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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↑, ⃗He
↑

•  

• ℒ = 1033−34 cm−2 s−1

↔ ℒint = 10 − 100 fb−1/year

+ heavier, unpolarised ions, up to Uranium
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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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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
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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

Nucleon multi-dimensional structure
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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

dxdQ2
=

4πα2

xQ4

[(
1 − y+

y2

2

)
F2(x,Q2) − y2

2
FL(x,Q2)

]
.

(1)
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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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=

4πα2

xQ4
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2
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]
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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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Nucleon spin structure
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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 

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

⎞
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2

+
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)2

⎤
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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

⎞
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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∑
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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

⎞
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+
(
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)2

⎤
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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

⎞
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+
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)2

⎤
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(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

⎞
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2

+
(
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)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) 18

quark  
spin ~ 30%

v

v

QCD 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



Helicity structure of the nucleon: existing measurements

10

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 

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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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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gies.

Here we present ECCE simulation studies of key measurements required to understand the origin of nucleon
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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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Detect a hadron!
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Detect a hadron!

parton distribution function PDF(xB)
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fragmentation function FF(z)

parton distribution function PDF(xB)
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Sea-quark helicity distributions
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Sea-quark helicity distributions at the EIC

14

4− 3− 2− 1−
0.6

0.8

1.0

ra
tio

 s
ta

t.
 u

n
c.

 1
.4

 T
/3

 T

0.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.150.10 < z < 0.15

4− 3− 2− 1−
0.6

0.8

1.0

0.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.700.60 < z < 0.70

+π
218x275 GeV

4− 3− 2− 1−
)

B
log(x

]2<1.78 [GeV21.00<Q

<3.1621.78<Q

<5.6223.16<Q

<1025.62<Q

<17.8210<Q

<31.6217.8<Q

<56.2231.6<Q

<100256.2<Q

<1772100<Q

<3162177<Q

<5622316<Q

<10002562<Q

<1000021000<Q

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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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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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-
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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.

8

b?



The nucleon multi-dimensional structure

16

Transverse Momentum Distributions – 3D!
3D Maps of partonic distributions

4

�⇤

xPz

Pz

Wigner distributions
<latexit sha1_base64="C6sSPDrPqQhUdS94ONNoj7KBamw=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJCSiKLLgiAuK/QGTQiT6Wk7dHJhZlIsITs3voobF4q49RXc+TZO2yy0+sPAx3/O4cz5/ZgzqSzryygsLa+srhXXSxubW9s75u5eS0aJoNCkEY9ExycSOAuhqZji0IkFkMDn0PZH19N6ewxCsihsqEkMbkAGIeszSpS2PPOwXbk/dcZA01HmNebkZ17qxCDi7MQzy1bVmgn/BTuHMspV98xPpxfRJIBQUU6k7NpWrNyUCMUoh6zkJBJiQkdkAF2NIQlAuunsjgwfa6eH+5HQL1R45v6cSEkg5STwdWdA1FAu1qbmf7VuovpXbsrCOFEQ0vmifsKxivA0FNxjAqjiEw2ECqb/iumQCEKVjq6kQ7AXT/4LrbOqfVG17s7LtZs8jiI6QEeogmx0iWroFtVRE1H0gJ7QC3o1Ho1n4814n7cWjHxmH/2S8fEN95KZZQ==</latexit>

W (x,~kT ,~b?)
<latexit sha1_base64="D8Ls1GXm/0FieG54TNDeKYoiZcw=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkKLosunFZwT6giWEyuWmHTh7MTAolduGvuHGhiFt/w51/47TNQlsPDBzOuZd75vgpZ1JZ1rdRWlldW98ob1a2tnd298z9g7ZMMkGhRROeiK5PJHAWQ0sxxaGbCiCRz6HjD2+mfmcEQrIkvlfjFNyI9GMWMkqUljzzyGGxwsFDHTsjoLk/8ZwUROqZVatmzYCXiV2QKirQ9MwvJ0hoFkGsKCdS9mwrVW5OhGKUw6TiZBJSQoekDz1NYxKBdPNZ/gk+1UqAw0Top9PM1N8bOYmkHEe+noyIGshFbyr+5/UyFV65OYvTTEFM54fCjGOV4GkZOGACqOJjTQgVTGfFdEAEoUpXVtEl2ItfXibtes2+qFl359XGdVFHGR2jE3SGbHSJGugWNVELUfSIntErejOejBfj3fiYj5aMYucQ/YHx+QOIb5XM</latexit>Z

d2~b?

transverse-momentum 

dependent (TMD)


parton distribution functions

(PDFs)

<latexit sha1_base64="YZe6zZfBbxgRj554VUwXxYEgz40=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRF0WXRjcsKfUEbw2QyaYdOHsxMCjUEf8WNC0Xc+h/u/BunbRbaemDgcM693DPHSziTyrK+jZXVtfWNzdJWeXtnd2/fPDhsyzgVhLZIzGPR9bCknEW0pZjitJsIikOP0443up36nTEVksVRU00S6oR4ELGAEay05JrHfRYp5D/UUH9MSTbK3ayZu2bFqlozoGViF6QCBRqu+dX3Y5KGNFKEYyl7tpUoJ8NCMcJpXu6nkiaYjPCA9jSNcEilk83S5+hMKz4KYqGfzjJTf29kOJRyEnp6MsRqKBe9qfif10tVcO1kLEpSRSMyPxSkHKkYTatAPhOUKD7RBBPBdFZEhlhgonRhZV2CvfjlZdKuVe3LqnV/UanfFHWU4ARO4RxsuII63EEDWkDgEZ7hFd6MJ+PFeDc+5qMrRrFzBH9gfP4ADzOU+g==</latexit>Z
d2~kT

impact-parameter 
dependent PDFs

generalised parton  
distributions (GPDs)

Fourier 

transform

PRD 92 ('00) 071503 

Int. J. Mod Phys. A 18 ('03) 173

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.

x = 0.1

u
�u

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

2

4ky = 0
2 4

�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

1

2

3

4

x = 0.1

d
�d

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

1
2
3ky = 0

1 2 3
�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

0.5

1.0

1.5

2.0

2.5

3.0

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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x = 0.25 x = 0.09

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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Transverse-momentum-dependent parton distribution functions

survive integration over parton 

transverse momentum
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TMD PDFs and fragmentation functions (FFs)
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Azimuthal amplitudes related to structure functions         : 
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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



Impact of EIC on Sivers TMD PDFs

22

𝒞 [f⊥,q
1T × Dq

1 ]
kT kT

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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x = 0.25 x = 0.09

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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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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• 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.

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

Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions

4

�
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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.

(a) (b)

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
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
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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
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J = lim
t!0

1

2

Z 1

�1
dx x [H(x, ⇠, t) + E(x, ⇠, t)]

X. Ji, Phys. Rev. Lett. 78 (1997) 610
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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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Exclusive measurements on p with the EIC xPz

b? Pz

Deeply virtual Compton scattering

→ sensitive to quarks (and gluons)Towards nucleon tomography

Simulation using EpIC MC generator and EICROOT incorporating the ePIC geometry and resolutions

Impact parameter (b) distribution extracted from a Fourier transform of the t-distribution 
returns the curve of the Goloskokov-Kroll (GK) model used in the EpIC generator

Corrected for 
acceptance

EpIC DVCS + EICROOT

GK

16
E. Aschenauer, V. Batozskaya, S. Fazio, A. Jentsch, K. Kumerički, H. Moutarde, K. Passek-K., D. S., H. Spiesberger, 
P. Sznajder, K. Tezgin: on arXiv soon
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Exclusive measurements on p with the EIC xPz
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ECCE, NIMA 1052 (2023) 168238

ℒ = 10 fb−1

Exclusive J/ѱ production

Deeply virtual Compton scattering

→ sensitive to quarks (and gluons)

Exclusive J/ѱ 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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What object are we probing?

coherent scattering

incoherent scattering

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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ditions of a heavy ion collision as described
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Figure 2.18: Left: differential distribution of the momentum transfer |t| of coherent f meson
electroproduction in electron-gold collisions with 18x110 GeV. The Monte Carlo model is
provided by Sartre and the reconstructed distribution is obtained from full ePIC simulation
with the official August 2024 simulation campaign. Right: the momentum transfer t recon-
struction resolution as a function of the true t.

Signal efficiency Background efficiency
3 tracks 0.97383 0.914885

J/y mass window 0.898815 0.827045
Veto signals in B0 0.898805 0.429656

Veto signals in OMD 0.898805 0.29286
Veto signals in ZDC 0.898795 0.013776

Table 2.2: Event composition in incoherent J/y production before and after full event selec-
tion

The t spectra of coherent and incoherent (before veto) are shown in Fig. 2.19 left, and the residue943

distribution of incoherent production events (that pass event selection) are shown in Fig. 2.19 right.944

Therefore, the vetoing power is sufficient to supress the incoherent production down to a level945

below the first diffractive minimum but not quite for the second and third minima.946

2.4.4.2 Nuclear Modifications of Parton Distribution Functions947

[A study will be performed later and added before the final version of the TDR.]948

2.4.4.3 Passage of Color Charge Through Cold QCD Matter949

[Rongrong: performance of D0 reconstruction with ePIC is currently under study. It will not be950

available for pre-TDR. We are aiming to include it in the final TDR.]951

Exclusive measurements on nuclear targets with the EIC

Reconstruction of the coherent signal
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Figure 2.18: Left: differential distribution of the momentum transfer |t| of coherent f meson
electroproduction in electron-gold collisions with 18x110 GeV. The Monte Carlo model is
provided by Sartre and the reconstructed distribution is obtained from full ePIC simulation
with the official August 2024 simulation campaign. Right: the momentum transfer t recon-
struction resolution as a function of the true t.
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Table 2.2: Event composition in incoherent J/y production before and after full event selec-
tion

The t spectra of coherent and incoherent (before veto) are shown in Fig. 2.19 left, and the residue943

distribution of incoherent production events (that pass event selection) are shown in Fig. 2.19 right.944

Therefore, the vetoing power is sufficient to supress the incoherent production down to a level945

below the first diffractive minimum but not quite for the second and third minima.946

2.4.4.2 Nuclear Modifications of Parton Distribution Functions947

[A study will be performed later and added before the final version of the TDR.]948

2.4.4.3 Passage of Color Charge Through Cold QCD Matter949

[Rongrong: performance of D0 reconstruction with ePIC is currently under study. It will not be950

available for pre-TDR. We are aiming to include it in the final TDR.]951

Exclusive measurements on nuclear targets with the EIC
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detector system.

2.4.5 Additional physics opportunities952

The combination of the high versatility of the EIC (polarized beams, high luminosity, and variable953

center of mass energy) with the detector capabilities of ePIC allow for measurements beyond the954

highlighted by the NAS report. In particular two types of measurements show great promise:955

determination of new g � Z interference structure functions, and a probe of charged lepton flavor956

violation. Both of these measurements will require at least 100 f b�1 of data in order to reach a957

meaningful result.958

As initially reported by Zhao and collaborators [31] single spin parity violating asymmetries can be959

used to determine FgZ
1 and FgZ

3 when considering the polarization of the electron beam, and ggZ
1960

and ggZ
5 when considering the polarization of the proton beam. Depending on the available po-961

larized beams these structure functions can be extracted from electron-proton or electron-deuteron962

collisions. These measurements rely on inclusive DIS data that will be collected for the core physics963

of the EIC and can be obtained without additional requirements on the accelerator or detector. The964

same data can be included in global analysis frameworks to extract the weak mixing angle in a965

region right under the Z-pole, albeit with large statistical uncertainties.966

Charged lepton flavor violation can be probed at the EIC through measurements of tau leptons967

in the final state. First reported in the EIC White paper [11] a measurement ep ! t + X has the968

potential to reach sensitivities beyond what is expected to be measured at other facilities in the969

next decade. This can be achieved using only the three-pion decay channel of the tau, due to its970

unique detector signature in spite of the fact that it represents only 10% of the tau decay branching971

ratio. Recent analyses have shown that the single muon decay channel (with a branching ratio of972

17%) can provide additional constraining power due the significantly suppressed standard model973

background for transverse momenta larger than 10 GeV. Improvements beyond what has been974

currently studied with ePIC (see 2.3.6) will be needed in order to fully take advantage of this decay975
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2.4.5 Additional physics opportunities952

The combination of the high versatility of the EIC (polarized beams, high luminosity, and variable953

center of mass energy) with the detector capabilities of ePIC allow for measurements beyond the954

highlighted by the NAS report. In particular two types of measurements show great promise:955

determination of new g � Z interference structure functions, and a probe of charged lepton flavor956

violation. Both of these measurements will require at least 100 f b�1 of data in order to reach a957

meaningful result.958

As initially reported by Zhao and collaborators [31] single spin parity violating asymmetries can be959

used to determine FgZ
1 and FgZ

3 when considering the polarization of the electron beam, and ggZ
1960

and ggZ
5 when considering the polarization of the proton beam. Depending on the available po-961

larized beams these structure functions can be extracted from electron-proton or electron-deuteron962

collisions. These measurements rely on inclusive DIS data that will be collected for the core physics963

of the EIC and can be obtained without additional requirements on the accelerator or detector. The964

same data can be included in global analysis frameworks to extract the weak mixing angle in a965

region right under the Z-pole, albeit with large statistical uncertainties.966

Charged lepton flavor violation can be probed at the EIC through measurements of tau leptons967

in the final state. First reported in the EIC White paper [11] a measurement ep ! t + X has the968

potential to reach sensitivities beyond what is expected to be measured at other facilities in the969

next decade. This can be achieved using only the three-pion decay channel of the tau, due to its970

unique detector signature in spite of the fact that it represents only 10% of the tau decay branching971

ratio. Recent analyses have shown that the single muon decay channel (with a branching ratio of972

17%) can provide additional constraining power due the significantly suppressed standard model973

background for transverse momenta larger than 10 GeV. Improvements beyond what has been974

currently studied with ePIC (see 2.3.6) will be needed in order to fully take advantage of this decay975

Suppression of the incoherent signal
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Di-hadron production in eA collisions
• 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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Away-side suppression ATHENA

Saturation

No saturation

# correlated back-to-back hadron pairs in 
e+Au/e+p scaled by A1/3
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parton

Hadronisation



Probing space-time evolution of hadronisation

39

• 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



Multiplicity ratios
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At highest z: 

hadronic absorption

HERMES, Eur. Phys. J. A 47 (2011) 113
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Nuclear PDFs
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EIC Science is Impactful!

We will map the quark 
and gluon dynamics 
that generate over 
99% of the mass of 
the visible universe!

EIC will provide 
transformational 
insights into the 
heart of nucleons 
and nuclei

We are driving innovation to 
build a state-of-the-art 
experiment, leveraging 
breakthroughs in accelerator, 
detector, readout, and 
computing technologies

Figures courtesy of BNL
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N. Armesto et al., 

PRD 109 (2024) 054019


 

Uncertainty on gluon distribution in Au/p
 

Inclusive e-Au data only:

constrain of nuclear PDF one single nucleus! 

detail. In particular, it opens up a new region at low x that
has not been constrained previously in DIS or Drell-Yan
data. The partonic structure of nuclei is commonly dis-
cussed in terms of nuclear PDFs (nPDFs), or nuclear
modification ratios, which encode the deviations of
nPDFs from simple scaling of free nucleon PDFs with
atomic mass A after appropriately accounting for varying
proton-to-neutron ratios using isospin symmetry. The
deviations from this scaling with A may be due to binding
effects or, at low x, to new parton dynamics [66] (‘satu-
ration’ phenomena) associated with the denser systems of
gluons found in heavy nuclei than in nucleons.
Present DIS data feeding into nPDFs are limited to fixed

target measurements at large x and relatively low Q2. Data

from fixed target and colliding mode hadron-nucleus
experiments can be used to extend the sensitivity, but with
similar associated theoretical difficulties to those discussed
in the proton context in Sec. III. Since the uncertainties in
the nuclear modification factors are large in the low x
region that will be newly explored in DIS, the EIC is
expected to have an impact with relatively modest amounts
of eA data.
The potential impact on nuclear PDFs of simulated EIC

data is studied here in the xFitter framework [43]. Data
from EIC only are used as input to fits in which the PDFs
evolve according to the next-to-leading order (NLO)
DGLAP equations, with a minimum Q2 of 3.5 GeV2 using
a parametrization at the starting scale taken from the
HERAPDF2.0 studies.8 Figures 9–11 show the results
for the gluon density, the sea up quark density and the
up valence quark density, respectively. The relative pre-
cision is shown separately for the proton and for gold
nuclei, as well as for their ratio, i.e., the nuclear
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FIG. 9. Impact of EIC data on the understanding of nuclear
effects in the collinear gluon distribution, as obtained from
DGLAP-based QCD fits. Top: projected relative uncertainty
on the gluon density of the proton as a function of x for
Q2 ¼ 10 GeV2, using only EIC input data. Middle: projected
relative uncertainty on the gluon density of a proton in the gold
nucleus as a function of x for Q2 ¼ 10 GeV2, using only EIC
input data. Bottom: nuclear modification factors formed from the
ratio of projected gluon densities in gold and in the proton. The
results obtained using only EIC data are compared with those
from a global fit (EPPS21 [10]). Vertical dotted lines indicate the
lowest values of x for pseudodata used in the fit, see the text.
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FIG. 10. As for Fig. 9, but for the sea up quark density.

8This lower cut in Q2 leads to minimum x values for the
pseudodata of 0.0005 and 0.00125 in ep and eA, respectively,
which are indicated in Figs. 9–11 by vertical dotted lines.
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EIC Early Science Matrix

4/24/2025 ePIC Second Early Science Workshop 4

What machine capabilities can we expect for Early Science?
See Sergei Nagaitzev’s talk in the first Early Science Workshop: https://indico.bnl.gov/event/24432/  

NB: ePIC installation plan calls for the full ePIC to be installed year-1 (exception for roman pots and OMD) 

Luminosity/nucleon 
per year (fb-1)

Early science programme

J. Lajoie, 

Early Science Workshop


April 24–25, 2025
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Summary

EIC with ePIC can address various aspects of the nucleon and nuclear structure through: 


• Precise inclusive and semi-inclusive DIS measurements to probe the parton spin contribution to the nucleon spin.


• Measurements for 3D (spin-dependent) tomography in momentum space and position space.


• Measurements on a large variety of nuclei: 

• understand nuclear structure 

• probe gluon saturation 

• study the space-time evolution of hadron formation.


	 	 	 



