Bjorken limit, where Q2 and
W 2 become large at a fixed value of x. Note: for a given
Q2, small x corresponds to a high γ∗p collision energy.

ν = q ·p/M = ys/(2M) is the energy lost by the lepton
(i.e. the energy carried away by the virtual photon) in
the proton rest frame.

For scattering on a nucleus of atomic number A, replace
the proton momentum p by P/A in the definitions, where
P is the momentum of the nucleus. Note that for the
Bjorken variable one then has 0 < x < A.

Sidebar II. Deep Inelastic Scattering: structure
functions

The cross-sections for neutral-current deep inelastic scat-
tering (e + N −→ e′ + X) on unpolarized nucleons and
nuclei can be written in the one-photon exchange approx-
imation (neglecting electroweak effects) in terms of two
structure functions F2 and FL:
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Fig. 7. A schematic diagram of the Deep Inelastic Scattering
(DIS) process.

in kT or bT can be derived from this dipole amplitude.
This high-energy approach is essential for addressing the
physics of high parton densities and of parton saturation,
as discussed in sect. 3.2. On the other hand, in a regime
of moderate x, around 10−3 for the proton and higher for
heavy nuclei, the theoretical descriptions based on either
parton distributions or color dipoles are both applicable
and can be related to each other. This will provide us
with valuable flexibility for interpreting data in a wide
kinematic regime.

The following sections highlight the physics opportu-
nities in measuring PDFs, TMDs and GPDs to map out
the quark-gluon structure of the proton at the EIC. An
essential feature throughout will be the broad reach of the
EIC in the kinematic plane of the Bjorken variable x (see
Sidebar I) and the invariant momentum transfer Q2 to
the electron. While x determines the momentum fraction
of the partons probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x is hence essen-
tial for going from the valence quark regime deep into the
region of gluons and sea quarks, whereas a large lever arm
in Q2 is the key for unraveling the information contained
in the scale evolution of parton distributions.

Sidebar I. Deep Inelastic Scattering:
kinematics

Deep Inelastic Scattering

e(k) + p −→ e(k′) + X, as sketched in fig. 7, proceeds
through the exchange of a virtual photon between the
electron and the proton. The kinematic description re-
mains the same for the exchange of a Z or W boson,
which becomes important at high momentum transfer.

Depending on the physics situation, the process is dis-
cussed in different reference frames:

– the collider frame, where a proton with energy Ep and
an electron with energy Ee collide head-on;

– the rest frame of the hadronic system X, i.e. the
center-of-mass of the γ∗p collision;

– the rest frame of the proton.

Kinematic variables

In the following, we neglect the proton mass, M , where
appropriate and the electron mass throughout.

k, k′ are the four-momenta of the incoming and out-
going lepton;
p is the four-momentum of a nucleon.

Lorentz invariants

– the squared e+p collision energy s = (p+k)2 = 4EpEe

– the squared momentum transfer to the lepton Q2 =
−q2 = −(k − k′)2, equal to the virtuality of the ex-
changed photon. Large values of Q2 provide a hard
scale to the process, which allows one to resolve quarks
and gluons in the proton.

– the Bjorken variable xB = Q2/(2p · q), often simply
denoted by x. It determines the momentum fraction
of the parton on which the photon scatters. Note that
0 < x < 1 for e + p collisions.

– the inelasticity y = (q ·p)/(k ·p) is limited to values 0 <
y < 1 and determines in particular the polarization of
the virtual photon. In the collider frame, the energy of
the scattered electron is E′

e = Ee(1 − y) + Q2/(4Ee);
detection of the scattered electron thus typically re-
quires a cut on y < ymax.

These invariants are related by Q2 = xys. The available
phase space is often represented in the plane of x and
Q2. For a given e + p collision energy, lines of constant
y are then lines with a slope of 45 degrees in a double
logarithmic x-Q2-plot.

Two more important variables

W 2 = (p + q)2 = Q2(1 − 1/x) is the squared invariant
mass of the produced hadronic system X.

DIS is characterized by the Bjorken limit, where Q2 and
W 2 become large at a fixed value of x. Note: for a given
Q2, small x corresponds to a high γ∗p collision energy.

ν = q ·p/M = ys/(2M) is the energy lost by the lepton
(i.e. the energy carried away by the virtual photon) in
the proton rest frame.

For scattering on a nucleus of atomic number A, replace
the proton momentum p by P/A in the definitions, where
P is the momentum of the nucleus. Note that for the
Bjorken variable one then has 0 < x < A.

Sidebar II. Deep Inelastic Scattering: structure
functions

The cross-sections for neutral-current deep inelastic scat-
tering (e + N −→ e′ + X) on unpolarized nucleons and
nuclei can be written in the one-photon exchange approx-
imation (neglecting electroweak effects) in terms of two
structure functions F2 and FL:

d2σ
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Fig. 7. A schematic diagram of the Deep Inelastic Scattering
(DIS) process.

in kT or bT can be derived from this dipole amplitude.
This high-energy approach is essential for addressing the
physics of high parton densities and of parton saturation,
as discussed in sect. 3.2. On the other hand, in a regime
of moderate x, around 10−3 for the proton and higher for
heavy nuclei, the theoretical descriptions based on either
parton distributions or color dipoles are both applicable
and can be related to each other. This will provide us
with valuable flexibility for interpreting data in a wide
kinematic regime.

The following sections highlight the physics opportu-
nities in measuring PDFs, TMDs and GPDs to map out
the quark-gluon structure of the proton at the EIC. An
essential feature throughout will be the broad reach of the
EIC in the kinematic plane of the Bjorken variable x (see
Sidebar I) and the invariant momentum transfer Q2 to
the electron. While x determines the momentum fraction
of the partons probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x is hence essen-
tial for going from the valence quark regime deep into the
region of gluons and sea quarks, whereas a large lever arm
in Q2 is the key for unraveling the information contained
in the scale evolution of parton distributions.

Sidebar I. Deep Inelastic Scattering:
kinematics

Deep Inelastic Scattering

e(k) + p −→ e(k′) + X, as sketched in fig. 7, proceeds
through the exchange of a virtual photon between the
electron and the proton. The kinematic description re-
mains the same for the exchange of a Z or W boson,
which becomes important at high momentum transfer.

Depending on the physics situation, the process is dis-
cussed in different reference frames:

– the collider frame, where a proton with energy Ep and
an electron with energy Ee collide head-on;

– the rest frame of the hadronic system X, i.e. the
center-of-mass of the γ∗p collision;

– the rest frame of the proton.

Kinematic variables

In the following, we neglect the proton mass, M , where
appropriate and the electron mass throughout.

k, k′ are the four-momenta of the incoming and out-
going lepton;
p is the four-momentum of a nucleon.

Lorentz invariants

– the squared e+p collision energy s = (p+k)2 = 4EpEe

– the squared momentum transfer to the lepton Q2 =
−q2 = −(k − k′)2, equal to the virtuality of the ex-
changed photon. Large values of Q2 provide a hard
scale to the process, which allows one to resolve quarks
and gluons in the proton.

– the Bjorken variable xB = Q2/(2p · q), often simply
denoted by x. It determines the momentum fraction
of the parton on which the photon scatters. Note that
0 < x < 1 for e + p collisions.

– the inelasticity y = (q ·p)/(k ·p) is limited to values 0 <
y < 1 and determines in particular the polarization of
the virtual photon. In the collider frame, the energy of
the scattered electron is E′

e = Ee(1 − y) + Q2/(4Ee);
detection of the scattered electron thus typically re-
quires a cut on y < ymax.

These invariants are related by Q2 = xys. The available
phase space is often represented in the plane of x and
Q2. For a given e + p collision energy, lines of constant
y are then lines with a slope of 45 degrees in a double
logarithmic x-Q2-plot.

Two more important variables

W 2 = (p + q)2 = Q2(1 − 1/x) is the squared invariant
mass of the produced hadronic system X.

DIS is characterized by the Bjorken limit, where Q2 and
W 2 become large at a fixed value of x. Note: for a given
Q2, small x corresponds to a high γ∗p collision energy.

ν = q ·p/M = ys/(2M) is the energy lost by the lepton
(i.e. the energy carried away by the virtual photon) in
the proton rest frame.

For scattering on a nucleus of atomic number A, replace
the proton momentum p by P/A in the definitions, where
P is the momentum of the nucleus. Note that for the
Bjorken variable one then has 0 < x < A.

Sidebar II. Deep Inelastic Scattering: structure
functions

The cross-sections for neutral-current deep inelastic scat-
tering (e + N −→ e′ + X) on unpolarized nucleons and
nuclei can be written in the one-photon exchange approx-
imation (neglecting electroweak effects) in terms of two
structure functions F2 and FL:
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Fig. 7. A schematic diagram of the Deep Inelastic Scattering
(DIS) process.

in kT or bT can be derived from this dipole amplitude.
This high-energy approach is essential for addressing the
physics of high parton densities and of parton saturation,
as discussed in sect. 3.2. On the other hand, in a regime
of moderate x, around 10−3 for the proton and higher for
heavy nuclei, the theoretical descriptions based on either
parton distributions or color dipoles are both applicable
and can be related to each other. This will provide us
with valuable flexibility for interpreting data in a wide
kinematic regime.

The following sections highlight the physics opportu-
nities in measuring PDFs, TMDs and GPDs to map out
the quark-gluon structure of the proton at the EIC. An
essential feature throughout will be the broad reach of the
EIC in the kinematic plane of the Bjorken variable x (see
Sidebar I) and the invariant momentum transfer Q2 to
the electron. While x determines the momentum fraction
of the partons probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x is hence essen-
tial for going from the valence quark regime deep into the
region of gluons and sea quarks, whereas a large lever arm
in Q2 is the key for unraveling the information contained
in the scale evolution of parton distributions.

Sidebar I. Deep Inelastic Scattering:
kinematics

Deep Inelastic Scattering

e(k) + p −→ e(k′) + X, as sketched in fig. 7, proceeds
through the exchange of a virtual photon between the
electron and the proton. The kinematic description re-
mains the same for the exchange of a Z or W boson,
which becomes important at high momentum transfer.

Depending on the physics situation, the process is dis-
cussed in different reference frames:

– the collider frame, where a proton with energy Ep and
an electron with energy Ee collide head-on;

– the rest frame of the hadronic system X, i.e. the
center-of-mass of the γ∗p collision;

– the rest frame of the proton.

Kinematic variables

In the following, we neglect the proton mass, M , where
appropriate and the electron mass throughout.

k, k′ are the four-momenta of the incoming and out-
going lepton;
p is the four-momentum of a nucleon.

Lorentz invariants

– the squared e+p collision energy s = (p+k)2 = 4EpEe

– the squared momentum transfer to the lepton Q2 =
−q2 = −(k − k′)2, equal to the virtuality of the ex-
changed photon. Large values of Q2 provide a hard
scale to the process, which allows one to resolve quarks
and gluons in the proton.

– the Bjorken variable xB = Q2/(2p · q), often simply
denoted by x. It determines the momentum fraction
of the parton on which the photon scatters. Note that
0 < x < 1 for e + p collisions.

– the inelasticity y = (q ·p)/(k ·p) is limited to values 0 <
y < 1 and determines in particular the polarization of
the virtual photon. In the collider frame, the energy of
the scattered electron is E′

e = Ee(1 − y) + Q2/(4Ee);
detection of the scattered electron thus typically re-
quires a cut on y < ymax.

These invariants are related by Q2 = xys. The available
phase space is often represented in the plane of x and
Q2. For a given e + p collision energy, lines of constant
y are then lines with a slope of 45 degrees in a double
logarithmic x-Q2-plot.

Two more important variables

W 2 = (p + q)2 = Q2(1 − 1/x) is the squared invariant
mass of the produced hadronic system X.

DIS is characterized by the Bjorken limit, where Q2 and
W 2 become large at a fixed value of x. Note: for a given
Q2, small x corresponds to a high γ∗p collision energy.

ν = q ·p/M = ys/(2M) is the energy lost by the lepton
(i.e. the energy carried away by the virtual photon) in
the proton rest frame.

For scattering on a nucleus of atomic number A, replace
the proton momentum p by P/A in the definitions, where
P is the momentum of the nucleus. Note that for the
Bjorken variable one then has 0 < x < A.

Sidebar II. Deep Inelastic Scattering: structure
functions

The cross-sections for neutral-current deep inelastic scat-
tering (e + N −→ e′ + X) on unpolarized nucleons and
nuclei can be written in the one-photon exchange approx-
imation (neglecting electroweak effects) in terms of two
structure functions F2 and FL:
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Fig. 7. A schematic diagram of the Deep Inelastic Scattering
(DIS) process.

in kT or bT can be derived from this dipole amplitude.
This high-energy approach is essential for addressing the
physics of high parton densities and of parton saturation,
as discussed in sect. 3.2. On the other hand, in a regime
of moderate x, around 10−3 for the proton and higher for
heavy nuclei, the theoretical descriptions based on either
parton distributions or color dipoles are both applicable
and can be related to each other. This will provide us
with valuable flexibility for interpreting data in a wide
kinematic regime.

The following sections highlight the physics opportu-
nities in measuring PDFs, TMDs and GPDs to map out
the quark-gluon structure of the proton at the EIC. An
essential feature throughout will be the broad reach of the
EIC in the kinematic plane of the Bjorken variable x (see
Sidebar I) and the invariant momentum transfer Q2 to
the electron. While x determines the momentum fraction
of the partons probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x is hence essen-
tial for going from the valence quark regime deep into the
region of gluons and sea quarks, whereas a large lever arm
in Q2 is the key for unraveling the information contained
in the scale evolution of parton distributions.

Sidebar I. Deep Inelastic Scattering:
kinematics

Deep Inelastic Scattering

e(k) + p −→ e(k′) + X, as sketched in fig. 7, proceeds
through the exchange of a virtual photon between the
electron and the proton. The kinematic description re-
mains the same for the exchange of a Z or W boson,
which becomes important at high momentum transfer.

Depending on the physics situation, the process is dis-
cussed in different reference frames:

– the collider frame, where a proton with energy Ep and
an electron with energy Ee collide head-on;

– the rest frame of the hadronic system X, i.e. the
center-of-mass of the γ∗p collision;

– the rest frame of the proton.

Kinematic variables

In the following, we neglect the proton mass, M , where
appropriate and the electron mass throughout.

k, k′ are the four-momenta of the incoming and out-
going lepton;
p is the four-momentum of a nucleon.

Lorentz invariants

– the squared e+p collision energy s = (p+k)2 = 4EpEe

– the squared momentum transfer to the lepton Q2 =
−q2 = −(k − k′)2, equal to the virtuality of the ex-
changed photon. Large values of Q2 provide a hard
scale to the process, which allows one to resolve quarks
and gluons in the proton.

– the Bjorken variable xB = Q2/(2p · q), often simply
denoted by x. It determines the momentum fraction
of the parton on which the photon scatters. Note that
0 < x < 1 for e + p collisions.

– the inelasticity y = (q ·p)/(k ·p) is limited to values 0 <
y < 1 and determines in particular the polarization of
the virtual photon. In the collider frame, the energy of
the scattered electron is E′

e = Ee(1 − y) + Q2/(4Ee);
detection of the scattered electron thus typically re-
quires a cut on y < ymax.

These invariants are related by Q2 = xys. The available
phase space is often represented in the plane of x and
Q2. For a given e + p collision energy, lines of constant
y are then lines with a slope of 45 degrees in a double
logarithmic x-Q2-plot.

Two more important variables

W 2 = (p + q)2 = Q2(1 − 1/x) is the squared invariant
mass of the produced hadronic system X.

DIS is characterized by the Bjorken limit, where Q2 and
W 2 become large at a fixed value of x. Note: for a given
Q2, small x corresponds to a high γ∗p collision energy.

ν = q ·p/M = ys/(2M) is the energy lost by the lepton
(i.e. the energy carried away by the virtual photon) in
the proton rest frame.

For scattering on a nucleus of atomic number A, replace
the proton momentum p by P/A in the definitions, where
P is the momentum of the nucleus. Note that for the
Bjorken variable one then has 0 < x < A.

Sidebar II. Deep Inelastic Scattering: structure
functions

The cross-sections for neutral-current deep inelastic scat-
tering (e + N −→ e′ + X) on unpolarized nucleons and
nuclei can be written in the one-photon exchange approx-
imation (neglecting electroweak effects) in terms of two
structure functions F2 and FL:
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Fig. 7. A schematic diagram of the Deep Inelastic Scattering
(DIS) process.

in kT or bT can be derived from this dipole amplitude.
This high-energy approach is essential for addressing the
physics of high parton densities and of parton saturation,
as discussed in sect. 3.2. On the other hand, in a regime
of moderate x, around 10−3 for the proton and higher for
heavy nuclei, the theoretical descriptions based on either
parton distributions or color dipoles are both applicable
and can be related to each other. This will provide us
with valuable flexibility for interpreting data in a wide
kinematic regime.

The following sections highlight the physics opportu-
nities in measuring PDFs, TMDs and GPDs to map out
the quark-gluon structure of the proton at the EIC. An
essential feature throughout will be the broad reach of the
EIC in the kinematic plane of the Bjorken variable x (see
Sidebar I) and the invariant momentum transfer Q2 to
the electron. While x determines the momentum fraction
of the partons probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x is hence essen-
tial for going from the valence quark regime deep into the
region of gluons and sea quarks, whereas a large lever arm
in Q2 is the key for unraveling the information contained
in the scale evolution of parton distributions.

Sidebar I. Deep Inelastic Scattering:
kinematics

Deep Inelastic Scattering

e(k) + p −→ e(k′) + X, as sketched in fig. 7, proceeds
through the exchange of a virtual photon between the
electron and the proton. The kinematic description re-
mains the same for the exchange of a Z or W boson,
which becomes important at high momentum transfer.

Depending on the physics situation, the process is dis-
cussed in different reference frames:

– the collider frame, where a proton with energy Ep and
an electron with energy Ee collide head-on;

– the rest frame of the hadronic system X, i.e. the
center-of-mass of the γ∗p collision;

– the rest frame of the proton.

Kinematic variables

In the following, we neglect the proton mass, M , where
appropriate and the electron mass throughout.

k, k′ are the four-momenta of the incoming and out-
going lepton;
p is the four-momentum of a nucleon.

Lorentz invariants

– the squared e+p collision energy s = (p+k)2 = 4EpEe

– the squared momentum transfer to the lepton Q2 =
−q2 = −(k − k′)2, equal to the virtuality of the ex-
changed photon. Large values of Q2 provide a hard
scale to the process, which allows one to resolve quarks
and gluons in the proton.

– the Bjorken variable xB = Q2/(2p · q), often simply
denoted by x. It determines the momentum fraction
of the parton on which the photon scatters. Note that
0 < x < 1 for e + p collisions.

– the inelasticity y = (q ·p)/(k ·p) is limited to values 0 <
y < 1 and determines in particular the polarization of
the virtual photon. In the collider frame, the energy of
the scattered electron is E′

e = Ee(1 − y) + Q2/(4Ee);
detection of the scattered electron thus typically re-
quires a cut on y < ymax.

These invariants are related by Q2 = xys. The available
phase space is often represented in the plane of x and
Q2. For a given e + p collision energy, lines of constant
y are then lines with a slope of 45 degrees in a double
logarithmic x-Q2-plot.

Two more important variables

W 2 = (p + q)2 = Q2(1 − 1/x) is the squared invariant
mass of the produced hadronic system X.

DIS is characterized by the Bjorken limit, where Q2 and
W 2 become large at a fixed value of x. Note: for a given
Q2, small x corresponds to a high γ∗p collision energy.

ν = q ·p/M = ys/(2M) is the energy lost by the lepton
(i.e. the energy carried away by the virtual photon) in
the proton rest frame.

For scattering on a nucleus of atomic number A, replace
the proton momentum p by P/A in the definitions, where
P is the momentum of the nucleus. Note that for the
Bjorken variable one then has 0 < x < A.

Sidebar II. Deep Inelastic Scattering: structure
functions

The cross-sections for neutral-current deep inelastic scat-
tering (e + N −→ e′ + X) on unpolarized nucleons and
nuclei can be written in the one-photon exchange approx-
imation (neglecting electroweak effects) in terms of two
structure functions F2 and FL:

d2σ
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- Lower y accessible in principle,
but easier to rely on overlaps 
between data at different "

- Highest x bin centre at x=0.815

- CC data also included for 
highest "
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

a function of x. The COMPASS data at 200 GeV (red squares) are compared to the 
results at 160 GeV (blue circles) and to the SMC results at 190 GeV (green crosses) 
for Q 2 > 1 (GeV/c)2. The bands from top to bottom indicate the systematic un-
certainties for SMC 190 GeV, COMPASS 200 GeV and COMPASS 160 GeV. (Coloured 
version online.)

Fig. 4. World data on the spin-dependent structure function gp
1 as a function of 

Q 2 for various values of x with all COMPASS data in red (full circles: 160 GeV, full 
squares: 200 GeV). The lines represent the Q 2 dependence for each value of x, as 
determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

We performed a new NLO QCD fit of the spin-dependent struc-
ture function g1 in the DIS region, Q 2 > 1 (GeV/c)2, considering 
all available proton, deuteron and 3He data. The fit is performed in 
the MS renormalisation and factorisation scheme. For the fit, the 
same program is used as in Ref. [20], which was derived from pro-
gram 2 in Ref. [17]. The region W 2 < 10 (GeV/c2)2 is excluded as 
it was in recent analyses [21]. Note that the impact of higher-twist 

effects when using a smaller W 2 cut is considered in Ref. [22]. The 
total number of data points used in the fit is 495 (see Table 2), the 
number of COMPASS data points is 138.

The neutron structure function gn
1 is extracted from the 3He 

data, while the nucleon structure function gN
1 is obtained as 

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

where ωD is a correction for the D-wave state in the deuteron, 
ωD = 0.05 ± 0.01 [27], and the deuteron structure function gd

1 is 
given per nucleon. The quark singlet distribution "qS(x), the quark 
non-singlet distributions "q3(x) and "q8(x), as well as the gluon 
helicity distribution "g(x), which appear in the NLO expressions 
for gp

1 , gn
1 and gN

1 (see e.g. Ref. [17]), are parametrised at a refer-
ence scale Q 2

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

Here, " fk(x) (k = S, 3, 8, g) represents "qS(x), "q3(x), "q8(x) and 
"g(x) and ηk is the first moment of " fk(x) at the reference 
scale. The moments of "q3 and "q8 are fixed at any scale by the 
baryon decay constants (F + D) and (3F − D), respectively, assum-
ing SU(2)f and SU(3)f flavour symmetries. The impact of releasing 
these conditions is investigated and included in the systematic 
uncertainty. The coefficients γk are fixed to zero for the two non-
singlet distributions as they are poorly constrained and not needed 
to describe the data. The exponent βg, which is not well deter-
mined from the data, is fixed to 3.0225 [28] and the uncertainty 
from the introduced bias is included in the final uncertainty. This 
leaves 11 free parameters in the fitted parton distributions. The 
expression for χ2 of the fit consists of three terms, 

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
1 − Nn gdata

1,i

Nnσi

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

Only statistical uncertainties of the data are taken into account in 
σi . The normalisation factors Nn of each data set n are allowed 
to vary taking into account the normalisation uncertainties δNn . 
If the latter are unavailable, they are estimated as quadratic sums 
of the uncertainties of the beam and target polarisations. The fit-
ted normalisations are found to be consistent with unity, except 
for the E155 proton data where the normalisation is higher, albeit 
compatible with the value quoted in Ref. [16].

In order to keep the parameters within their physical ranges, 
the polarised PDFs are calculated at every iteration of the fit 
and required to satisfy the positivity conditions |"q(x) + "q̄(x)| ≤
q(x) + q̄(x) and |"g(x)| ≤ g(x) at Q 2 = 1 (GeV/c)2 [29,30], which 
is accomplished by the χ2

positivity term in Eq. (11). This proce-
dure leads to asymmetric values of the parameter uncertainties 
when the fitted value is close to the allowed limit. The unpo-
larised PDFs and the corresponding value of the strong coupling 
constant αs(Q 2) are taken from the MSTW parametrisation [28]. 
The impact of the choice of PDFs is evaluated by using the MRST 
distributions [31] for comparison.

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]

Phys. Lett. B 753 (2016) 18QCD toolbox

� scale (=DGLAP) evolution

more and more parton-parton splittings 
resolved as the “resolution” scale P increases 

Mertig, van Neerven;
Vogelsang

key prediction of pQCD

‘‘resolution scale’’ P

“splitting kernels” known to next-to-leading order (NLO)

NNLO results already on the horizon
(crucial for future precision studies)

Moch, Vermaseren, Vogt

r } 1/P

Spin measurement

 7

C. Adolph et al. / Physics Letters B 753 (2016) 18–28 23

Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 
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results at 160 GeV (blue circles) and to the SMC results at 190 GeV (green crosses) 
for Q 2 > 1 (GeV/c)2. The bands from top to bottom indicate the systematic un-
certainties for SMC 190 GeV, COMPASS 200 GeV and COMPASS 160 GeV. (Coloured 
version online.)

Fig. 4. World data on the spin-dependent structure function gp
1 as a function of 

Q 2 for various values of x with all COMPASS data in red (full circles: 160 GeV, full 
squares: 200 GeV). The lines represent the Q 2 dependence for each value of x, as 
determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

We performed a new NLO QCD fit of the spin-dependent struc-
ture function g1 in the DIS region, Q 2 > 1 (GeV/c)2, considering 
all available proton, deuteron and 3He data. The fit is performed in 
the MS renormalisation and factorisation scheme. For the fit, the 
same program is used as in Ref. [20], which was derived from pro-
gram 2 in Ref. [17]. The region W 2 < 10 (GeV/c2)2 is excluded as 
it was in recent analyses [21]. Note that the impact of higher-twist 

effects when using a smaller W 2 cut is considered in Ref. [22]. The 
total number of data points used in the fit is 495 (see Table 2), the 
number of COMPASS data points is 138.

The neutron structure function gn
1 is extracted from the 3He 

data, while the nucleon structure function gN
1 is obtained as 

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

where ωD is a correction for the D-wave state in the deuteron, 
ωD = 0.05 ± 0.01 [27], and the deuteron structure function gd

1 is 
given per nucleon. The quark singlet distribution "qS(x), the quark 
non-singlet distributions "q3(x) and "q8(x), as well as the gluon 
helicity distribution "g(x), which appear in the NLO expressions 
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1 and gN

1 (see e.g. Ref. [17]), are parametrised at a refer-
ence scale Q 2

0 as follows: 
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Here, " fk(x) (k = S, 3, 8, g) represents "qS(x), "q3(x), "q8(x) and 
"g(x) and ηk is the first moment of " fk(x) at the reference 
scale. The moments of "q3 and "q8 are fixed at any scale by the 
baryon decay constants (F + D) and (3F − D), respectively, assum-
ing SU(2)f and SU(3)f flavour symmetries. The impact of releasing 
these conditions is investigated and included in the systematic 
uncertainty. The coefficients γk are fixed to zero for the two non-
singlet distributions as they are poorly constrained and not needed 
to describe the data. The exponent βg, which is not well deter-
mined from the data, is fixed to 3.0225 [28] and the uncertainty 
from the introduced bias is included in the final uncertainty. This 
leaves 11 free parameters in the fitted parton distributions. The 
expression for χ2 of the fit consists of three terms, 
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Only statistical uncertainties of the data are taken into account in 
σi . The normalisation factors Nn of each data set n are allowed 
to vary taking into account the normalisation uncertainties δNn . 
If the latter are unavailable, they are estimated as quadratic sums 
of the uncertainties of the beam and target polarisations. The fit-
ted normalisations are found to be consistent with unity, except 
for the E155 proton data where the normalisation is higher, albeit 
compatible with the value quoted in Ref. [16].

In order to keep the parameters within their physical ranges, 
the polarised PDFs are calculated at every iteration of the fit 
and required to satisfy the positivity conditions |"q(x) + "q̄(x)| ≤
q(x) + q̄(x) and |"g(x)| ≤ g(x) at Q 2 = 1 (GeV/c)2 [29,30], which 
is accomplished by the χ2

positivity term in Eq. (11). This proce-
dure leads to asymmetric values of the parameter uncertainties 
when the fitted value is close to the allowed limit. The unpo-
larised PDFs and the corresponding value of the strong coupling 
constant αs(Q 2) are taken from the MSTW parametrisation [28]. 
The impact of the choice of PDFs is evaluated by using the MRST 
distributions [31] for comparison.

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

a function of x. The COMPASS data at 200 GeV (red squares) are compared to the 
results at 160 GeV (blue circles) and to the SMC results at 190 GeV (green crosses) 
for Q 2 > 1 (GeV/c)2. The bands from top to bottom indicate the systematic un-
certainties for SMC 190 GeV, COMPASS 200 GeV and COMPASS 160 GeV. (Coloured 
version online.)

Fig. 4. World data on the spin-dependent structure function gp
1 as a function of 

Q 2 for various values of x with all COMPASS data in red (full circles: 160 GeV, full 
squares: 200 GeV). The lines represent the Q 2 dependence for each value of x, as 
determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

We performed a new NLO QCD fit of the spin-dependent struc-
ture function g1 in the DIS region, Q 2 > 1 (GeV/c)2, considering 
all available proton, deuteron and 3He data. The fit is performed in 
the MS renormalisation and factorisation scheme. For the fit, the 
same program is used as in Ref. [20], which was derived from pro-
gram 2 in Ref. [17]. The region W 2 < 10 (GeV/c2)2 is excluded as 
it was in recent analyses [21]. Note that the impact of higher-twist 

effects when using a smaller W 2 cut is considered in Ref. [22]. The 
total number of data points used in the fit is 495 (see Table 2), the 
number of COMPASS data points is 138.

The neutron structure function gn
1 is extracted from the 3He 

data, while the nucleon structure function gN
1 is obtained as 

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

where ωD is a correction for the D-wave state in the deuteron, 
ωD = 0.05 ± 0.01 [27], and the deuteron structure function gd

1 is 
given per nucleon. The quark singlet distribution "qS(x), the quark 
non-singlet distributions "q3(x) and "q8(x), as well as the gluon 
helicity distribution "g(x), which appear in the NLO expressions 
for gp

1 , gn
1 and gN

1 (see e.g. Ref. [17]), are parametrised at a refer-
ence scale Q 2

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

Here, " fk(x) (k = S, 3, 8, g) represents "qS(x), "q3(x), "q8(x) and 
"g(x) and ηk is the first moment of " fk(x) at the reference 
scale. The moments of "q3 and "q8 are fixed at any scale by the 
baryon decay constants (F + D) and (3F − D), respectively, assum-
ing SU(2)f and SU(3)f flavour symmetries. The impact of releasing 
these conditions is investigated and included in the systematic 
uncertainty. The coefficients γk are fixed to zero for the two non-
singlet distributions as they are poorly constrained and not needed 
to describe the data. The exponent βg, which is not well deter-
mined from the data, is fixed to 3.0225 [28] and the uncertainty 
from the introduced bias is included in the final uncertainty. This 
leaves 11 free parameters in the fitted parton distributions. The 
expression for χ2 of the fit consists of three terms, 

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
1 − Nn gdata

1,i

Nnσi

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

Only statistical uncertainties of the data are taken into account in 
σi . The normalisation factors Nn of each data set n are allowed 
to vary taking into account the normalisation uncertainties δNn . 
If the latter are unavailable, they are estimated as quadratic sums 
of the uncertainties of the beam and target polarisations. The fit-
ted normalisations are found to be consistent with unity, except 
for the E155 proton data where the normalisation is higher, albeit 
compatible with the value quoted in Ref. [16].

In order to keep the parameters within their physical ranges, 
the polarised PDFs are calculated at every iteration of the fit 
and required to satisfy the positivity conditions |"q(x) + "q̄(x)| ≤
q(x) + q̄(x) and |"g(x)| ≤ g(x) at Q 2 = 1 (GeV/c)2 [29,30], which 
is accomplished by the χ2

positivity term in Eq. (11). This proce-
dure leads to asymmetric values of the parameter uncertainties 
when the fitted value is close to the allowed limit. The unpo-
larised PDFs and the corresponding value of the strong coupling 
constant αs(Q 2) are taken from the MSTW parametrisation [28]. 
The impact of the choice of PDFs is evaluated by using the MRST 
distributions [31] for comparison.

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

a function of x. The COMPASS data at 200 GeV (red squares) are compared to the 
results at 160 GeV (blue circles) and to the SMC results at 190 GeV (green crosses) 
for Q 2 > 1 (GeV/c)2. The bands from top to bottom indicate the systematic un-
certainties for SMC 190 GeV, COMPASS 200 GeV and COMPASS 160 GeV. (Coloured 
version online.)

Fig. 4. World data on the spin-dependent structure function gp
1 as a function of 

Q 2 for various values of x with all COMPASS data in red (full circles: 160 GeV, full 
squares: 200 GeV). The lines represent the Q 2 dependence for each value of x, as 
determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

We performed a new NLO QCD fit of the spin-dependent struc-
ture function g1 in the DIS region, Q 2 > 1 (GeV/c)2, considering 
all available proton, deuteron and 3He data. The fit is performed in 
the MS renormalisation and factorisation scheme. For the fit, the 
same program is used as in Ref. [20], which was derived from pro-
gram 2 in Ref. [17]. The region W 2 < 10 (GeV/c2)2 is excluded as 
it was in recent analyses [21]. Note that the impact of higher-twist 

effects when using a smaller W 2 cut is considered in Ref. [22]. The 
total number of data points used in the fit is 495 (see Table 2), the 
number of COMPASS data points is 138.

The neutron structure function gn
1 is extracted from the 3He 

data, while the nucleon structure function gN
1 is obtained as 

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

where ωD is a correction for the D-wave state in the deuteron, 
ωD = 0.05 ± 0.01 [27], and the deuteron structure function gd

1 is 
given per nucleon. The quark singlet distribution "qS(x), the quark 
non-singlet distributions "q3(x) and "q8(x), as well as the gluon 
helicity distribution "g(x), which appear in the NLO expressions 
for gp

1 , gn
1 and gN

1 (see e.g. Ref. [17]), are parametrised at a refer-
ence scale Q 2

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

Here, " fk(x) (k = S, 3, 8, g) represents "qS(x), "q3(x), "q8(x) and 
"g(x) and ηk is the first moment of " fk(x) at the reference 
scale. The moments of "q3 and "q8 are fixed at any scale by the 
baryon decay constants (F + D) and (3F − D), respectively, assum-
ing SU(2)f and SU(3)f flavour symmetries. The impact of releasing 
these conditions is investigated and included in the systematic 
uncertainty. The coefficients γk are fixed to zero for the two non-
singlet distributions as they are poorly constrained and not needed 
to describe the data. The exponent βg, which is not well deter-
mined from the data, is fixed to 3.0225 [28] and the uncertainty 
from the introduced bias is included in the final uncertainty. This 
leaves 11 free parameters in the fitted parton distributions. The 
expression for χ2 of the fit consists of three terms, 

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
1 − Nn gdata

1,i

Nnσi

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

Only statistical uncertainties of the data are taken into account in 
σi . The normalisation factors Nn of each data set n are allowed 
to vary taking into account the normalisation uncertainties δNn . 
If the latter are unavailable, they are estimated as quadratic sums 
of the uncertainties of the beam and target polarisations. The fit-
ted normalisations are found to be consistent with unity, except 
for the E155 proton data where the normalisation is higher, albeit 
compatible with the value quoted in Ref. [16].

In order to keep the parameters within their physical ranges, 
the polarised PDFs are calculated at every iteration of the fit 
and required to satisfy the positivity conditions |"q(x) + "q̄(x)| ≤
q(x) + q̄(x) and |"g(x)| ≤ g(x) at Q 2 = 1 (GeV/c)2 [29,30], which 
is accomplished by the χ2

positivity term in Eq. (11). This proce-
dure leads to asymmetric values of the parameter uncertainties 
when the fitted value is close to the allowed limit. The unpo-
larised PDFs and the corresponding value of the strong coupling 
constant αs(Q 2) are taken from the MSTW parametrisation [28]. 
The impact of the choice of PDFs is evaluated by using the MRST 
distributions [31] for comparison.

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

a function of x. The COMPASS data at 200 GeV (red squares) are compared to the 
results at 160 GeV (blue circles) and to the SMC results at 190 GeV (green crosses) 
for Q 2 > 1 (GeV/c)2. The bands from top to bottom indicate the systematic un-
certainties for SMC 190 GeV, COMPASS 200 GeV and COMPASS 160 GeV. (Coloured 
version online.)

Fig. 4. World data on the spin-dependent structure function gp
1 as a function of 

Q 2 for various values of x with all COMPASS data in red (full circles: 160 GeV, full 
squares: 200 GeV). The lines represent the Q 2 dependence for each value of x, as 
determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

We performed a new NLO QCD fit of the spin-dependent struc-
ture function g1 in the DIS region, Q 2 > 1 (GeV/c)2, considering 
all available proton, deuteron and 3He data. The fit is performed in 
the MS renormalisation and factorisation scheme. For the fit, the 
same program is used as in Ref. [20], which was derived from pro-
gram 2 in Ref. [17]. The region W 2 < 10 (GeV/c2)2 is excluded as 
it was in recent analyses [21]. Note that the impact of higher-twist 

effects when using a smaller W 2 cut is considered in Ref. [22]. The 
total number of data points used in the fit is 495 (see Table 2), the 
number of COMPASS data points is 138.

The neutron structure function gn
1 is extracted from the 3He 

data, while the nucleon structure function gN
1 is obtained as 

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

where ωD is a correction for the D-wave state in the deuteron, 
ωD = 0.05 ± 0.01 [27], and the deuteron structure function gd

1 is 
given per nucleon. The quark singlet distribution "qS(x), the quark 
non-singlet distributions "q3(x) and "q8(x), as well as the gluon 
helicity distribution "g(x), which appear in the NLO expressions 
for gp

1 , gn
1 and gN

1 (see e.g. Ref. [17]), are parametrised at a refer-
ence scale Q 2

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

Here, " fk(x) (k = S, 3, 8, g) represents "qS(x), "q3(x), "q8(x) and 
"g(x) and ηk is the first moment of " fk(x) at the reference 
scale. The moments of "q3 and "q8 are fixed at any scale by the 
baryon decay constants (F + D) and (3F − D), respectively, assum-
ing SU(2)f and SU(3)f flavour symmetries. The impact of releasing 
these conditions is investigated and included in the systematic 
uncertainty. The coefficients γk are fixed to zero for the two non-
singlet distributions as they are poorly constrained and not needed 
to describe the data. The exponent βg, which is not well deter-
mined from the data, is fixed to 3.0225 [28] and the uncertainty 
from the introduced bias is included in the final uncertainty. This 
leaves 11 free parameters in the fitted parton distributions. The 
expression for χ2 of the fit consists of three terms, 

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
1 − Nn gdata

1,i

Nnσi

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

Only statistical uncertainties of the data are taken into account in 
σi . The normalisation factors Nn of each data set n are allowed 
to vary taking into account the normalisation uncertainties δNn . 
If the latter are unavailable, they are estimated as quadratic sums 
of the uncertainties of the beam and target polarisations. The fit-
ted normalisations are found to be consistent with unity, except 
for the E155 proton data where the normalisation is higher, albeit 
compatible with the value quoted in Ref. [16].

In order to keep the parameters within their physical ranges, 
the polarised PDFs are calculated at every iteration of the fit 
and required to satisfy the positivity conditions |"q(x) + "q̄(x)| ≤
q(x) + q̄(x) and |"g(x)| ≤ g(x) at Q 2 = 1 (GeV/c)2 [29,30], which 
is accomplished by the χ2

positivity term in Eq. (11). This proce-
dure leads to asymmetric values of the parameter uncertainties 
when the fitted value is close to the allowed limit. The unpo-
larised PDFs and the corresponding value of the strong coupling 
constant αs(Q 2) are taken from the MSTW parametrisation [28]. 
The impact of the choice of PDFs is evaluated by using the MRST 
distributions [31] for comparison.

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

a function of x. The COMPASS data at 200 GeV (red squares) are compared to the 
results at 160 GeV (blue circles) and to the SMC results at 190 GeV (green crosses) 
for Q 2 > 1 (GeV/c)2. The bands from top to bottom indicate the systematic un-
certainties for SMC 190 GeV, COMPASS 200 GeV and COMPASS 160 GeV. (Coloured 
version online.)

Fig. 4. World data on the spin-dependent structure function gp
1 as a function of 

Q 2 for various values of x with all COMPASS data in red (full circles: 160 GeV, full 
squares: 200 GeV). The lines represent the Q 2 dependence for each value of x, as 
determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

We performed a new NLO QCD fit of the spin-dependent struc-
ture function g1 in the DIS region, Q 2 > 1 (GeV/c)2, considering 
all available proton, deuteron and 3He data. The fit is performed in 
the MS renormalisation and factorisation scheme. For the fit, the 
same program is used as in Ref. [20], which was derived from pro-
gram 2 in Ref. [17]. The region W 2 < 10 (GeV/c2)2 is excluded as 
it was in recent analyses [21]. Note that the impact of higher-twist 

effects when using a smaller W 2 cut is considered in Ref. [22]. The 
total number of data points used in the fit is 495 (see Table 2), the 
number of COMPASS data points is 138.

The neutron structure function gn
1 is extracted from the 3He 

data, while the nucleon structure function gN
1 is obtained as 

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

where ωD is a correction for the D-wave state in the deuteron, 
ωD = 0.05 ± 0.01 [27], and the deuteron structure function gd

1 is 
given per nucleon. The quark singlet distribution "qS(x), the quark 
non-singlet distributions "q3(x) and "q8(x), as well as the gluon 
helicity distribution "g(x), which appear in the NLO expressions 
for gp

1 , gn
1 and gN

1 (see e.g. Ref. [17]), are parametrised at a refer-
ence scale Q 2

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

Here, " fk(x) (k = S, 3, 8, g) represents "qS(x), "q3(x), "q8(x) and 
"g(x) and ηk is the first moment of " fk(x) at the reference 
scale. The moments of "q3 and "q8 are fixed at any scale by the 
baryon decay constants (F + D) and (3F − D), respectively, assum-
ing SU(2)f and SU(3)f flavour symmetries. The impact of releasing 
these conditions is investigated and included in the systematic 
uncertainty. The coefficients γk are fixed to zero for the two non-
singlet distributions as they are poorly constrained and not needed 
to describe the data. The exponent βg, which is not well deter-
mined from the data, is fixed to 3.0225 [28] and the uncertainty 
from the introduced bias is included in the final uncertainty. This 
leaves 11 free parameters in the fitted parton distributions. The 
expression for χ2 of the fit consists of three terms, 

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
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+
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Only statistical uncertainties of the data are taken into account in 
σi . The normalisation factors Nn of each data set n are allowed 
to vary taking into account the normalisation uncertainties δNn . 
If the latter are unavailable, they are estimated as quadratic sums 
of the uncertainties of the beam and target polarisations. The fit-
ted normalisations are found to be consistent with unity, except 
for the E155 proton data where the normalisation is higher, albeit 
compatible with the value quoted in Ref. [16].

In order to keep the parameters within their physical ranges, 
the polarised PDFs are calculated at every iteration of the fit 
and required to satisfy the positivity conditions |"q(x) + "q̄(x)| ≤
q(x) + q̄(x) and |"g(x)| ≤ g(x) at Q 2 = 1 (GeV/c)2 [29,30], which 
is accomplished by the χ2

positivity term in Eq. (11). This proce-
dure leads to asymmetric values of the parameter uncertainties 
when the fitted value is close to the allowed limit. The unpo-
larised PDFs and the corresponding value of the strong coupling 
constant αs(Q 2) are taken from the MSTW parametrisation [28]. 
The impact of the choice of PDFs is evaluated by using the MRST 
distributions [31] for comparison.

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

a function of x. The COMPASS data at 200 GeV (red squares) are compared to the 
results at 160 GeV (blue circles) and to the SMC results at 190 GeV (green crosses) 
for Q 2 > 1 (GeV/c)2. The bands from top to bottom indicate the systematic un-
certainties for SMC 190 GeV, COMPASS 200 GeV and COMPASS 160 GeV. (Coloured 
version online.)

Fig. 4. World data on the spin-dependent structure function gp
1 as a function of 

Q 2 for various values of x with all COMPASS data in red (full circles: 160 GeV, full 
squares: 200 GeV). The lines represent the Q 2 dependence for each value of x, as 
determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

We performed a new NLO QCD fit of the spin-dependent struc-
ture function g1 in the DIS region, Q 2 > 1 (GeV/c)2, considering 
all available proton, deuteron and 3He data. The fit is performed in 
the MS renormalisation and factorisation scheme. For the fit, the 
same program is used as in Ref. [20], which was derived from pro-
gram 2 in Ref. [17]. The region W 2 < 10 (GeV/c2)2 is excluded as 
it was in recent analyses [21]. Note that the impact of higher-twist 

effects when using a smaller W 2 cut is considered in Ref. [22]. The 
total number of data points used in the fit is 495 (see Table 2), the 
number of COMPASS data points is 138.

The neutron structure function gn
1 is extracted from the 3He 

data, while the nucleon structure function gN
1 is obtained as 

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

where ωD is a correction for the D-wave state in the deuteron, 
ωD = 0.05 ± 0.01 [27], and the deuteron structure function gd

1 is 
given per nucleon. The quark singlet distribution "qS(x), the quark 
non-singlet distributions "q3(x) and "q8(x), as well as the gluon 
helicity distribution "g(x), which appear in the NLO expressions 
for gp

1 , gn
1 and gN

1 (see e.g. Ref. [17]), are parametrised at a refer-
ence scale Q 2

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

Here, " fk(x) (k = S, 3, 8, g) represents "qS(x), "q3(x), "q8(x) and 
"g(x) and ηk is the first moment of " fk(x) at the reference 
scale. The moments of "q3 and "q8 are fixed at any scale by the 
baryon decay constants (F + D) and (3F − D), respectively, assum-
ing SU(2)f and SU(3)f flavour symmetries. The impact of releasing 
these conditions is investigated and included in the systematic 
uncertainty. The coefficients γk are fixed to zero for the two non-
singlet distributions as they are poorly constrained and not needed 
to describe the data. The exponent βg, which is not well deter-
mined from the data, is fixed to 3.0225 [28] and the uncertainty 
from the introduced bias is included in the final uncertainty. This 
leaves 11 free parameters in the fitted parton distributions. The 
expression for χ2 of the fit consists of three terms, 

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
1 − Nn gdata

1,i

Nnσi

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

Only statistical uncertainties of the data are taken into account in 
σi . The normalisation factors Nn of each data set n are allowed 
to vary taking into account the normalisation uncertainties δNn . 
If the latter are unavailable, they are estimated as quadratic sums 
of the uncertainties of the beam and target polarisations. The fit-
ted normalisations are found to be consistent with unity, except 
for the E155 proton data where the normalisation is higher, albeit 
compatible with the value quoted in Ref. [16].

In order to keep the parameters within their physical ranges, 
the polarised PDFs are calculated at every iteration of the fit 
and required to satisfy the positivity conditions |"q(x) + "q̄(x)| ≤
q(x) + q̄(x) and |"g(x)| ≤ g(x) at Q 2 = 1 (GeV/c)2 [29,30], which 
is accomplished by the χ2

positivity term in Eq. (11). This proce-
dure leads to asymmetric values of the parameter uncertainties 
when the fitted value is close to the allowed limit. The unpo-
larised PDFs and the corresponding value of the strong coupling 
constant αs(Q 2) are taken from the MSTW parametrisation [28]. 
The impact of the choice of PDFs is evaluated by using the MRST 
distributions [31] for comparison.

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

a function of x. The COMPASS data at 200 GeV (red squares) are compared to the 
results at 160 GeV (blue circles) and to the SMC results at 190 GeV (green crosses) 
for Q 2 > 1 (GeV/c)2. The bands from top to bottom indicate the systematic un-
certainties for SMC 190 GeV, COMPASS 200 GeV and COMPASS 160 GeV. (Coloured 
version online.)

Fig. 4. World data on the spin-dependent structure function gp
1 as a function of 

Q 2 for various values of x with all COMPASS data in red (full circles: 160 GeV, full 
squares: 200 GeV). The lines represent the Q 2 dependence for each value of x, as 
determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

We performed a new NLO QCD fit of the spin-dependent struc-
ture function g1 in the DIS region, Q 2 > 1 (GeV/c)2, considering 
all available proton, deuteron and 3He data. The fit is performed in 
the MS renormalisation and factorisation scheme. For the fit, the 
same program is used as in Ref. [20], which was derived from pro-
gram 2 in Ref. [17]. The region W 2 < 10 (GeV/c2)2 is excluded as 
it was in recent analyses [21]. Note that the impact of higher-twist 

effects when using a smaller W 2 cut is considered in Ref. [22]. The 
total number of data points used in the fit is 495 (see Table 2), the 
number of COMPASS data points is 138.

The neutron structure function gn
1 is extracted from the 3He 

data, while the nucleon structure function gN
1 is obtained as 

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

where ωD is a correction for the D-wave state in the deuteron, 
ωD = 0.05 ± 0.01 [27], and the deuteron structure function gd

1 is 
given per nucleon. The quark singlet distribution "qS(x), the quark 
non-singlet distributions "q3(x) and "q8(x), as well as the gluon 
helicity distribution "g(x), which appear in the NLO expressions 
for gp

1 , gn
1 and gN

1 (see e.g. Ref. [17]), are parametrised at a refer-
ence scale Q 2

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

Here, " fk(x) (k = S, 3, 8, g) represents "qS(x), "q3(x), "q8(x) and 
"g(x) and ηk is the first moment of " fk(x) at the reference 
scale. The moments of "q3 and "q8 are fixed at any scale by the 
baryon decay constants (F + D) and (3F − D), respectively, assum-
ing SU(2)f and SU(3)f flavour symmetries. The impact of releasing 
these conditions is investigated and included in the systematic 
uncertainty. The coefficients γk are fixed to zero for the two non-
singlet distributions as they are poorly constrained and not needed 
to describe the data. The exponent βg, which is not well deter-
mined from the data, is fixed to 3.0225 [28] and the uncertainty 
from the introduced bias is included in the final uncertainty. This 
leaves 11 free parameters in the fitted parton distributions. The 
expression for χ2 of the fit consists of three terms, 

χ2 =
Nexp∑

n=1
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Only statistical uncertainties of the data are taken into account in 
σi . The normalisation factors Nn of each data set n are allowed 
to vary taking into account the normalisation uncertainties δNn . 
If the latter are unavailable, they are estimated as quadratic sums 
of the uncertainties of the beam and target polarisations. The fit-
ted normalisations are found to be consistent with unity, except 
for the E155 proton data where the normalisation is higher, albeit 
compatible with the value quoted in Ref. [16].

In order to keep the parameters within their physical ranges, 
the polarised PDFs are calculated at every iteration of the fit 
and required to satisfy the positivity conditions |"q(x) + "q̄(x)| ≤
q(x) + q̄(x) and |"g(x)| ≤ g(x) at Q 2 = 1 (GeV/c)2 [29,30], which 
is accomplished by the χ2

positivity term in Eq. (11). This proce-
dure leads to asymmetric values of the parameter uncertainties 
when the fitted value is close to the allowed limit. The unpo-
larised PDFs and the corresponding value of the strong coupling 
constant αs(Q 2) are taken from the MSTW parametrisation [28]. 
The impact of the choice of PDFs is evaluated by using the MRST 
distributions [31] for comparison.

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]
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Figure 3.2: (Top) in-bin fraction for DIS kinematic
Reconstruction. The reconstruction at high (low) y
is done using the scattered electron tracking (double
angle method). (Bottom) Estimated electron purity
for inclusive DIS events (Q2 > 2 GeV2, W2 > 10
GeV2, and 0.01 < y < 0.95) as a function of lep-
ton momentum and different h bins. Results ob-
tained using DJANGOH generator for DIS events
and Pythia6 for photoproduction reactions and the
rejection used the ECCE PID and electromagnetic
calorimetry systems. Except for at very low mo-
menta the pion contamination is below 1% which,
after corrections, lead to a negligible systematic un-
certainty to our measurements.
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based on ep collisions at two example beam ener-
gies.

Here we present ECCE simulation studies of key measurements required to understand the origin of nucleon
spin.
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Figure 30. Impact of DIS inclusive �
?
!! pseudodata from ATHENA on the understanding of the proton spin,

as expressed through helicity distributions at &2 = 10 GeV2 in the DSSV14 fitting framework (FastSim).
Left: singlet quark helicity distribution. Right: gluon helicity distribution. The outermost bands correspond
to the uncertainties in DSSV14. The inner bands show the results of including simulated ATHENA data at
di�erent center-of-mass energy combinations, as indicated.

uncertainties on the determinations of the helicity PDFs has been investigated. A 1.5% and a very
conservative 5% uncorrelated systematic uncertainty has been integrated in the fit. Sources of fully
correlated systematic uncertainties, such as measurements of the beam polarizations, which are
likely to dominate uncertainties at an EIC, only lead to a scale uncertainty in spin asymmetries but
do not change the significance of the measurement. An uncorrelated systematic uncertainty of <
5% has a tolerable impact.

Spin structure of the nucleon via polarised semi-inclusive DIS. The ATHENA particle identi-
fication subsystems enable unique capabilities to delineated the quark and anti-quark contributions
to �⌃ by flavor. The sensitivity to the flavor of the struck parton in SIDIS requires the measurement
of di�erent identified hadron species in electron collision with various polarized light ion beams.

Figure 31 shows �
 ±

!! and its uncertainties at di�erent
p
B compared to current uncertainties

from helicity PDFs [67]. The pseudodata uncertainties account for the purities and e�ciencies of
the ATHENA PID detectors, which have been determined to be generally above 90% and above
80%, respectively. The possibility to measure at di�erent

p
B allows a better determination of

sea-quark helicities down to ⇠ 10�4 and up to ⇠ 1 in G in a wide &
2-range. In particular, these

measurements will clarify whether the sea-quark polarizations, especially for strange quarks, are
non-vanishing in that limit.

Double spin asymmetries in charm production enable accessing the gluon polarization in a com-
plementary way to the scaling violation of the inclusive structure function 61. In the EIC kinematics,
10–15% of the inclusive DIS cross section will be from the production of charm-quark pairs. These
pairs probe the shape of the gluon density of the nucleon at large G, at an e�ective scale determined
by the charm mass. Theoretical uncertainties due to higher order corrections have been studied and
HERA e+p data show good agreement with QCD expectations (see, e.g., ref. [70]). Several impact
studies of the EICs measurement have been performed to-date [71–74]. Excellent displaced vertex
resolution is essential in achieving a large signal-to-background ratio in these measurements.
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3 Evaluation of the asymmetries

Experimentally, clean access in semi-inclusive DIS to the helicity distributions is provided
by the extraction of double-spin asymmetries. Assuming constant lepton-beam and proton-
beam polarisation, respectively Pe and Pp, they can be written as:

Ah
k(xB, Q2, z) =

1
Pe Pp

�!�!
Nh
�!�!
L
�
 ��!
Nh
 ��!
L

�!�!
Nh
�!�!
L
+
 ��!
Nh
 ��!
L

(xB, Q2, z) (2)

= D(y)Ah
1(xB, Q2, z),

where
�!�!
Nh (
 ��!
Nh) represents the number of semi-inclusive DIS hadrons of type h in bin

(xB, Q2, z) collected with (anti-)parallel beam-spin orientation, while
�!�!
L (
 ��!
L ) is the corre-

sponding luminosity. The asymmetry Ah
k represents the asymmetry with respect to the

lepton-beam direction, while Ah
1 is the asymmetry with respect to the virtual photon and

gives access to the convolution of the parton helicity distributions and fragmentation
functions.

In the present simulation, Nh is obtained by reweighting each event, as described in

section 2, while the randomly generated relative beam-spin orientation results in
�!�!
L ⇡

 ��!
L .

The lepton and proton beam polarisations are set to 100% in the simulation, but in order to
account for experimentally realistic conditions, a beam polarisation for both beams of 70%
is assumed in the evaluation of the statistical uncertainty.

In the following, the depolarisation factor is set to 1 for the evaluation of the system-
atic uncertainties, both in equation 1 for the reweighting of the simulation and for the
extraction of A1 in equation 3. The reason for this approach lies in the enhancement of
small differences between generated and reconstructed data points when introducing the
depolarisation factor due to fluctuations that result solely from the limited amount of
generated Monte-Carlo data. For the evaluation of the statistical uncertainty, the actual
value of the depolarisation factor is used in equations 1 and 3 and in addition it is required
to lie above 0.1.

The generated asymmetries, evaluated from the generated scattered beam-lepton and
hadron information, as well as the reconstructed asymmetries, evaluated from the scattered
beam lepton and created particles reconstructed by the ECCE detector, are presented in
figures 2 and 3 for positive pions and in figures 4 and 5 for negative kaons, for s =
5 ⇥ 41 GeV2 and s = 18 ⇥ 275 GeV2. Corresponding figures for negative pions and
positive kaons can be found in appendix A. The depolarisation factor is here set equal to
1. The different behaviour of the kaon and pion asymmetries at larger z values reflects
the fact that, contrary to the pion, the negative kaon and the proton do not have a valence
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Fig. 6. ‘Unfolded’ pion (upper panel) and kaon (lower panel) A1 asymmetries as a function of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at
5 ù 41 GeV2 and for an integrated luminosity of 10 fb*1.

Fig. 7. ‘Unfolded’ pion (upper panel) and kaon (lower panel) A1 asymmetries as a function of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at
18 ù 275 GeV2 and for an integrated luminosity of 10 fb*1.

The statistical and systematic uncertainties on the A1 asymmetry
are summarised in Fig. 4 for positive pions and in Fig. 5 for nega-
tive kaons. The central value on the vertical axis is meaningless and
only has been chosen for clear visibility. The error bars represent the
statistical uncertainty (scaled to an integrated luminosity of 10 fb*1
and accounting for beam polarisations of 70%), while the error band
represents the combined systematic and statistical uncertainties. An
additional 2% scale uncertainty originating from the uncertainty in
the beam polarisations also needs to be included. On average, the
systematic uncertainty is larger than the statistical uncertainty, yet, still
very limited. The evaluation of the uncertainties shows that the ECCE
detector design is suited to provide data with adequate precision.

Finally, Figs. 6 and 7 illustrate the asymmetry that would be ob-
tained after an unfolding procedure on the asymmetry measured with
the ECCE detector,2 for 10 fb*1 of data collected at 5 ù 41 GeV2

and 18 ù 275 GeV2, respectively, for the range 10.0 GeV2 < Q2 <
17.8 GeV2 and three ranges in z. The systematic uncertainties, eval-
uated as described above, are indicated as well. These figures again
clearly illustrate the complementarity between data collected at the two
centre-of-mass energies and their reach in xB for a fixed range in z.

2 In practice, the central values of the reconstructed asymmetries have been
replaced here by those of the generated ones, for the kinematic bins for which
an asymmetry is reconstructed.
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Figure 9: Ratio of the statistical uncertainties for positive-pion A1 asymmetries at 18 ⇥ 275 GeV2 with the 1.4 T and 3.0 T configurations, as a function of xB (x
axis) and Q2 (color), for 0.10 < z < 0.15 (left ) and 0.60 < z < 0.70 (middle).
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Figure 10: Figures showing the impact of the projected ECCE semi-inclusive DIS data on the determination of the sea-quark helicity distributions for ū (left), d̄
(middle) and s (right), evaluated at Q2 = 10 GeV2. Together with the DSSV14 estimate, the uncertainty bands resulting from the fit that includes the

p
s = 45 GeV

simulated inclusive DIS data and the reweighting with simulated ECCE semi-inclusive DIS data at
p

s = 28.6 GeV and
p

s = 140.7 GeV are presented.

Q2 and z, aided by the possibility to vary the beam energies.
In turn, the broad kinematic coverage, down to xB = 10�4, and
a high precision are essential to constrain the helicity distribu-
tions, in particular the sea-quark and gluon helicity distributions
at low xB, which so far remain largely unconstrained.
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Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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Exclusive production

data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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Transverse Momentum Distributions – 3D!
3D Maps of partonic distributions
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Single-hadron production in semi-inclusive DIS
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Single-hadron production in semi-inclusive DIS
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Single-hadron production in semi-inclusive DIS
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Figure 1. Kinematics of the process. q is the virtual photon, k and k0 are the initial and struck quarks, k? is the

quark transverse component. Ph is the final hadron with a p? component, transverse with respect to the fragmenting

quark k0 direction.

the beam energy becomes, the more serious the inaccuracies of the parton model have to be

taken. On the other hand, the “fully di↵erential” cross section Eq. (3.2) of the generalized

parton model allows us to include in our Monte Carlo both transverse momentum and

the physical energy and momentum phase space constraints. We used the widely accepted

parton model approximation of setting the initial parton on-shell (assumption that virtual

photon interacts with an on-mass shell quark)3. But it is important to emphasize that

the approximations we have made, which are consistent with a generalized parton model

framework, enable us to implement a Monte Carlo that incorporates the correct phase

space momentum constraints and satisfies the requirements we outlined in this section.

Thus, our Monte Carlo simulation allows us to take the factorized form of the gener-

alized parton model cross section Eq. (3.2) as a basis and then to impose four-momentum

conservation for the partons according to Fig. 1, assuming the initial quark is on-shell with

non-zero mass. We also take a non-zero target mass into account. This procedure does

not necessarily lead to a more accurate description of the underlying physics, because it

still rests on the simplified picture of the generalized parton model and involves the ap-

proximation of an on-shell quark. Nonetheless, implementing these modifications can give

us an indication for the magnitude of the uncertainties resulting from the aforementioned

kinematic approximations in the parton model.

Note that our goal is to study the applicability of Bessel weighting to experimental

data, for which we explicitly need k? and p? dependences in the Monte Carlo generator.

Alongside with this goal it is interesting to investigate how well the approximations of the

simple parton model are justified in the current relatively low energy experimental set-up.

One would expect that if approximations that lead to the parton model expressions for

structure functions are justified, then the generalized parton model expression would not

spoil this approximation numerically. On the other hand if the generalized parton model

gives notably di↵erent results with respect to a naive parton model, one would expect

that kinematics of the experiment does not allow a certain type of approximations and the

3The confined quark has a non-zero virtuality. Such e↵ects in Monte Carlo generators have been studied

in Ref. [62].
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the physical energy and momentum phase space constraints. We used the widely accepted

parton model approximation of setting the initial parton on-shell (assumption that virtual

photon interacts with an on-mass shell quark)3. But it is important to emphasize that

the approximations we have made, which are consistent with a generalized parton model

framework, enable us to implement a Monte Carlo that incorporates the correct phase

space momentum constraints and satisfies the requirements we outlined in this section.

Thus, our Monte Carlo simulation allows us to take the factorized form of the gener-

alized parton model cross section Eq. (3.2) as a basis and then to impose four-momentum

conservation for the partons according to Fig. 1, assuming the initial quark is on-shell with

non-zero mass. We also take a non-zero target mass into account. This procedure does

not necessarily lead to a more accurate description of the underlying physics, because it

still rests on the simplified picture of the generalized parton model and involves the ap-

proximation of an on-shell quark. Nonetheless, implementing these modifications can give

us an indication for the magnitude of the uncertainties resulting from the aforementioned

kinematic approximations in the parton model.

Note that our goal is to study the applicability of Bessel weighting to experimental

data, for which we explicitly need k? and p? dependences in the Monte Carlo generator.

Alongside with this goal it is interesting to investigate how well the approximations of the

simple parton model are justified in the current relatively low energy experimental set-up.

One would expect that if approximations that lead to the parton model expressions for

structure functions are justified, then the generalized parton model expression would not

spoil this approximation numerically. On the other hand if the generalized parton model

gives notably di↵erent results with respect to a naive parton model, one would expect

that kinematics of the experiment does not allow a certain type of approximations and the

3The confined quark has a non-zero virtuality. Such e↵ects in Monte Carlo generators have been studied

in Ref. [62].

– 10 –

z =
Eh

E�⇤

lab

U L T

U

L

T

quark polarisation

nu
cl

eo
n 

po
la

ris
at

io
n

f1

h1T

g1L

U L T

U

quark polarisation
ha

dr
on

 p
ol

ar
is

at
io

n
D1 H

?
1



Chiral odd

TMD 
PDF

�

TMD

 FF

h

FXY / C [TMD PDF(x, k?)⇥ TMD FF (z, p?)]

TMD PDFs and fragmentation functions (FFs)

31

Azimuthal amplitudes related to structure functions         : 
2h sin(�+ �S)ihUT = ✏F sin(�+�S)

UT

FXY

h?
1

h?
1L

h?
1Tf?

1T g?1T

p�

k�

k�

�k

�̃

x̃ỹ
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still rests on the simplified picture of the generalized parton model and involves the ap-

proximation of an on-shell quark. Nonetheless, implementing these modifications can give

us an indication for the magnitude of the uncertainties resulting from the aforementioned

kinematic approximations in the parton model.
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data, for which we explicitly need k? and p? dependences in the Monte Carlo generator.

Alongside with this goal it is interesting to investigate how well the approximations of the
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structure functions are justified, then the generalized parton model expression would not
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Validity of TMD description

v

v

Consistent results for TMD 

and CT3 in overlap region

Collinear twist-3 (CT3) PDFs.

1 characteristic hard scale, e.g., PhT

2 characteristic scales:

small PhT and large Q2
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EIC uncertainties dominated

by assumed
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Theory uncertainties dominated by
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• :
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Sivers amplitude and Q2
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Figure 1: Example of the expected evolution e↵ects from [13] for the Sivers asymmetry at an intermediate x, z and PT value, as a function of Q for three collision
energy combinations. The error bands represent the current level of uncertainties and the data points represent the projected ECCE uncertainties (statistical and
systematic uncertainties combined) to be discussed further below put to the central values of the current parameterization.

Sivers asymmetries of about 2 % would decrease to the sub-44

percent level at higher scales. As such, it is important for any45

EIC experiment to be able to reconstruct such asymmetries with46

both statistical and systematic precision below the 1 % level47

over a large kinematic range in a fine enough binning. The de-48

tails of the expected precision of the ECCE measurements will49

be discussed below, but one can already see the complementar-50

ity between di↵erent collision energies in covering a large lever51

arm with su�cient precision.52

The Collins e↵ect [2] relates the chiral-odd quark transver-53

sity distribution [17], that is the basis for the tensor charge,54

with a polarized fragmentation function, the Collins fragmenta-55

tion function. It correlates the transverse spin of a fragmenting56

parton with the azimuthal yield of final-state hadrons around57

the axis of this parton. Unlike the Sivers function, that can be58

accessed with an unpolarized fragmentation function, the fact59

that the fragmentation function is also polarized and chiral-odd60

makes the transversity extraction more di�cult. Nevertheless,61

access to only the Collins FFs has been obtained from e+e�62

annihilation measurements, initially by Belle [9, 10] and later63

by BABAR [11] and BESIII[12]. Using this information to-64

gether with the SIDIS data from HERMES, COMPASS and65

JLAB, various transversity extractions have been performed,66

although they predominantly rely on only valence flavors so67

far. Recently, also single-hadron single spin asymmetries from68

hadronic collisions were included in a global QCD analyssi69

of all avialable data on transverse spin asymmetries, includ-70

ing apart from SIDIS, Drell-Yan and e+e� data also AN data71

from proton-proton scattering [18]. The interest of the tensor72

charges stems from the fact that various interactions beyond the73

standard model may be also a tensor type of interaction [19].74

As at the same time Lattice QCD calculations argue to be al-75

ready fairly reliable on the calculation of the tensor charge, any76

discrepancies between measurement and Lattice results may in-77

dicate BSM e↵ects. Although the tensor charges are expected78

to be more of a valence quark e↵ect (due the the charges being79

defined as the di↵erence of quark and antiquark transversities),80

fixed target measurements will not be able to perform the inte-81

gral over large enough of an x range to satisfactorily extract the82

charges, but the EIC can [20]. Also here the scale dependence83

is of interest as well as accessing the sea quark transversity dis-84

tributions.85

2. Data selection86

The simulated data were obtained using the pythiaeRHIC im-87

plementation of pythia6 [21] with the same settings and events88

that were also used in the SIDIS studies of the EIC Yellow re-89

port [22]. It should be noted that for these studies no dedicated90

radiative e↵ects were generated other than what is already in-91

cluded in pythia. These e↵ects are likely very relevant, espe-92

cially at large y but are common to all EIC detector proposals93

and were therefore not studied here. The generated data, in94

its eic-smear format, was then run through a geant4 simulation95

of ECCE that contains all the relevant tracking detectors and96

calorimeters, as well as some of the support material, magnet97

yoke, the PID detectors, etc., c.f. [23]. The PID information98

in these simulations came from a parametrization based on the99

rapidity and momentum dependent PID resolutions that can be100

expected for the various PID subsystems.101

The data was obtained at the energy combinations that are102

summarized in Table 1 where the simulations were separated103

into low Q2 data and higher Q2 data in order to still obtain rea-104

sonable statistics at the lower cross sections at higher Q2. Un-105

like in the Yellow Report, no dedicated e+3He simulations were106

run and instead for the impact studies the Yellow Report un-107

certainties were rescaled based on the ECCE e+p simulations.108

As can be seen from these luminosities, especially at low Q2
109

the accumulated data is still far below the level of statistics to110

be expected from the EIC. Nevertheless the statistics are large111

enough to evaluate the statistical uncertainties that can be ex-112

pected. At the higher Q2 > 100 GeV2 range, the luminosities113

are generally larger which in turn compensates for the lower114

cross sections and event rates expected there.115

3. General (SI)DIS kinematics, requirements116

As with all deeply inelastic scattering events the typical re-117

quirements on DIS kinematics are considered. The most im-118

portant one is on the scale of the process by having a lower119

limit on the squared momentum transfer from the lepton to the120

nucleon, Q2 > 1 GeV2. Additionally, also the invariant mass121

of the hadronic final state is supposed to be above the main nu-122

cleon resonances which is ensured with W2 > 10 GeV2. Further123

requirements are made on the inelasticity to be 0.01 < y < 0.95124

4

Decrease of asymmetry with increasing Q2 → need high precision (<1%) to measure asymmetry at high Q2                                        

Parametrisation: M. Bury et al., JHEP 05 (2021)151
R. Seidl, A. Vladimirov et al., NIM A 1055 (2023) 168458
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Figure 16: Projected ⇡+ Sivers asymmetry statistical uncertainties as a function of z and PT in bins of x and Q2. The statistical uncertainties are extrapolated to an
accumulated luminosity of 10 fb�1 for the 5 GeV x 41 GeV energy option.

Figure 17: Example figure of the Q2 dependence of Sivers asymmetries for ⇡+ for three x bins after integrating over transverse and fractional momenta.

Figure 18: Example figure of the Q2 dependence of Collins asymmetries for ⇡+ for three x bins after integrating over transverse and fractional momenta.
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18
Figure 20: Expected impact on up (left) and down (right) quark Sivers distributions as a function of the transverse momentum kT for di↵erent values of x, obtained
from SIDIS pion and kaon EIC pseudo-data, at the scale of 2 GeV. The orange-shaded areas represent the current uncertainty, while the blue-shaded areas are the
uncertainties when including the ECCE pseudo-data.
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Gluon TMDs
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• In contrast to quark TMDs, 

    gluon TMDs are almost unknown

• Accessible through production of dijets, 

    high-PT hadron pairs, quarkonia
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Transverse Momentum Distributions – 3D!
3D Maps of partonic distributions
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The various dimensions of the nucleon structure

data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.
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• x=average longitudinal momentum fraction

• 2ξ=longitudinal momentum transfer

• t=squared momentum transfer to hadron

GPDs are probability amplitudes

h(p) h(p’)
• experimental access to t and ξ 

• in general: no experimental access to x

What are generalised parton distributions (GPDs)?
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• x=average longitudinal momentum fraction

• 2ξ=longitudinal momentum transfer

• t=squared momentum transfer to hadron

GPDs are probability amplitudes

proton helicity flipproton helicity non flip

Four parton helicity-conserving twist-2 GPDs

parton-spin independent

parton-spin dependentH̃(x, ⇠, t) Ẽ(x, ⇠, t)

E(x, ⇠, t)H(x, ⇠, t)

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

• experimental access to t and ξ 

• in general: no experimental access to x

• for spin-1/2 hadron:

What are generalised parton distributions (GPDs)?
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Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.
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Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-

16

Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions
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�
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impact-parameter dependent distributions: 
probability to find parton (x,bT)

M. Burkardt, PRD 92 ('00) 071503 
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Indeed, measurements at the EIC and
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ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
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of quarks and gluons at small x, for which
collider measurements are our only source of
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properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions

4

�
⇤

impact-parameter dependent distributions: 
probability to find parton (x,bT)

M. Burkardt, PRD 92 ('00) 071503 
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FIG. 4: Plots of the radial pressure, (a) pr(r) and (b) 4⇡ r
2
pr(r), using the multipole model (11) with parameters given in

Table I, see Eq. (35) or Eq. (40) for definitions in terms of GFFs.
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FIG. 5: Plots of the tangential pressure, (a) pt(r) and (b) 4⇡ r
2
pt(r), using the multipole model (11) with parameters given

in Table I, see Eq. (36) or Eq. (41) for definitions in terms of GFFs.

it is dominated by the quark contribution) to negative sign at the periphery (where it is dominated by the gluon
contribution). The pressure anisotropy in Fig. 7 vanishes at the center of the nucleon, as required by spherical
symmetry, and is positive anywhere else, indicating that the radial pressure is always larger than the tangential one.
Looking at the separate contributions, we see that the quark and gluon radial forces are both repulsive and of similar
range. For the tangential forces, the quark contribution appears to be mostly repulsive and short range whereas the
gluon contribution appears to be mostly attractive and long range.

If we integrate the energy density and the isotropic pressure over the whole volume, we naturally recover the FL (26)
discussed in the former section

Z
d3r "a(r) =

⇥
Aa(0) + C̄a(0)

⇤
M,

Z
d3r pa(r) = �C̄a(0)M. (46)

One can also relate the value of the GFF Ca(t) at t = 0 to a weighted integral of the pressure anisotropy (43) [10, 11, 26]

Z
d3r r2 sa(r) = �

15

M
Ca(0) . (47)

Summing over the constituents, one obtains the following additional relations [26, 86]

Z
d3r r2pr(r) = �

6

M
C(0) ,

Z
d3r r2pt(r) =

9

M
C(0) ,

Z
d3r r2p(r) =

4

M
C(0) . (48)

radial pressure
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FIG. 4: Plots of the radial pressure, (a) pr(r) and (b) 4⇡ r
2
pr(r), using the multipole model (11) with parameters given in

Table I, see Eq. (35) or Eq. (40) for definitions in terms of GFFs.
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FIG. 5: Plots of the tangential pressure, (a) pt(r) and (b) 4⇡ r
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pt(r), using the multipole model (11) with parameters given

in Table I, see Eq. (36) or Eq. (41) for definitions in terms of GFFs.

it is dominated by the quark contribution) to negative sign at the periphery (where it is dominated by the gluon
contribution). The pressure anisotropy in Fig. 7 vanishes at the center of the nucleon, as required by spherical
symmetry, and is positive anywhere else, indicating that the radial pressure is always larger than the tangential one.
Looking at the separate contributions, we see that the quark and gluon radial forces are both repulsive and of similar
range. For the tangential forces, the quark contribution appears to be mostly repulsive and short range whereas the
gluon contribution appears to be mostly attractive and long range.

If we integrate the energy density and the isotropic pressure over the whole volume, we naturally recover the FL (26)
discussed in the former section

Z
d3r "a(r) =

⇥
Aa(0) + C̄a(0)

⇤
M,

Z
d3r pa(r) = �C̄a(0)M. (46)

One can also relate the value of the GFF Ca(t) at t = 0 to a weighted integral of the pressure anisotropy (43) [10, 11, 26]

Z
d3r r2 sa(r) = �

15

M
Ca(0) . (47)

Summing over the constituents, one obtains the following additional relations [26, 86]

Z
d3r r2pr(r) = �

6

M
C(0) ,

Z
d3r r2pt(r) =

9

M
C(0) ,

Z
d3r r2p(r) =

4

M
C(0) . (48)

tangential pressure
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Fig. 1 The radial pressure pr (r) and the tangential pressure pt (r) at
a distance r from the center of the system (31). Spherical symmetry
imposes only the equality of the two tangential pressures

pr (r) and pt (r) represent the energy density, radial pressure
and tangential pressure, respectively. As noticed by Einstein
and developed first by Lemaitre in 1933 [81,82], spherical
symmetry requires only the equality of the two tangential
pressures, see Fig. 1. The tensor (31) can alternatively be
written as

!µν(r) = [ε(r)+ p(r)] uµuν − p(r)ηµν

+ s(r)
(

χµχν − 1
3
hµν

)
(32)

with hµν = uµuν−ηµν . Isotropic pressure p(r) and pressure
anisotropy s(r) are related to radial and tangential pressures
as follows

p(r) = pr (r)+ 2 pt (r)
3

, s(r) = pr (r) − pt (r). (33)

The comparison of the unpolarized static EMT in the
BF (29) with the EMT of an anisotropic spherically sym-
metric compact star (31) or (32) with uµ = ηµ0 suggests
that the following combinations

εa(r) = M
{
Aa(r)+ C̄a(r)+

1
4M2

1
r2

× d
dr

(
r2 d

dr
[Ba(r) − 4Ca(r)]

)}
, (34)

pr,a(r) = M
{
−C̄a(r)+

1
M2

2
r

dCa(r)
dr

}
, (35)

pt,a(r) = M
{
−C̄a(r)+

1
M2

1
r

d
dr

(
r

dCa(r)
dr

)}
, (36)

pa(r) = M
{
−C̄a(r)+

2
3

1
M2

1
r2

d
dr

(
r2 dCa(r)

dr

)}
, (37)

sa(r) = M
{
− 1
M2 r

d
dr

(
1
r

dCa(r)
dr

)}
, (38)

can be interpreted as the partial energy density, radial pres-
sure, tangential pressure, isotropic pressure, and pressure

anisotropy associated with constituent type a, respectively.
They can alternatively be written as

εa(r) = M
∫

d3!

(2π)3 e−i!·r
{
Aa(t)+ C̄a(t)

+ t
4M2 [Ba(t) − 4Ca(t)]

}
, (39)

pr,a(r) = M
∫

d3!

(2π)3 e−i!·r
{

− C̄a(t)

− 4
r2

t−1/2

M2

d
dt

(
t3/2 Ca(t)

)}
, (40)

pt,a(r) = M
∫

d3!

(2π)3 e−i!·r
{

− C̄a(t)

+ 4
r2

t−1/2

M2

d
dt

[
t

d
dt

(
t3/2 Ca(t)

)]}
, (41)

pa(r) = M
∫

d3!

(2π)3 e−i!·r
{
−C̄a(t)+

2
3

t
M2 Ca(t)

}
,

(42)

sa(r) = M
∫

d3!

(2π)3 e−i!·r
{
− 4
r2

t−1/2

M2

d2

dt2

(
t5/2 Ca(t)

)}
,

(43)

As indicated by the presence of Ba(t), the non-zero spin
of the target affects only the energy distribution in the BF.
Classically, we indeed expect angular momentum to push
matter away from the center.

The above distributions are illustrated in Figs. 2, 3, 4, 5, 6
and 7 in units of GeV/fm3 = 1.7827 × 1015 g/cm3 using the
multipole model (11) with parameters given in Table 1. The
energy density in Fig. 2 is always positive and is approx-
imately shared equally between quark and gluon contribu-
tions. One defines the corresponding average squared mass
radius as

R2
M = 1

M

∫
d3r r2 ε(r) = 6

[
dA(t)

dt

∣∣∣
t=0

− 1
M2 C(0)

]
.

(44)

In our simple model, we find RM = 0.905 fm which is a bit
larger than the charge radius RQ = 0.841 fm extracted from
muonic hydrogen spectroscopy [83,84] and RQ = 0.879 fm
extracted from electron-proton scattering [85]. Knowing the
distribution of energy density, it is also easy to derive the
standard mass function widely used in General Relativity

m(r) = 4π

∫ r

0
dr ′ r ′2 ε(r ′) (45)

which represents the mass contained within a sphere of radius
r , see Fig. 3.

While the total radial pressure in Fig. 4 is always positive
and largely dominated by the quark contribution, the total

123



43

… and its spin

proton spin decomposition (Ji)

quark spin quark orbital 

angular momentum

30% ? ?

gluon

angular momentum
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X
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Lq + JG

J = lim
t!0

1

2

Z 1

�1
dx x [H(x, ⇠, t) + E(x, ⇠, t)]
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longitudinally polarised nucleon
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Deeply virtual Compton scattering (DVCS)

Hard scale=large Q2=-q2
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18

⇢,
�,
!
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18

⇢,
�,
!
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Figure 3.8: Left: Projected DVCS cross-section measurements as a function of the momentum transfer t for
different bins in Q2 and x. The assumed integrated luminosity is 10 fb�1 for each beam energy configuration.
Right: DVCS photon acceptance in the backwards (green), barrel (blue) and forward (grey) ECALs, as a function
of its pseudorapidity. The red dotted line shows the distribution of (generated) DVCS photons.
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Figure 3.9: J/y exclusive electropro-
duction cross section as a function of
the momentum transfer t for different
bins in xV . Integrated luminosity as-
sumed is 10 fb�1.

Figure 3.10: Simulated statistical and systematic accuracy for
neutral current DIS off nuclei with Q2 > 2 GeV2.

3.3 Gluon structure of nuclei

Models of the partonic structure of heavy nuclei predict that due to the increased density of gluons at
low-x (as compared to their density in the proton), at a high-enough interaction energy the gluons will
start to recombine and lead to the phenomenon of parton saturation [57]. Such novel non-linear QCD
dynamics fundamentally modify the standard collinear approach to QCD and the related DGLAP evolution
equations [58–67]. In doing so it also predicts the existence of a new dynamically generated saturation scale
Qs(x, A) in QCD that divides the dilute and dense regions of nuclei [68–70].

ECCE will provide first measurements of heavy nuclei in kinematics that is relevant for parton saturation
studies. Below we describe selected processes which will provide valuable insight into the fundamental role
of gluons in the structure of nuclei. The processes presented all measure heavy nuclei and include inclusive
DIS, diffractive meson production, di-hadron correlations measurements and heavy flavor production.
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Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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Figure 3.6: A large nucleus before and after an ultra-relativistic boost.

function. As one can see from Fig. 3.6, af-
ter the boost, the nucleons, as “seen” by the
small-x gluons with large longitudinal wave-
length, appear to overlap with each other in
the transverse plane, leading to high parton
density. A large occupation number of color
charges (partons) leads to a classical gluon
field dominating the small-x wave-function
of the nucleus. This is the essence of the
McLerran-Venugopalan (MV) model [158].
According to the MV model, the dominant
gluon field is given by the solution of the
classical Yang-Mills equations, which are the
QCD analogue of Maxwell equations of elec-
trodynamics.

The Yang-Mills equations were solved for
a single nucleus exactly [159, 160]; their so-
lution was used to construct an unintegrated
gluon distribution (gluon TMD) �(x, k2T )
shown in Fig. 3.7 (multiplied by the phase
space factor of the gluon’s transverse mo-
mentum kT ) as a function of kT .4 Fig. 3.7
demonstrates the emergence of the satu-
ration scale Qs. The majority of gluons
in this classical distribution have transverse
momentum kT ⇡ Qs. Note that the gluon
distribution slows down its growth with de-
creasing kT for kT < Qs (from a power-law
of kT to a logarithm, as can be shown by
explicit calculations). The distribution sat-
urates, justifying the name of the saturation
scale.

The gluon field arises from all the nucle-
ons in the nucleus at a given location in the
transverse plane (impact parameter). Away
from the edges, the nucleon density in the
nucleus is approximately constant. There-
fore, the number of nucleons at a fixed im-
pact parameter is simply proportional to the
thickness of the nucleus in the longitudinal
(beam) direction.

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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Figure 3.7: The unintegrated gluon distribu-
tion (gluon TMD) �(x, k2T ) of a large nucleus
due to classical gluon fields (solid line). The
dashed curve denotes the lowest-order pertur-
bative result.

For a large nucleus, that thickness, in
turn, is proportional to the nuclear radius
R ⇠ A

1/3 with the nuclear mass number A.
The transverse momentum of the gluon can
be thought of as arising from many trans-

4Note that in the MV model �(x, k2
T ) is independent of Bjorken-x. Its x-dependence comes in though

the BK/JIMWLK evolution equations described above.
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Coherent interaction: interaction with target as a whole.

∼ target remains in same quantum state.


Incoherent interaction: interaction with constituents inside target.

∼ target does not remain in same quantum state.

    Ex.: target dissociation, excitation

Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).
Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020

Heikki Mäntysaari (JYU) Incoherent di↵raction Mar 23, 2021 4 / 13
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
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Measuring t-distribution à Full ePIC simulations
From K. Tu @ DIS 2023: 
https://indico.cern.ch/event/1199314/contributions/518
9840/attachments/2621029/4531556/ePIC-exclusive-
slides-Tu-v3.pdf

0 0.05 0.1 0.15
)2 | (GeVt|

2−10

1−10

1

10

210

310

410

) 2
 | 

 (n
b/

G
eV

t
 / 

d|
σd

Coherent truth 
Incoherent truth 
Coherent reco' w. Method. L
Residue incoherent reco' 
after vetos by IP-6 FF detectors

/A-1 = 10 fbintL

ATHENA eAu 18x110 GeV

2 < 10 GeV21 < Q
 < 0.01Vx

-e+ e→ ψJ/

Figure 5.6: The distribution in generated and reconstructed �t, with the reconstructed �t being the squared sum of the transverse momenta of
the scattered beam lepton and of the lepton pair originating from J/ decay, in di↵ractive production o↵ gold nuclei. The panel on the left-hand
side illustrates the influence of the quality of the scattered-lepton reconstruction on the determination of �t, as studied by ePIC. The panel on the
right-hand side shows the level of suppression of incoherent production (see text), as studied by ATHENA. Figs. taken from Ref. [430] and from
the supplementary material provided in the evaluation process of [32], respectively.

The spatial distribution of partons in impact-parameter space is related to a Fourier transformation, with t going from1984

0 to infinity [432]. Experimentally, one is limited by a maximal momentum transfer, which preferably extends as far as1985

possible. In practice, studies have shown that it is necessary to resolve the minima up to the third one for the evaluation of1986

the spatial distribution [2]. This dictates the needed level of suppression of the incoherent contribution. The suppression1987

of incoherent events includes the requirement of exactly three reconstructed lepton tracks with the correct charge in1988

absence of any other signal in the main detector and various criteria corresponding to the absence of signal in a series1989

of far-forward detectors, which can tag protons (Roman Pots for protons with energy close to the beam energy and the1990

B0 spectrometer and o↵-momentum detectors for nuclear-breakup protons), neutrons (Zero-Degree Calorimeters) and1991

photons (B0 and Zero-Degree Calorimeters). The capability to suppress incoherent production is illustrated in Fig. 5.6,1992

right, which shows the �t distribution for coherent and incoherent production o↵ gold nuclei. The former is again1993

simulated using Sartre, while for the latter the BeAGLE generator [433] is used. The generated coherent (incoherent)1994

contribution is represented by the continuous (dotted) line. The generated data are passed through a full simulation of the1995

ATHENA detector. The e↵ect of data selection requirements on the event activity in the main detector and on the absence1996

of activity in the far-forward detectors, based on the studies in Ref. [431], is represented by the blue, open circles. As can1997

been seen, the obtained distribution lies close to the distribution from coherent events simulated by Sartre. The remaining1998

contribution from incoherent events is given by the red, star symbols. The largest suppression of the incoherent process1999

comes from the requirement on the absence of any neutron signal in the Zero-Degree Calorimeter, while the requirement2000

on the absence of photon signals in this Zero-Degree Calorimeter also has an impact. Ways to further improve the2001

reconstruction of t and the suppression of incoherent production are at present under investigation.2002

The study of light nuclei can o↵er additional insights into the inner internal structure of the nuclear medium. In2003

contrast to Contrary to measurements with heavy nuclei, the total final state in incoherent di↵ractive production o↵ light2004

nuclei can be unambiguously identified through tagging of the spectator nucleons. Such measurements are of interest2005

when studying the short-range correlation (SRC) of a nucleon pair, which is the temporal fluctuation of two nucleons2006

into a strongly interacting pair in close proximity and large measured relative momentum [434, 435]. SRC pairs are2007

suggested as a possible explanation for the nuclear modification of the momentum distribution of high-x partons, known2008

as the EMC e↵ect, with a strong correlation between the two phenomena suggested by measurements by the CLAS2009

experiment at Je↵erson Lab [436] and a quark-level QCD basis for SRC has been proposed for the lightest nuclei [437]2010

and A � 4 nuclei [438].2011

The simplest nuclear system consists of deuteron and the first measurement of incoherent di↵ractive production with2012
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Exclusive measurements on nuclear targets with the EIC

K. Tu, DIS 2023 
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Di-hadron production and jets in eA
• Complementarity region covered by 


dihadron and jet production
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splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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Why an EIC?
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q

Hadronisation



Probing space-time evolution of hadronisation

55

• Energy loss of parton by 

medium-induced gluon radiation


• Energy loss of (pre-)hadrons

• absorption

• rescattering (small)


• Partonic and hadronic processes: 

different signature


            probe space-time evolution of

            hadron formation


• PDFs modified by nuclear medium



Multiplicity ratios
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Multiplicity ratios:

Rh
A =

⇣
Nh

NDIS

⌘

A⇣
Nh

NDIS

⌘

D
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Ratios  approximate cancelation of 

• QED radiative effects

• limited detector acceptance and resolution

→

At highest z: hadronic absorption

HERMES, Eur. Phys. J. A 47 (2011) 113
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Summary
EIC with ePIC can address various aspects of the nucleon and nuclear structure through: 


• Precise inclusive and semi-inclusive (spin-dependent) DIS measurements via high-resolution EM calorimeters.


• Measurements for 3D (spin-dependent) tomography in momentum space provided by 

good Cherenkov-based and TOF AC-LGAD hadron PID detectors and tracking.


• Exclusive measurements on protons, using the far-forward detector system.


• Diffractive and exclusive measurements with coherent/incoherent separation via

   very precise EM calorimeters and far-forward detector system.


• Measurements on a large variety of nuclei: probe gluon saturation and study the space-time evolution

  of hadron formation.


	 	 	 



