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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

[(
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y2

2

)
F2(x,Q2) − y2

2
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Measurement of the quark spin contribution
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Figure 1: The asymmetry Ap
1 as a function of x at the measured values of Q2 as obtained from the COMPASS data

at 200GeV. The new data are compared to the COMPASS results obtained at 160GeV [3] and to the other world
data (EMC [1], CLAS [11], HERMES [12], E143 [13], E155 [14], SMC [15]). The bands at the bottom indicate
the systematic uncertainties of the COMPASS data at 160GeV (upper band) and 200GeV (lower band).

the MS renormalisation and factorisation scheme. For the fit, the same program is used as in Ref. 17,
which was derived from program 2 in Ref. 15. The region W 2 < 10 (GeV/c2)2 is excluded as it was in
recent analyses [18]. Note that the impact of higher-twist effects when using a smaller W 2 cut is con-
sidered in Ref. 19. 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 wD
gd

1(x,Q
2), (9)

where wD is a correction for the D-wave state in the deuteron, wD = 0.05±0.01 [24], and the deuteron
structure function gd

1 is given per nucleon. The quark singlet distribution DqS(x), the quark non-singlet
distributions Dq3(x) and Dq8(x), as well as the gluon helicity distribution Dg(x), which appear in the
NLO expressions for gp

1, gn
1 and gN

1 (see e.g. Ref. 15), are parametrised at a reference scale Q2
0 as follows:

D fk(x) = hk
xak (1� x)bk (1+ gkx )

R 1
0 xak (1� x)bk (1+ gkx )dx

. (10)

Here, D fk(x) (k = 1...4) represents DqS(x), Dq3(x), Dq8(x) and Dg(x) and hk is the first moment of
D fk(x) at the reference scale. The moments of Dq3 and Dq8 are fixed at any scale by the baryon decay
constants (F+D) and (3F�D), respectively, assuming 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
gk are fixed to zero for the two non-singlet distributions. The exponent bg, which is not well determined
from the data, is fixed to 3.0225 [25] and the uncertainty from the introduced bias is included in the final

8
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

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

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

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

6. NLO QCD fit of g1 world data

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

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

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

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

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

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

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

1 , gn
1 and gN

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

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

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

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
1 − Nn gdata

1,i

Nnσi

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

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

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

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

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



9

The asymmetry

 from neutron  decay

 from hyperon  decay

Δq3 β
Δq8 β

∫ dxg1(x, Q2)

=
1
36 (4ΔΣ + 3Δq3 + Δq8)

: world datagp
1

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

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

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

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

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

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

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

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

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

6. NLO QCD fit of g1 world data

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

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

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

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

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

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

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

1 , gn
1 and gN

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

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

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

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
1 − Nn gdata

1,i

Nnσi

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

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

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

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

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

HERMES, Phys. Rev. D 99 (2019) 11, 112001

To better evaluate any potential z dependence, and
in order to avoid, e.g., possible influence of the y
dependence of Ah

k through its kinematic prefactors, Ah
1

was determined from Ah
k according to Eq. (7). A set of

polynomial functions—one linear in x only, one linear in
both x and z, and one second order in both variables—was
then fit to all 18 data points with correlated uncertainties for
each of the resulting Ah

1 asymmetries. It was found that

FIG. 3. The longitudinal double-spin asymmetries Ah
k;N as a function of z in three different x ranges as labeled, withN ¼ p, d denoting

the target nucleus and h ¼ π", K" the final-state hadron detected. Data points for the first x slice are plotted at their average kinematics,
while the ones for the other two x slices are slightly shifted horizontally for better legibility. The inner error bars represent statistical
uncertainties while the outer ones statistical and systematic uncertainties added in quadrature.

FIG. 4. The longitudinal double-spin asymmetries Ah
k;N as a function of Ph⊥ in three different x ranges as labeled, with N ¼ p, d

denoting the target nucleus and h ¼ π", K" the final-state hadron detected. Data points for the first x slice are plotted at their average
kinematics, while the ones for the other two x slices are slightly shifted horizontally for better legibility. The inner error bars represent
statistical uncertainties while the outer ones represent statistical and systematic uncertainties added in quadrature.

A. AIRAPETIAN et al. PHYS. REV. D 99, 112001 (2019)

112001-8
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Single-hadron asymmetry from semi-inclusive DIS

Ah+−h−

1,p =
4Δuv − Δdv

4uv − dv

Ah+−h−

1,d =
4Δuv + Δdv

4uv + dv

At leading order and leading twist 

Ah
1(x, Q2, z) =

∑q e2
qΔq(x, Q2)Dh

q(z, Q2)

∑q e2
qq(x, Q2)Dh

q(z, Q2)

and assuming : Dq→h+ = Dq̄→h−
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1,p =
4Δuv − Δdv

4uv − dv

Ah+−h−

1,d =
4Δuv + Δdv

4uv + dv

At leading order and leading twist 

Dq→hþ
1 ¼ Dq̄→h−

1 ; ð13Þ

the difference asymmetry on the deuteron may be equated
to a certain combination of parton distributions [33]

Ahþ−h−
1;d ¼LOLT g

uv
1 þ gdv1

fuv1 þ fdv1
: ð14Þ

Here, fqv1 ≡ fq1 − fq̄1 (gqv1 ≡ gq1 − gq̄1) is the polarization-
averaged (helicity) valence-quark distribution of the proton,
and LO LT is a reminder of the assumptions mentioned
previously. This is equivalent to assuming a well-
differentiated current and target region; a scenario in which
the struck quark has no memory of the hadron variety to
which it previously belonged.
By further assuming isospin symmetry in fragmentation,

that is

Du→πþ
1 ¼ Dd→π−

1 and Du→π−
1 ¼ Dd→πþ

1 ; ð15Þ

a second valence-quark expression using charge-difference
asymmetries from a hydrogen target is given by

Ahþ−h−
1;p ¼LOLT 4g

uv
1 − gdv1

4fuv1 − fdv1
: ð16Þ

It follows that the charge-difference asymmetries should
be independent of the hadron type, a feature consistent with
the results shown in Fig. 8. Valence-quark helicity densities
computed using Eqs. (14) and (16) are presented in Fig. 9
alongside the same quantities computed from the previous
HERMES purity extraction [5]. The results are largely
consistent using two methods that have very different and

quite complementary model assumptions. Whereas the
method presented here depends on leading-order and
leading-twist assumptions to provide the clean factoriza-
tion, which ensures that fragmentation can proceed without
memory of the target configuration, the purity method
depends on a fragmentation model subject to its own
uncertainties related to the model tune and the believability
of its phenomenologically motivated dynamics. The lack
of dependence on hadron type of the charge-difference
asymmetries and the consistency of the derived valence-
quark helicity distributions with the results of the purity
analysis suggest that there is no significant deviation from
the factorization hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum depend-
ence. Within the precision of the measurements, the virtual-
photon-nucleon asymmetries Ah

1ðx; zÞ and Ah
1ðx; Ph⊥Þ

display no significant dependence on the hadron variables.
Azimuthal moments, Ah;cosϕ

k , are found to be consistent

with 0. The hadron charge-difference asymmetry Ahþ−h−
1 ðxÞ

yields valence-quark helicity densities consistent with the
result of the prior HERMES purity extraction. A common
thread among these results is that within the available
statistical precision the longitudinal sector shows no
deviation from the leading-order, leading-twist assumption.
In addition to this interpretation, these data are expected to
provide an essentially model-independent constraint for
theory and parametrization as they provide the first ever
longitudinal double-spin semi-inclusive data set binned in
as many as three kinematic variables simultaneously. They
point the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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one can expect sensitivity to the polarized quark and anti-quark distributions in the region
0.05 ! x ! 0.4. We note that similar results as in Fig. 5 were also found in Ref. [14].

Figure 5: Averages of the momentum fractions x1,2 as functions of the charged lepton’s rapidity
ηl for W− (left) and W+ production (right) at RHIC.

Because of the correlation shown in Fig. 5, the combinations of parton distributions pre-
dominantly probed will vary with ηl. However, here also the underlying structure of the weak
interactions enters. For W− production, neglecting all partonic processes but the dominant
ūd → W− → e−ν̄e one, the asymmetry is found to be given by
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, (5)

where
∫

⊗(x1,x2)
denotes an appropriate convolution over momentum fractions, and where θ is

the polar angle of the electron in the partonic c.m.s., with θ > 0 in the forward direction
of the polarized parton. Note that θ itself depends on the momentum fractions and on the
lepton’s rapidity. At large negative ηl, one has x2 ≫ x1 and θ ∼ π. In this case, the first
terms in the numerator and denominator of Eq. (5) strongly dominate, since the combination
of parton distributions, ∆ū(x1)d(x2), and the angular factor, (1 − cos θ)2, each dominate over
their counterpart in the second term. Therefore, the asymmetry provides a clean probe of
∆ū(x1)/ū(x1) at medium values of x1. By similar reasoning, at forward rapidity ηl ≫ 0
the second terms in the numerator and denominator of Eq. (5) dominate, giving access to
−∆d(x1)/d(x1) at relatively high x1. For the W+ production channel one has instead of (5)
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] . (6)

Here the distinction of the two contributions by considering large negative or positive lepton
rapidities is less clear-cut than in the case of W−. For example, at negative ηl the partonic
combination d̄(x1)u(x2) will dominate, but at the same time θ ∼ π so that the angular factor
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RHIC- a polarized proton+proton collider 
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Accessing polarized sea with W+/-
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one can expect sensitivity to the polarized quark and anti-quark distributions in the region
0.05 ! x ! 0.4. We note that similar results as in Fig. 5 were also found in Ref. [14].

Figure 5: Averages of the momentum fractions x1,2 as functions of the charged lepton’s rapidity
ηl for W− (left) and W+ production (right) at RHIC.

Because of the correlation shown in Fig. 5, the combinations of parton distributions pre-
dominantly probed will vary with ηl. However, here also the underlying structure of the weak
interactions enters. For W− production, neglecting all partonic processes but the dominant
ūd → W− → e−ν̄e one, the asymmetry is found to be given by
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L ≈
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⊗(x1,x2)
[∆ū(x1)d(x2)(1− cos θ)2 −∆d(x1)ū(x2)(1 + cos θ)2]

∫

⊗(x1,x2)
[ū(x1)d(x2)(1− cos θ)2 + d(x1)ū(x2)(1 + cos θ)2]

, (5)

where
∫

⊗(x1,x2)
denotes an appropriate convolution over momentum fractions, and where θ is

the polar angle of the electron in the partonic c.m.s., with θ > 0 in the forward direction
of the polarized parton. Note that θ itself depends on the momentum fractions and on the
lepton’s rapidity. At large negative ηl, one has x2 ≫ x1 and θ ∼ π. In this case, the first
terms in the numerator and denominator of Eq. (5) strongly dominate, since the combination
of parton distributions, ∆ū(x1)d(x2), and the angular factor, (1 − cos θ)2, each dominate over
their counterpart in the second term. Therefore, the asymmetry provides a clean probe of
∆ū(x1)/ū(x1) at medium values of x1. By similar reasoning, at forward rapidity ηl ≫ 0
the second terms in the numerator and denominator of Eq. (5) dominate, giving access to
−∆d(x1)/d(x1) at relatively high x1. For the W+ production channel one has instead of (5)
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⊗(x1,x2)
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d̄(x1)u(x2)(1 + cos θ)2 + u(x1)d̄(x2)(1− cos θ)2
] . (6)

Here the distinction of the two contributions by considering large negative or positive lepton
rapidities is less clear-cut than in the case of W−. For example, at negative ηl the partonic
combination d̄(x1)u(x2) will dominate, but at the same time θ ∼ π so that the angular factor
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one can expect sensitivity to the polarized quark and anti-quark distributions in the region
0.05 ! x ! 0.4. We note that similar results as in Fig. 5 were also found in Ref. [14].

Figure 5: Averages of the momentum fractions x1,2 as functions of the charged lepton’s rapidity
ηl for W− (left) and W+ production (right) at RHIC.

Because of the correlation shown in Fig. 5, the combinations of parton distributions pre-
dominantly probed will vary with ηl. However, here also the underlying structure of the weak
interactions enters. For W− production, neglecting all partonic processes but the dominant
ūd → W− → e−ν̄e one, the asymmetry is found to be given by
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where
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⊗(x1,x2)
denotes an appropriate convolution over momentum fractions, and where θ is

the polar angle of the electron in the partonic c.m.s., with θ > 0 in the forward direction
of the polarized parton. Note that θ itself depends on the momentum fractions and on the
lepton’s rapidity. At large negative ηl, one has x2 ≫ x1 and θ ∼ π. In this case, the first
terms in the numerator and denominator of Eq. (5) strongly dominate, since the combination
of parton distributions, ∆ū(x1)d(x2), and the angular factor, (1 − cos θ)2, each dominate over
their counterpart in the second term. Therefore, the asymmetry provides a clean probe of
∆ū(x1)/ū(x1) at medium values of x1. By similar reasoning, at forward rapidity ηl ≫ 0
the second terms in the numerator and denominator of Eq. (5) dominate, giving access to
−∆d(x1)/d(x1) at relatively high x1. For the W+ production channel one has instead of (5)
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] . (6)

Here the distinction of the two contributions by considering large negative or positive lepton
rapidities is less clear-cut than in the case of W−. For example, at negative ηl the partonic
combination d̄(x1)u(x2) will dominate, but at the same time θ ∼ π so that the angular factor
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one can expect sensitivity to the polarized quark and anti-quark distributions in the region
0.05 ! x ! 0.4. We note that similar results as in Fig. 5 were also found in Ref. [14].

Figure 5: Averages of the momentum fractions x1,2 as functions of the charged lepton’s rapidity
ηl for W− (left) and W+ production (right) at RHIC.

Because of the correlation shown in Fig. 5, the combinations of parton distributions pre-
dominantly probed will vary with ηl. However, here also the underlying structure of the weak
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terms in the numerator and denominator of Eq. (5) strongly dominate, since the combination
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Data:

• inclusive DIS 

• SIDIS

•  annihilatione+e−

The detailed expressions for DIS and SIA observables
can be found Refs. [5] and [14], respectively. For the SIDIS
data, the observables measured are the longitudinal double
spin asymmetries Ah

1 for the production of a hadron h,

Ah
1ðx; z; Q2Þ ¼ gh1ðx; z; Q2Þ

F1ðx; z; Q2Þ
; ð1Þ

where the semi-inclusive spin-dependent gh1 and spin-
averaged Fh

1 structure functions depend on both x and
the fraction z ¼ p · ph=p · q of the virtual photon’s
momentum (q) carried by the hadron (ph), with p the
target momentum.
The polarized gh1 function in Eq. (1) is defined in terms of

the spin-dependent PDFs Δq and FFs Dh
q,

gh1ðx; z; Q2Þ ¼ 1

2

X

q

e2qΔqðx;Q2ÞDh
qðz;Q2Þ þOðαsÞ; ð2Þ

where the OðαsÞ corrections are given in Ref. [15]. The
unpolarized structure function Fh

1 is defined analogously,
with the spin-dependent PDFs replaced by their spin-
averaged counterparts.
Following Refs. [5,14], we parametrize both the polar-

ized PDFs and FFs at the input scale Q2
0 ¼ 1 GeV2 using

template functions of the form

Tðx; aÞ ¼ Mxað1 − xÞbð1þ c
ffiffiffi
x

p
Þ

Bðnþ a; 1þ bÞ þ cBðnþ 1
2 þ a; 1þ bÞ

; ð3Þ

where a ¼ fM; a; b; cg are the fitting parameters, and B is
the Euler Beta function. For the polarized PDFs, we set
n ¼ 1 so that M corresponds to the first moment. This
template is used for all the fitted polarized PDFs, which we
choose to be Δqþ, Δq̄, and Δg, for flavors q ¼ u, d, and s.
The FFs are also given by Eq. (3) (with x replaced by z),
setting c ¼ 0 and n ¼ 2, so that M corresponds to the
average momentum fraction carried by the produced
hadron. For the FFs Dπþ

uþ ≡Dπþ
u þDπþ

ū ¼ Dπþ
dþ , D

Kþ

uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ

ū ¼ Dπþ
d , Dπþ

s ¼ ð1=2ÞDπþ
sþ ,

DKþ
ū ¼ ð1=2ÞDKþ

dþ and DKþ
s , along with the heavy quarks

and gluons, a single template function is used. Following
Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
COMPASS [52] p 24 12.3

Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).
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Data:

• inclusive DIS 

• SIDIS

•  annihilatione+e−

:

largely determined by inclusive DIS data
Δq+ = Δq + Δq̄
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ū ¼ Dπþ
dþ , D

Kþ

uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ
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Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
COMPASS [52] p 24 12.3

Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).
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The detailed expressions for DIS and SIA observables
can be found Refs. [5] and [14], respectively. For the SIDIS
data, the observables measured are the longitudinal double
spin asymmetries Ah

1 for the production of a hadron h,

Ah
1ðx; z; Q2Þ ¼ gh1ðx; z; Q2Þ

F1ðx; z; Q2Þ
; ð1Þ

where the semi-inclusive spin-dependent gh1 and spin-
averaged Fh

1 structure functions depend on both x and
the fraction z ¼ p · ph=p · q of the virtual photon’s
momentum (q) carried by the hadron (ph), with p the
target momentum.
The polarized gh1 function in Eq. (1) is defined in terms of

the spin-dependent PDFs Δq and FFs Dh
q,

gh1ðx; z; Q2Þ ¼ 1

2

X

q

e2qΔqðx;Q2ÞDh
qðz;Q2Þ þOðαsÞ; ð2Þ

where the OðαsÞ corrections are given in Ref. [15]. The
unpolarized structure function Fh

1 is defined analogously,
with the spin-dependent PDFs replaced by their spin-
averaged counterparts.
Following Refs. [5,14], we parametrize both the polar-

ized PDFs and FFs at the input scale Q2
0 ¼ 1 GeV2 using

template functions of the form

Tðx; aÞ ¼ Mxað1 − xÞbð1þ c
ffiffiffi
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p
Þ

Bðnþ a; 1þ bÞ þ cBðnþ 1
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where a ¼ fM; a; b; cg are the fitting parameters, and B is
the Euler Beta function. For the polarized PDFs, we set
n ¼ 1 so that M corresponds to the first moment. This
template is used for all the fitted polarized PDFs, which we
choose to be Δqþ, Δq̄, and Δg, for flavors q ¼ u, d, and s.
The FFs are also given by Eq. (3) (with x replaced by z),
setting c ¼ 0 and n ¼ 2, so that M corresponds to the
average momentum fraction carried by the produced
hadron. For the FFs Dπþ

uþ ≡Dπþ
u þDπþ

ū ¼ Dπþ
dþ , D
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uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ

ū ¼ Dπþ
d , Dπþ

s ¼ ð1=2ÞDπþ
sþ ,

DKþ
ū ¼ ð1=2ÞDKþ

dþ and DKþ
s , along with the heavy quarks

and gluons, a single template function is used. Following
Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
COMPASS [52] p 24 12.3

Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).

PRL 119, 132001 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

29 SEPTEMBER 2017

132001-2

 GeVQ2
0 = 1 2

JAM Collaboration, 

Phys. Rev. Lett. 119 (2017) 132001

DSSV09

SIDIS: distinguish between  and 

 slightly positive

q q̄
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Figure 3: The impact of the RHIC W AL

results on ū (top) and d̄ (bottom) polarizations

as a function of x at a scale of Q2
= 10 GeV

2
.

The black curves with the 1� uncertainty bands

marked in light blue show the results from the

DSSV14 global fit [17] and the blue curves with

1� uncertainty bands in dark blue show the

results for the new preliminary DSSV fit [2]

including the RHIC W data [13, 14, 16].

3.2 Double helicity asymmetries ALL and gluon polarization

The measurement of the gluon polarization inside protons has been a major emphasis of the
longitudinally polarized RHIC program. At RHIC, gluon polarization can be accessed by
measurements of the spin-dependent rates of production of jets [19–21,26–29], dijets [18–21,
30], ⇡0s and charged pions, [23,24,31–37], and direct photons [38]. Data from the RHIC run
in 2009 have for the first time shown that gluons inside a proton are polarized with a strong
constraint from the jet data at a center-of-mass energy of

p
s = 200 GeV [17,25]. Perturbative

QCD analyses [17,25] of the world data, including 2009 inclusive jet and ⇡0 results, at next-
to-leading order (NLO) precision, suggest that gluon spins contribute ' 40% to the spin of
the proton for gluon fractional momenta x > 0.05 at a scale of Q2 = 10 (GeV/c)2. Results for
dijet production provide a better determination of the functional form of �g(x), compared
to inclusive observables, because of better constraints on the underlying kinematics [39].

Recent STAR results [19–21] and preliminary results [22,40] on longitudinal double-spin
asymmetries of inclusive jet and dijet production at center-of-mass energies of 200 GeV
(Run-15) and 510 GeV (Run-12 and Run-13) at mid and intermediate rapidity complement
and improve the precision of previous STAR measurements. Figure 5 shows recent STAR
results on inclusive jet ALL versus xT = 2pT /

p
s at

p
s = 200 GeV and 510 GeV at mid-

rapidity from data collected in years 2009-2015, and evaluations from the DSSV14 [17] and
NNPDFpol1.1 [25] global analyses. The overall impact of the recent jet and dijet [18–22],
pion [23, 24] and W [14, 16] data on the x-dependence of the gluon helicity distribution at
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The detailed expressions for DIS and SIA observables
can be found Refs. [5] and [14], respectively. For the SIDIS
data, the observables measured are the longitudinal double
spin asymmetries Ah

1 for the production of a hadron h,

Ah
1ðx; z; Q2Þ ¼ gh1ðx; z; Q2Þ

F1ðx; z; Q2Þ
; ð1Þ

where the semi-inclusive spin-dependent gh1 and spin-
averaged Fh

1 structure functions depend on both x and
the fraction z ¼ p · ph=p · q of the virtual photon’s
momentum (q) carried by the hadron (ph), with p the
target momentum.
The polarized gh1 function in Eq. (1) is defined in terms of

the spin-dependent PDFs Δq and FFs Dh
q,

gh1ðx; z; Q2Þ ¼ 1

2

X

q

e2qΔqðx;Q2ÞDh
qðz;Q2Þ þOðαsÞ; ð2Þ

where the OðαsÞ corrections are given in Ref. [15]. The
unpolarized structure function Fh

1 is defined analogously,
with the spin-dependent PDFs replaced by their spin-
averaged counterparts.
Following Refs. [5,14], we parametrize both the polar-

ized PDFs and FFs at the input scale Q2
0 ¼ 1 GeV2 using

template functions of the form

Tðx; aÞ ¼ Mxað1 − xÞbð1þ c
ffiffiffi
x

p
Þ

Bðnþ a; 1þ bÞ þ cBðnþ 1
2 þ a; 1þ bÞ

; ð3Þ

where a ¼ fM; a; b; cg are the fitting parameters, and B is
the Euler Beta function. For the polarized PDFs, we set
n ¼ 1 so that M corresponds to the first moment. This
template is used for all the fitted polarized PDFs, which we
choose to be Δqþ, Δq̄, and Δg, for flavors q ¼ u, d, and s.
The FFs are also given by Eq. (3) (with x replaced by z),
setting c ¼ 0 and n ¼ 2, so that M corresponds to the
average momentum fraction carried by the produced
hadron. For the FFs Dπþ

uþ ≡Dπþ
u þDπþ

ū ¼ Dπþ
dþ , D

Kþ

uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ

ū ¼ Dπþ
d , Dπþ

s ¼ ð1=2ÞDπþ
sþ ,

DKþ
ū ¼ ð1=2ÞDKþ

dþ and DKþ
s , along with the heavy quarks

and gluons, a single template function is used. Following
Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
COMPASS [52] p 24 12.3

Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).
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marked in light blue show the results from the

DSSV14 global fit [17] and the blue curves with
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results for the new preliminary DSSV fit [2]

including the RHIC W data [13, 14, 16].

3.2 Double helicity asymmetries ALL and gluon polarization

The measurement of the gluon polarization inside protons has been a major emphasis of the
longitudinally polarized RHIC program. At RHIC, gluon polarization can be accessed by
measurements of the spin-dependent rates of production of jets [19–21,26–29], dijets [18–21,
30], ⇡0s and charged pions, [23,24,31–37], and direct photons [38]. Data from the RHIC run
in 2009 have for the first time shown that gluons inside a proton are polarized with a strong
constraint from the jet data at a center-of-mass energy of

p
s = 200 GeV [17,25]. Perturbative

QCD analyses [17,25] of the world data, including 2009 inclusive jet and ⇡0 results, at next-
to-leading order (NLO) precision, suggest that gluon spins contribute ' 40% to the spin of
the proton for gluon fractional momenta x > 0.05 at a scale of Q2 = 10 (GeV/c)2. Results for
dijet production provide a better determination of the functional form of �g(x), compared
to inclusive observables, because of better constraints on the underlying kinematics [39].

Recent STAR results [19–21] and preliminary results [22,40] on longitudinal double-spin
asymmetries of inclusive jet and dijet production at center-of-mass energies of 200 GeV
(Run-15) and 510 GeV (Run-12 and Run-13) at mid and intermediate rapidity complement
and improve the precision of previous STAR measurements. Figure 5 shows recent STAR
results on inclusive jet ALL versus xT = 2pT /

p
s at

p
s = 200 GeV and 510 GeV at mid-

rapidity from data collected in years 2009-2015, and evaluations from the DSSV14 [17] and
NNPDFpol1.1 [25] global analyses. The overall impact of the recent jet and dijet [18–22],
pion [23, 24] and W [14, 16] data on the x-dependence of the gluon helicity distribution at
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The detailed expressions for DIS and SIA observables
can be found Refs. [5] and [14], respectively. For the SIDIS
data, the observables measured are the longitudinal double
spin asymmetries Ah

1 for the production of a hadron h,

Ah
1ðx; z; Q2Þ ¼ gh1ðx; z; Q2Þ

F1ðx; z; Q2Þ
; ð1Þ

where the semi-inclusive spin-dependent gh1 and spin-
averaged Fh

1 structure functions depend on both x and
the fraction z ¼ p · ph=p · q of the virtual photon’s
momentum (q) carried by the hadron (ph), with p the
target momentum.
The polarized gh1 function in Eq. (1) is defined in terms of

the spin-dependent PDFs Δq and FFs Dh
q,

gh1ðx; z; Q2Þ ¼ 1

2
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e2qΔqðx;Q2ÞDh
qðz;Q2Þ þOðαsÞ; ð2Þ

where the OðαsÞ corrections are given in Ref. [15]. The
unpolarized structure function Fh

1 is defined analogously,
with the spin-dependent PDFs replaced by their spin-
averaged counterparts.
Following Refs. [5,14], we parametrize both the polar-

ized PDFs and FFs at the input scale Q2
0 ¼ 1 GeV2 using

template functions of the form

Tðx; aÞ ¼ Mxað1 − xÞbð1þ c
ffiffiffi
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Þ

Bðnþ a; 1þ bÞ þ cBðnþ 1
2 þ a; 1þ bÞ

; ð3Þ

where a ¼ fM; a; b; cg are the fitting parameters, and B is
the Euler Beta function. For the polarized PDFs, we set
n ¼ 1 so that M corresponds to the first moment. This
template is used for all the fitted polarized PDFs, which we
choose to be Δqþ, Δq̄, and Δg, for flavors q ¼ u, d, and s.
The FFs are also given by Eq. (3) (with x replaced by z),
setting c ¼ 0 and n ¼ 2, so that M corresponds to the
average momentum fraction carried by the produced
hadron. For the FFs Dπþ

uþ ≡Dπþ
u þDπþ

ū ¼ Dπþ
dþ , D

Kþ

uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ

ū ¼ Dπþ
d , Dπþ

s ¼ ð1=2ÞDπþ
sþ ,

DKþ
ū ¼ ð1=2ÞDKþ

dþ and DKþ
s , along with the heavy quarks

and gluons, a single template function is used. Following
Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
COMPASS [52] p 24 12.3

Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).
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including the RHIC W data [13, 14, 16].

3.2 Double helicity asymmetries ALL and gluon polarization

The measurement of the gluon polarization inside protons has been a major emphasis of the
longitudinally polarized RHIC program. At RHIC, gluon polarization can be accessed by
measurements of the spin-dependent rates of production of jets [19–21,26–29], dijets [18–21,
30], ⇡0s and charged pions, [23,24,31–37], and direct photons [38]. Data from the RHIC run
in 2009 have for the first time shown that gluons inside a proton are polarized with a strong
constraint from the jet data at a center-of-mass energy of

p
s = 200 GeV [17,25]. Perturbative

QCD analyses [17,25] of the world data, including 2009 inclusive jet and ⇡0 results, at next-
to-leading order (NLO) precision, suggest that gluon spins contribute ' 40% to the spin of
the proton for gluon fractional momenta x > 0.05 at a scale of Q2 = 10 (GeV/c)2. Results for
dijet production provide a better determination of the functional form of �g(x), compared
to inclusive observables, because of better constraints on the underlying kinematics [39].

Recent STAR results [19–21] and preliminary results [22,40] on longitudinal double-spin
asymmetries of inclusive jet and dijet production at center-of-mass energies of 200 GeV
(Run-15) and 510 GeV (Run-12 and Run-13) at mid and intermediate rapidity complement
and improve the precision of previous STAR measurements. Figure 5 shows recent STAR
results on inclusive jet ALL versus xT = 2pT /

p
s at

p
s = 200 GeV and 510 GeV at mid-

rapidity from data collected in years 2009-2015, and evaluations from the DSSV14 [17] and
NNPDFpol1.1 [25] global analyses. The overall impact of the recent jet and dijet [18–22],
pion [23, 24] and W [14, 16] data on the x-dependence of the gluon helicity distribution at
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

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

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

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

6. NLO QCD fit of g1 world data

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

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

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

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

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

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

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

1 , gn
1 and gN

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

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

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

χ2 =
Nexp∑

n=1

⎡

⎢⎣
Ndata

n∑

i=1

⎛

⎝ gfit
1 − Nn gdata

1,i

Nnσi

⎞

⎠
2

+
(

1 − Nn

δNn

)2

⎤

⎥⎦ + χ2
positivity .

(11)

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

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

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

In order to investigate the sensitivity of the parametrisation of 
the polarised PDFs to the functional forms, the fit is performed for 
several sets of functional shapes. These shapes do or do not include 
the γS and γg parameters of Eq. (10) and are defined at reference 
scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. It is observed [8]
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determined from a NLO QCD fit (see Section 6). The dashed ranges represent the 
region with W 2 < 10 (GeV/c2)2. Note that the data of the individual x bins are 
staggered for clarity by adding 12.1–0.7i, i = 0 . . .17. (Coloured version online.)

6. NLO QCD fit of g1 world data

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

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

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

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

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

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

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

1 , gn
1 and gN

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

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

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

χ2 =
Nexp∑

n=1

⎡
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⎛
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⎞
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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. 7. Fractions of the next-to-leading-order cross section for
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gluon-gluon scattering in pp collisions at 200 and 510 GeV, as

a function of dijet invariant mass over the collision energies.
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FIG. 8. The distributions of the parton x1 and x2, which have

been weighted by the partonic âLL, from Pythia detector level

simulations at
p
s = 200 GeV, for di↵erent jet pseudorapidity

ranges. x1 is associated with the beam heading towards the

EEMC.

sitive to di↵use soft backgrounds from the underlying
event and pileup, thereby significantly reducing trigger
bias. The radius parameter R = 0.6 is selected to max-
imize jet reconstruction e�ciency while minimizing sen-
sitivity to di↵erences in quark- and gluon-jet fragmenta-
tion. Theoretical predictions were generated using the
polarized PDF sets DSSV2014 [3] and NNPDFpol1.1 [2],
with MRST2008 [54] and NNPDF2.3 [55] used as the
corresponding unpolarized PDFs in the denominator of
the asymmetry calculations. Although the jet radius is
matched between the data and theory, previous stud-
ies from both experimental and theoretical sides have
demonstrated that the double-spin asymmetry ALL is
largely insensitive to the choice of R, as long as it is
not too small. The renormalization scale was set to the

jet transverse momentum, µR = pT,jet. To estimate the
associated systematic uncertainty, the scale was varied
between pT,jet/2 and 2pT,jet. This scale uncertainty was
found to be small compared to the PDF uncertainty for
both jet and dijet ALL measurements. The data are gen-
erally in good agreement with current theoretical model
expectations. This suggests that incorporating these re-
sults into global analyses may not significantly alter the
integrated value of �g(x) but would lead to reduced un-
certainties.

probed partons
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been weighted by the partonic âLL, from Pythia detector level

simulations at
p
s = 200 GeV, for di↵erent jet pseudorapidity

ranges. x1 is associated with the beam heading towards the

EEMC.

sitive to di↵use soft backgrounds from the underlying
event and pileup, thereby significantly reducing trigger
bias. The radius parameter R = 0.6 is selected to max-
imize jet reconstruction e�ciency while minimizing sen-
sitivity to di↵erences in quark- and gluon-jet fragmenta-
tion. Theoretical predictions were generated using the
polarized PDF sets DSSV2014 [3] and NNPDFpol1.1 [2],
with MRST2008 [54] and NNPDF2.3 [55] used as the
corresponding unpolarized PDFs in the denominator of
the asymmetry calculations. Although the jet radius is
matched between the data and theory, previous stud-
ies from both experimental and theoretical sides have
demonstrated that the double-spin asymmetry ALL is
largely insensitive to the choice of R, as long as it is
not too small. The renormalization scale was set to the

jet transverse momentum, µR = pT,jet. To estimate the
associated systematic uncertainty, the scale was varied
between pT,jet/2 and 2pT,jet. This scale uncertainty was
found to be small compared to the PDF uncertainty for
both jet and dijet ALL measurements. The data are gen-
erally in good agreement with current theoretical model
expectations. This suggests that incorporating these re-
sults into global analyses may not significantly alter the
integrated value of �g(x) but would lead to reduced un-
certainties.

probed  regionx



Longitudinal double-spin asymmetry measurement

21

15

20 30 40 50 60 70

0.02−

0

0.02

0.04

0.06

0.08
STAR 2015

STAR 2009, PRD 98, 032011

DSSV 2014

NNPDF Pol 1.1
 < 1.8

4
η < 0; 0.8 < 

3
η-0.8 < 

 Jet + Jet + X→p+p
 = 200 GeVs

 R=0.6TAnti-k

20 30 40 50 60 70
]2Parton Level Dijet Invariant Mass [GeV/c

0.02−

0

0.02

0.04

0.06

LL
D

ije
t A

2015 Rel. Lumi. Uncertainty

2009 Rel. Lumi. Uncertainty

 < 1.8
4
η < 0.8; 0.8 < 

3
η0 < 

 6.5% (2009) scale± 6.1% (2015) and ±
uncertainty from polarization not shown

20 30 40 50 60 70
]2Parton Level Dijet Invariant Mass [GeV/c

0.02−

0

0.02

0.04

0.06
 < 1.8

3,4
η0.8 < 

FIG. 9. ALL as a function of parton-level invariant mass

for dijets with the East Barrel-Endcap (top), West Barrel-

Endcap (middle) and Endcap-Endcap (bottom) event topolo-

gies. The squares present the new results from 2015, while

the triangles are the previous results with 1 GeV o↵set on

the horizontal axis [16]. The error bars show the statistical

uncertainties. The boxes show the systematic uncertainties,

with the heights giving the systematic uncertainties in ALL

and the widths giving the parton-level dijet mass uncertain-

ties. The theoretical expectations are based on global analysis

from NNPDF Pol 1.1 [2] and DSSV2014 [3], with a renormal-

ization scale of µR = pT,jet.

A. Comparison with JAM22 calculations

The global analysis from the JAM collaboration con-
tains both positive and negative gluon polarization re-
sults. The latter does not impose positivity constraints,
which are

|�fi(x,Q
2)| < fi(x,Q

2) (6)
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FIG. 10. ALL as a function of parton-level invariant mass for

dijets with the East Barrel-Endcap (top), West Barrel-Endcap

(middle) and Endcap-Endcap (bottom) event topologies. The

STAR results presented here are the combination of 2009 and

2015 measurements. The error bars show the statistical uncer-

tainties. The boxes show the systematic uncertainties, with

the heights giving the systematic uncertainties in ALL and

the widths giving the parton-level dijet mass uncertainties.

The theoretical expectations are based on global analysis from

JAM22 [25], with a renormalization scale of µR = pT,jet.

where fi represents the various quark, antiquark, and
gluon flavors. The positivity bound on the helicity can
be derived naturally from their definitions in terms of
the probabilistic interpretation and cross-section asym-
metries [56]. The violation of the positivity bounds could
exhibit hard processes with unacceptable negative cross-
sections, for example, the Higgs boson production [57].
If we nonetheless allow the cross section to be negative
and implement the JAM22 PDF sets into the NLO polar-
ized cross section calculations [53, 58–60], the theoretical
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energy hadron collider configuration by accessing distributions originally measured in lepton
scattering experiments, but in a different kinematic regime, allowing for new insights into
universality, factorization and TMD evolution.
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Figure 1: Left: The impact of RHIC data to constrain gluon helicity [1, 2]. Right: The x-Q2

probed with data from the future EIC and Jlab-12 GeV as well as the current semi-inclusive deep

inelastic scattering (SIDIS) data and the jet and W -boson data from RHIC. All data are sensitive

to the Sivers function and transversity times the Collins fragmentation function (FF) in the TMD

formalism.

As the realization of a future EIC draws closer, there is a growing scientific imperative
to complete a set of “must-do” measurements in pp and pA collisions in the remaining RHIC
runs. The ongoing RHIC Cold QCD program will build on the accelerator’s unique ability
to collide a variety of ion beams in addition to polarized protons, and a detector with wide
kinematic coverage that has been further enhanced through an upgrade at forward rapidities
consisting of electromagnetic and hadronic calorimetry as well as tracking. The new detectors
will enable e/h discrimination with charge-sign determination and full jet reconstruction in
the forward direction for the first time, allowing RHIC to extend the full complement of the
existing transverse spin program into new kinematic regimes! This will expand the existing
transverse spin program into both lower and higher x domains, as illustrated in the right
panel of Fig. 1. In addition to the expanded transverse spin program, RHIC will be able to
further explore exciting new signatures of gluon saturation and non-linear gluon dynamics
(see Section 3). The ratios of forward Drell-Yan and photon-jet yields in pp and pA/AA
collisions are clean probes of nuclear modifications to initial state parton distributions as
well as gluon saturation effects. All of these measurements rely critically on the successful
completion of scheduled RHIC operations before the shutdown in 2025.

While the remaining RHIC Cold QCD program is unique and offers discovery potential
on its own, it is also essential to fully realize the scientific promise of the EIC. These data

3
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(SI)DIS provide limited constraints on 


RHIC jet and pion   data:

  for 

ΔG

ALL

ΔG > 0 x > 0.05
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Luminosity and centre-of-mass energy: ep collisions

26

7

o 5 − 7 collisions luminosity vs center-of-mass energy
• achieves expected physics needs 

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

The EIC Luminosity

Luminosity for eA similar within factor 2–3
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Far backward/forward systems
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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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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) 18

Gluon helicity distribution of the proton
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Fig. 3. The spin-dependent structure function xgp
1 at the measured values of Q 2 as 

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

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

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

6. NLO QCD fit of g1 world data

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

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

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

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

gN
1 (x, Q 2) = 1

1 − 1.5 ωD
gd

1(x, Q 2), (9)

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

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

1 , gn
1 and gN

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

0 as follows: 

" fk(x) = ηk
xαk (1 − x)βk (1 + γkx )

∫ 1
0 xαk (1 − x)βk (1 + γkx )dx

. (10)

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

χ2 =
Nexp∑

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

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

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

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

Phys. Lett. B 753 (2016) 18

Gluon helicity distribution of the proton
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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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Access to spin structure of the neutron
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y = P · q/P · l, where P(P
0) are the initial (scattered) proton four-vectors, l (l0) are the

initial (scattered) lepton vectors, and R is the ratio of the cross section for longitudinally
and transversely polarised virtual photons. Ultimately, precise EIC data over a range of x,
Q

2, y, and t would be instrumental for the sake of unraveling and constraining the meson
flux model from the structure function F

K

2 .

4 Neutron Spin Structure

Dien Thi Nguyen (Jefferson Lab) and Jackson Pybus (Massachusetts Institute of Technology)

4.1 Double spectator tagging measurement

Many nuclear physics experiments make use of polarized 3He as an effective neutron
target. For inclusive measurements, as often done with fixed targets, the two protons not
only dilute the signal compared but also have a small net polarization which is not known
leading to rather large systematic uncertainties on the extracted quantities. The EIC has a
unique a capability to measure the two protons in the far forward region. As will be shown
in this section, that allows for extractions of neutron information with reduced systematics
as well as an enhanced asymmetry as compared to inclusive measurements.

Figure 20: A diagram of Deep Inelastic e+3He scattering with double spectator tagging. The
channel shown here is electron scattering off a neutron in 3He; the two spectator nucleons
are the protons in the process 3He(e, e

0
ps1 ps2)X.

23

double tagging of protons

in far forward system

inclusive DIS

Gluon helicity distribution of the neutron
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4.1 Double spectator tagging measurement

Many nuclear physics experiments make use of polarized 3He as an effective neutron
target. For inclusive measurements, as often done with fixed targets, the two protons not
only dilute the signal compared but also have a small net polarization which is not known
leading to rather large systematic uncertainties on the extracted quantities. The EIC has a
unique a capability to measure the two protons in the far forward region. As will be shown
in this section, that allows for extractions of neutron information with reduced systematics
as well as an enhanced asymmetry as compared to inclusive measurements.
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‣ Projection with statistical uncertainty


‣ Data split evenly between  and 


‣ 


‣ 


‣ 


‣ Parameterization for :


X. Zheng et al. DOI: 10.1103/PhysRevC.70.065207


‣ Parameterization for R: 

K. Abe et al. DOI: 10.1016/S0370-2693(99)00244-0

A∥ A⊥

Pe = Pp = 70 %

δA∥,⊥ = 1
NPePN

A1(x, Q2) ≡ σ1/2 − σ3/2
σ1/2 + σ3/2

=
A∥

D(1 + ηξ) − ηA⊥
d(1 + ηξ)

A1

Projected  at EICAn
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, 
0.01 ≤ y ≤ 0.95
Q2 ≥ 2 W2 ≥ 4
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Gluon helicity distribution of the neutron
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-   with  calculated from JAM22


- Statistical uncertainties only
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Quark helicity distributions of the proton
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Quark helicity distributions of the proton
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Hadron particle identification:
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HRPPD photosenors,

include TOF

3DUWLFOH�LGHQWLILFDWLRQ�a�SDUWLFOH�YHORFLW\

�

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

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

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

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

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

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

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

θc

cos θc ∝
1
v

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


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

v =
L

tstop − tstart

1.7 T magnet
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8.3. THE EPIC DETECTOR 123

Figure 8.64: simulation of 1/b as a function of particle momentum for BTOF and FTOF
performance.

sensor and ASIC. Some sensor characteristics can be estimated based on accumulated knowledge,3032

which might allow certain designs to be completed simultaneously.3033

The second full-size sensor prototype will be the last, but we will make another prototype as a3034

backup and make final adjustments for mass production. Depending on the budget, additional3035

sensor and ASIC prototypes may be ordered.3036

During the development phase, assembly was carried out as soon as the other components became3037

available. However, there will be a time lag between the arrival of components and the start of as-3038

sembly in the preproduction and production phases. This is because additional time is required for3039

quality assurance (QA) and quality control (QC) procedures before the components can be shipped3040

to the dedicated assembly sites. As a result, the preproduction and production phases will begin3041

two months later than other phases.3042

particle identification Figure 8.64 shows an example of a single-particle response simulation of3043

1/b as a function of particle momentum for BTOF and FTOF performance.3044

8.3.4.2 The proximity focusing RICH3045

Requirements3046

Requirements from physics: Particle identification capabilities in the electron going endcap3047

region of the ePIC detector (�3.5  h  �1.5) will be provided by a proximity focusing ring3048

imaging Cherenkov detector (pfRICH). Driven primarily by the requirements from SIDIS measure-3049

ments, the pfRICH will need to provide 3s separation or better between pions, kaons, and protons3050

for momenta p < 7 GeV/c. The pfRICH will also play a critical role in electron-hadron separation3051

for momenta below roughly 3 GeV/c, where hadron distributions are at their maximum and the3052
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Figure 8.45: The histogram shows the relative yield of charged hadrons from Pythia simu-
lations for 18 ⇥ 275 GeV ep collisions as a function of momenta and pseudorapidity, h. The
contours indicate the 3s separation region of the different ePIC PID subsystems for p/K (a),
K/p (b), and e/p (c), respectively.

• Additional low-momentum PID in the forward region is achieved by an AC-LGAD based2455

ToF that also provides an additional layer of tracking points.2456

• A large radius high-performance DIRC (hpDIRC) in the barrel, which adds focusing to the2457

original DIRC design.2458

• The hpDIRC is complemented by an AC-LGAD ToF detector at smaller radius. The AC-2459

LGAD layer provides PID information for low momentum particles that do not reach the2460

hpDIRC or are too slow to leave Cherenkov signal in it.2461
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Figure 8.45: The histogram shows the relative yield of charged hadrons from Pythia simu-
lations for 18 ⇥ 275 GeV ep collisions as a function of momenta and pseudorapidity, h. The
contours indicate the 3s separation region of the different ePIC PID subsystems for p/K (a),
K/p (b), and e/p (c), respectively.

• Additional low-momentum PID in the forward region is achieved by an AC-LGAD based2455

ToF that also provides an additional layer of tracking points.2456

• A large radius high-performance DIRC (hpDIRC) in the barrel, which adds focusing to the2457

original DIRC design.2458

• The hpDIRC is complemented by an AC-LGAD ToF detector at smaller radius. The AC-2459

LGAD layer provides PID information for low momentum particles that do not reach the2460

hpDIRC or are too slow to leave Cherenkov signal in it.2461

Particle identification: coverage
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Figure 9: Ratio of the statistical uncertainties for positive-pion A1 asymmetries at 18 ⇥ 275 GeV2 with the 1.4 T and 3.0 T configurations, as a function of xB (x
axis) and Q2 (color), for 0.10 < z < 0.15 (left ) and 0.60 < z < 0.70 (middle).
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p

s = 28.6 GeV and
p

s = 140.7 GeV are presented.

Q2 and z, aided by the possibility to vary the beam energies.
In turn, the broad kinematic coverage, down to xB = 10�4, and
a high precision are essential to constrain the helicity distribu-
tions, in particular the sea-quark and gluon helicity distributions
at low xB, which so far remain largely unconstrained.
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data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Transverse Momentum Distributions – 3D!
3D Maps of partonic distributions
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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Figure 1. Kinematics of the process. q is the virtual photon, k and k0 are the initial and struck quarks, k? is the

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

quark k0 direction.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

kinematic approximations in the parton model.

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

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

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

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

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

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

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

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

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

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

in Ref. [62].
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z̃

z

x
y

q

P

k

k0

Ph

Figure 1. Kinematics of the process. q is the virtual photon, k and k0 are the initial and struck quarks, k? is the

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

quark k0 direction.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

kinematic approximations in the parton model.

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

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

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

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

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

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

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

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

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

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

in Ref. [62].

– 10 –

z =
Eh

E�⇤

lab

U L T

U

L

T

quark polarisation

nu
cl

eo
n 

po
la

ris
at

io
n

f1

h1T

g1L



TMD PDFs and TMD fragmentation functions 

46

TMD 
PDF

�

TMD

 FF

h

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

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

UT

FXY

h?
1

h?
1L

h?
1Tf?

1T g?1T

p�

k�

k�

�k

�̃

x̃ỹ
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One would expect that if approximations that lead to the parton model expressions for
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the beam energy becomes, the more serious the inaccuracies of the parton model have to be

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

kinematic approximations in the parton model.

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

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

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

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

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

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

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

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

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

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

in Ref. [62].
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the beam energy becomes, the more serious the inaccuracies of the parton model have to be

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

kinematic approximations in the parton model.

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

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

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

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

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

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

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

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

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

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

in Ref. [62].

– 10 –

z =
Eh

E�⇤

lab

U L T

U

L

T

quark polarisation

nu
cl

eo
n 

po
la

ris
at

io
n

f1

h1T

g1L

U L T

U

quark polarisation
ha

dr
on

 p
ol

ar
is

at
io

n
D1 H

?
1



TMD PDFs and TMD fragmentation functions 

46

Chiral odd
Naive T-odd

TMD 
PDF

�

TMD

 FF

h

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

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

UT

FXY

h?
1

h?
1L

h?
1Tf?

1T g?1T

p�

k�

k�

�k

�̃

x̃ỹ

z̃

z

x
y

q

P

k

k0

Ph

Figure 1. Kinematics of the process. q is the virtual photon, k and k0 are the initial and struck quarks, k? is the

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

quark k0 direction.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

kinematic approximations in the parton model.

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

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

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

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

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

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

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

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

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

3The confined quark has a non-zero virtuality. Such e↵ects in Monte Carlo generators have been studied
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conservation for the partons according to Fig. 1, assuming the initial quark is on-shell with
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not necessarily lead to a more accurate description of the underlying physics, because it

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

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

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

kinematic approximations in the parton model.

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

data, for which we explicitly need k? and p? dependences in the Monte Carlo generator.
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simple parton model are justified in the current relatively low energy experimental set-up.

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

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

spoil this approximation numerically. On the other hand if the generalized parton model
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Towards a QM Description of the Final State 

20	

Balancing the transverse momentum – candles of space-time 

From 1D to 3D fragmentation: 
•  Many more variables, 

Many more angles 
•  Multi-dimensional data 
•  Fine binnings 

Da
h(z, pt

2; Q2) 

First step is always unpolarized 
cross sections à JLab/12 GeV 
(but limited in kinematics) 
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Consistent results for TMD 

and CT3 in overlap region

Collinear twist-3 (CT3) PDFs.

1 characteristic hard scale, e.g., PhT

2 characteristic scales:

small PhT and large Q2
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Figure 8. Collins SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

The results for the transversity distributions from global fits are of the same sign18 as
results for the helicity distribution, but somewhat smaller in magnitude, by as much as a
factor of two for the d-quark distribution. Flavor decompositions of the collinear transver-
sity distribution, based on analysis of dihadron production in semi-inclusive deep-inelastic
scattering [127–129], e+e− annihilation [130], and more recently in p↑p collision [131], con-
firm this general behavior [132–135]. In general, the d-quark transversity distribution is
much less constrained, given the u-quark dominance in many of the processes employed
in the extractions. It is interesting to remark that all phenomenological extractions of
the transversity distribution present some discrepancies with respect to lattice predictions,
especially for what concerns the u-quark contribution to the nucleon tensor charge (see,
e.g., refs. [136–138]).

The Collins asymmetries extracted here for mesons in one-dimensional projections
resemble to a high degree those published previously [29]. This is expected as based on
the same data set, though involving a number of analysis improvements (cf. section 3.4).
The most significant advancement in the measurement of the SFA shown in figure 8 is the
inclusion of the ϵ-dependent kinematic prefactors in the probability density function (3.3)
of the maximum-likelihood fit. This leads on average to an amplification of the asymmetry
magnitude as, in the case of the Collins asymmetry, this prefactor is smaller than unity
and thus diminishes the transversity/Collins-induced modulation.

The Collins asymmetries for charged pions are opposite in sign and increasing with x,
which can be attributed to transversity predominantly being a valence-quark effect. The
dependence on z in the semi-inclusive range is a clear increase with z for π+, while first
clearly increasing but then leveling out for π −. As expected, the asymmetries increase

18Note that the absolute sign can not be determined unambiguously due to the chiral-odd nature of both
transversity and the Collins fragmentation function.
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z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

The results for the transversity distributions from global fits are of the same sign18 as
results for the helicity distribution, but somewhat smaller in magnitude, by as much as a
factor of two for the d-quark distribution. Flavor decompositions of the collinear transver-
sity distribution, based on analysis of dihadron production in semi-inclusive deep-inelastic
scattering [127–129], e+e− annihilation [130], and more recently in p↑p collision [131], con-
firm this general behavior [132–135]. In general, the d-quark transversity distribution is
much less constrained, given the u-quark dominance in many of the processes employed
in the extractions. It is interesting to remark that all phenomenological extractions of
the transversity distribution present some discrepancies with respect to lattice predictions,
especially for what concerns the u-quark contribution to the nucleon tensor charge (see,
e.g., refs. [136–138]).

The Collins asymmetries extracted here for mesons in one-dimensional projections
resemble to a high degree those published previously [29]. This is expected as based on
the same data set, though involving a number of analysis improvements (cf. section 3.4).
The most significant advancement in the measurement of the SFA shown in figure 8 is the
inclusion of the ϵ-dependent kinematic prefactors in the probability density function (3.3)
of the maximum-likelihood fit. This leads on average to an amplification of the asymmetry
magnitude as, in the case of the Collins asymmetry, this prefactor is smaller than unity
and thus diminishes the transversity/Collins-induced modulation.

The Collins asymmetries for charged pions are opposite in sign and increasing with x,
which can be attributed to transversity predominantly being a valence-quark effect. The
dependence on z in the semi-inclusive range is a clear increase with z for π+, while first
clearly increasing but then leveling out for π −. As expected, the asymmetries increase

18Note that the absolute sign can not be determined unambiguously due to the chiral-odd nature of both
transversity and the Collins fragmentation function.
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X. Artru et al., Z. Phys. C73 (1997) 527

25

Collins fragmentation function: Artru model

string break, quark-antiquark pair with vacuum numbers:

polarisation component in lepton scattering plane reversed by photoabsorption:

courtesy from U. Elschenbroich

orbital angular momentum creates transverse momentum:

X. Artru et al. , Z. Phys. C73 (1997) 527

Courtesy U. Elschenbroich



Collins amplitudes

55

HERMES, JHEP 12(2020)010 𝒞 [hq
1T × H⊥,q

1 ]• Oppositely signed amplitudes for π+ and π-:

• Amplitudes for K+ larger than for π+:

H
?,u!K+

1 > H
?,u!⇡+

1 J
H
E
P
1
2
(
2
0
2
0
)
0
1
0

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

π+

2
 〈

s
in

(φ
+

φ
S
) 

/ 
ε〉

U
⊥

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

-0

0.02

0.04

0.1 0.2

π-

x
0.5 1

z
0 0.5 1

Ph⊥ [GeV]

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

K
+

2
 〈

s
in

(φ
+

φ
S
) 

/ 
ε〉

U
⊥

-0.2

-0.15

-0.1

-0.05

-0

0.05

0.1

0.15

0.2

0.1 0.2

K
-

x
0.5 1

z
0 0.5 1

Ph⊥ [GeV]

Figure 8. Collins SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
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in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

The results for the transversity distributions from global fits are of the same sign18 as
results for the helicity distribution, but somewhat smaller in magnitude, by as much as a
factor of two for the d-quark distribution. Flavor decompositions of the collinear transver-
sity distribution, based on analysis of dihadron production in semi-inclusive deep-inelastic
scattering [127–129], e+e− annihilation [130], and more recently in p↑p collision [131], con-
firm this general behavior [132–135]. In general, the d-quark transversity distribution is
much less constrained, given the u-quark dominance in many of the processes employed
in the extractions. It is interesting to remark that all phenomenological extractions of
the transversity distribution present some discrepancies with respect to lattice predictions,
especially for what concerns the u-quark contribution to the nucleon tensor charge (see,
e.g., refs. [136–138]).

The Collins asymmetries extracted here for mesons in one-dimensional projections
resemble to a high degree those published previously [29]. This is expected as based on
the same data set, though involving a number of analysis improvements (cf. section 3.4).
The most significant advancement in the measurement of the SFA shown in figure 8 is the
inclusion of the ϵ-dependent kinematic prefactors in the probability density function (3.3)
of the maximum-likelihood fit. This leads on average to an amplification of the asymmetry
magnitude as, in the case of the Collins asymmetry, this prefactor is smaller than unity
and thus diminishes the transversity/Collins-induced modulation.

The Collins asymmetries for charged pions are opposite in sign and increasing with x,
which can be attributed to transversity predominantly being a valence-quark effect. The
dependence on z in the semi-inclusive range is a clear increase with z for π+, while first
clearly increasing but then leveling out for π −. As expected, the asymmetries increase

18Note that the absolute sign can not be determined unambiguously due to the chiral-odd nature of both
transversity and the Collins fragmentation function.
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The results for the transversity distributions from global fits are of the same sign18 as
results for the helicity distribution, but somewhat smaller in magnitude, by as much as a
factor of two for the d-quark distribution. Flavor decompositions of the collinear transver-
sity distribution, based on analysis of dihadron production in semi-inclusive deep-inelastic
scattering [127–129], e+e− annihilation [130], and more recently in p↑p collision [131], con-
firm this general behavior [132–135]. In general, the d-quark transversity distribution is
much less constrained, given the u-quark dominance in many of the processes employed
in the extractions. It is interesting to remark that all phenomenological extractions of
the transversity distribution present some discrepancies with respect to lattice predictions,
especially for what concerns the u-quark contribution to the nucleon tensor charge (see,
e.g., refs. [136–138]).

The Collins asymmetries extracted here for mesons in one-dimensional projections
resemble to a high degree those published previously [29]. This is expected as based on
the same data set, though involving a number of analysis improvements (cf. section 3.4).
The most significant advancement in the measurement of the SFA shown in figure 8 is the
inclusion of the ϵ-dependent kinematic prefactors in the probability density function (3.3)
of the maximum-likelihood fit. This leads on average to an amplification of the asymmetry
magnitude as, in the case of the Collins asymmetry, this prefactor is smaller than unity
and thus diminishes the transversity/Collins-induced modulation.

The Collins asymmetries for charged pions are opposite in sign and increasing with x,
which can be attributed to transversity predominantly being a valence-quark effect. The
dependence on z in the semi-inclusive range is a clear increase with z for π+, while first
clearly increasing but then leveling out for π −. As expected, the asymmetries increase
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sity distribution, based on analysis of dihadron production in semi-inclusive deep-inelastic
scattering [127–129], e+e− annihilation [130], and more recently in p↑p collision [131], con-
firm this general behavior [132–135]. In general, the d-quark transversity distribution is
much less constrained, given the u-quark dominance in many of the processes employed
in the extractions. It is interesting to remark that all phenomenological extractions of
the transversity distribution present some discrepancies with respect to lattice predictions,
especially for what concerns the u-quark contribution to the nucleon tensor charge (see,
e.g., refs. [136–138]).

The Collins asymmetries extracted here for mesons in one-dimensional projections
resemble to a high degree those published previously [29]. This is expected as based on
the same data set, though involving a number of analysis improvements (cf. section 3.4).
The most significant advancement in the measurement of the SFA shown in figure 8 is the
inclusion of the ϵ-dependent kinematic prefactors in the probability density function (3.3)
of the maximum-likelihood fit. This leads on average to an amplification of the asymmetry
magnitude as, in the case of the Collins asymmetry, this prefactor is smaller than unity
and thus diminishes the transversity/Collins-induced modulation.

The Collins asymmetries for charged pions are opposite in sign and increasing with x,
which can be attributed to transversity predominantly being a valence-quark effect. The
dependence on z in the semi-inclusive range is a clear increase with z for π+, while first
clearly increasing but then leveling out for π −. As expected, the asymmetries increase
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results for the helicity distribution, but somewhat smaller in magnitude, by as much as a
factor of two for the d-quark distribution. Flavor decompositions of the collinear transver-
sity distribution, based on analysis of dihadron production in semi-inclusive deep-inelastic
scattering [127–129], e+e− annihilation [130], and more recently in p↑p collision [131], con-
firm this general behavior [132–135]. In general, the d-quark transversity distribution is
much less constrained, given the u-quark dominance in many of the processes employed
in the extractions. It is interesting to remark that all phenomenological extractions of
the transversity distribution present some discrepancies with respect to lattice predictions,
especially for what concerns the u-quark contribution to the nucleon tensor charge (see,
e.g., refs. [136–138]).

The Collins asymmetries extracted here for mesons in one-dimensional projections
resemble to a high degree those published previously [29]. This is expected as based on
the same data set, though involving a number of analysis improvements (cf. section 3.4).
The most significant advancement in the measurement of the SFA shown in figure 8 is the
inclusion of the ϵ-dependent kinematic prefactors in the probability density function (3.3)
of the maximum-likelihood fit. This leads on average to an amplification of the asymmetry
magnitude as, in the case of the Collins asymmetry, this prefactor is smaller than unity
and thus diminishes the transversity/Collins-induced modulation.

The Collins asymmetries for charged pions are opposite in sign and increasing with x,
which can be attributed to transversity predominantly being a valence-quark effect. The
dependence on z in the semi-inclusive range is a clear increase with z for π+, while first
clearly increasing but then leveling out for π −. As expected, the asymmetries increase
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other. One can see that the experimental data indeed show
some tension with the Soffer bound for the d quark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.
The functions themselves are slightly different as can be

seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q2 suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in Ph⊥. As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.
We compare extracted Collins fragmentation functions

−zHð3ÞðzÞ in Fig. 28 at Q2 ¼ 2.4 GeV2 with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q2 of eþe− is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x½0.065; 0.35& at Q2 ¼ 10 GeV2 at
68% C.L. (label 1) and the contribution to the u quark and
d quark in the same region of x and the same Q2 using the
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Sivers: predicted sign change
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Figure 1: (a),(b) Simple QED example for process-dependence of the Sivers functions in DIS and

the Drell-Yan process. (c),(d) Same for QCD.

case is “initial-state” and is between the remnant of the transversely polarized “hadron” and the

initial parton from the other, unpolarized, “hadron”. These necessarily have identical charges,

and the interaction is repulsive. As a result, the spin-effect in this case needs to be of opposite

sign as that in DIS.

These simple models are readily generalized to true hadronic scattering in QCD. In DIS, the

final-state interaction is through a gluon exchanged between the 3 and 3̄ states of the struck quark
and the nucleon remnant, which is attractive, as indicated in Fig. 1(c). In the Drell-Yan process,

the interaction is between the 3 and 3 states (or 3̄ and 3̄) and therefore repulsive, as shown in
Fig. 1(d). This is the essence of the – by now widely quoted – result that the Sivers functions

contributing to DIS and to the Drell-Yan process have opposite sign [3, 4, 5, 6]:

fSivers(x, k⊥)
∣∣∣
DY

= −fSivers(x, k⊥)
∣∣∣
DIS

. (1)

In the full gauge theory, the phases generated by the additional (final-state or initial-state) inter-

actions can be summed to all orders into a “gauge-link”, which is a path-ordered exponential of

the gluon field and makes the Sivers functions gauge-invariant. The non-universality of the Sivers

functions is then reflected in a process-dependence of the space-time direction of the gauge-link.

The crucial role played by the gauge link has given rise to intuitive model interpretations of

single-spin asymmetries in terms of spatial deformations of parton distributions in a transversely

polarized nucleon [19]. The process-dependence of the Sivers functions will also manifest itself

in more complicated QCD hard-scattering, albeit in a more intricate way [20]. An example is

the single-spin asymmetry in di-jet angular correlations [21, 22, 23], which is now under inves-

tigation at RHIC [24]. We note that a related initial-state interaction may give rise to azimuthal

angular dependences in the unpolarized Drell-Yan process [25, 26].

The verification of the predicted non-universality of the Sivers functions is an outstanding

challenge in strong-interaction physics. It is most cleanly possible in the Drell-Yan process,

3

DIS: 
“attractive”

D-Y: 
“repulsive”

[fq�
1T ]SIDIS = �[fq�

1T ]DY

process-dependence of Sivers functions 

Collins, PL B536 (2002) 43

234 A.V. Efremov et al. / Physics Letters B 612 (2005) 233–244

SIDIS and DY have opposite sign,

(1)f ⊥
1T

(
x,p2T

)
SIDIS = −f ⊥

1T
(
x,p2T

)
DY.

The experimental check of Eq. (1) would provide a thorough test of our understanding of the Sivers effect within
QCD and, hence, our understanding of SSA. It would crucially test the factorization approach to the description of
processes sensitive to transverse parton momenta [19–21].
In this Letter we shall discuss how the relation (1) could be checked experimentally in the Polarized Antiproton

eXperiment (PAX) planned at GSI [22,23]. A primary goal of this experiment will be to provide a polarized
antiproton beam and to measure the transversity distribution ha

1(x), cf. [24]. However, PAX will also be well
suited to access the Sivers function via SSA in p̄p↑ → µ+µ−X or p̄↑p → µ+µ−X [22,23]. In the COMPASS
experiment at CERN [25], making use of a π− beam, one would also be able to study the Sivers function via SSA
in π−p↑ → µ+µ−X.
In order to estimate the magnitude of the Sivers effect in those experiments we will roughly parameterize

f ⊥
1T (x,p2T )SIDIS from the (preliminary) HERMES data [7] using as a guideline relations derived from the QCD
limit of a large number of colours Nc [26]. Such large-Nc relations are observed to hold in nature within their
expected accuracy [27] and, as a byproduct of our study, we shall observe that this is also the case here. On
the basis of the obtained parameterization we estimate SSA for the PAX and COMPASS experiments. We also
comment briefly on parameterizations of f ⊥

1T reported previously in the literature and on model calculations.

2. The Sivers function

A definition of the unintegrated unpolarized distribution function f1(x,p2T ) and the Sivers function f ⊥
1T (x,p2T )

can be given in terms of the light-cone correlator

Φq(x,pT ) ≡
∫ dξ− d2ξT

2(2π)3
eip·ξ ⟨P,ST |ψ̄q(0)γµn

µ
−W[0, ξ ;process]ψq(ξ)|P,ST ⟩

∣∣∣∣
ξ+=0

(2)= f
q
1
(
x,p2T

)
+ f

⊥q
1T

(
x,p2T

)εµνρσ n
µ
−nν

+p
ρ
T Sσ

T

MN
,

where the dimensionless light-like vectors n± are defined such that n+ · n− = 1. (See Ref. [28] for a precise
definition and the meaning of unintegrated distribution functions in QCD.)
The Wilson link W[0, ξ ;process] is defined in Fig. 1, cf. Refs. [17,18]. For observables integrated over pT

the process dependence of the gauge link usually cancels out. However, the situation is different for f ⊥
1T . If one

neglected the gauge link, under time-reversal the Sivers function would transform into its negative, i.e., it would
vanish [14]. However, initial or final state interactions [16,29], needed to obtain non-zero SSA [30], generate a
Wilson link for the Sivers function in any gauge [17,18]. Under time reversal the gauge link of SIDIS is transformed

Fig. 1. The path of the process-dependent gauge linkW[0, ξ ;process] which enters the definition of the Sivers function in SIDIS and DY.
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case is “initial-state” and is between the remnant of the transversely polarized “hadron” and the

initial parton from the other, unpolarized, “hadron”. These necessarily have identical charges,

and the interaction is repulsive. As a result, the spin-effect in this case needs to be of opposite

sign as that in DIS.

These simple models are readily generalized to true hadronic scattering in QCD. In DIS, the

final-state interaction is through a gluon exchanged between the 3 and 3̄ states of the struck quark
and the nucleon remnant, which is attractive, as indicated in Fig. 1(c). In the Drell-Yan process,

the interaction is between the 3 and 3 states (or 3̄ and 3̄) and therefore repulsive, as shown in
Fig. 1(d). This is the essence of the – by now widely quoted – result that the Sivers functions

contributing to DIS and to the Drell-Yan process have opposite sign [3, 4, 5, 6]:

fSivers(x, k⊥)
∣∣∣
DY

= −fSivers(x, k⊥)
∣∣∣
DIS

. (1)

In the full gauge theory, the phases generated by the additional (final-state or initial-state) inter-

actions can be summed to all orders into a “gauge-link”, which is a path-ordered exponential of

the gluon field and makes the Sivers functions gauge-invariant. The non-universality of the Sivers

functions is then reflected in a process-dependence of the space-time direction of the gauge-link.

The crucial role played by the gauge link has given rise to intuitive model interpretations of

single-spin asymmetries in terms of spatial deformations of parton distributions in a transversely

polarized nucleon [19]. The process-dependence of the Sivers functions will also manifest itself

in more complicated QCD hard-scattering, albeit in a more intricate way [20]. An example is

the single-spin asymmetry in di-jet angular correlations [21, 22, 23], which is now under inves-

tigation at RHIC [24]. We note that a related initial-state interaction may give rise to azimuthal

angular dependences in the unpolarized Drell-Yan process [25, 26].

The verification of the predicted non-universality of the Sivers functions is an outstanding

challenge in strong-interaction physics. It is most cleanly possible in the Drell-Yan process,
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SIDIS and DY have opposite sign,

(1)f ⊥
1T

(
x,p2T

)
SIDIS = −f ⊥

1T
(
x,p2T

)
DY.

The experimental check of Eq. (1) would provide a thorough test of our understanding of the Sivers effect within
QCD and, hence, our understanding of SSA. It would crucially test the factorization approach to the description of
processes sensitive to transverse parton momenta [19–21].
In this Letter we shall discuss how the relation (1) could be checked experimentally in the Polarized Antiproton

eXperiment (PAX) planned at GSI [22,23]. A primary goal of this experiment will be to provide a polarized
antiproton beam and to measure the transversity distribution ha

1(x), cf. [24]. However, PAX will also be well
suited to access the Sivers function via SSA in p̄p↑ → µ+µ−X or p̄↑p → µ+µ−X [22,23]. In the COMPASS
experiment at CERN [25], making use of a π− beam, one would also be able to study the Sivers function via SSA
in π−p↑ → µ+µ−X.
In order to estimate the magnitude of the Sivers effect in those experiments we will roughly parameterize

f ⊥
1T (x,p2T )SIDIS from the (preliminary) HERMES data [7] using as a guideline relations derived from the QCD
limit of a large number of colours Nc [26]. Such large-Nc relations are observed to hold in nature within their
expected accuracy [27] and, as a byproduct of our study, we shall observe that this is also the case here. On
the basis of the obtained parameterization we estimate SSA for the PAX and COMPASS experiments. We also
comment briefly on parameterizations of f ⊥

1T reported previously in the literature and on model calculations.

2. The Sivers function

A definition of the unintegrated unpolarized distribution function f1(x,p2T ) and the Sivers function f ⊥
1T (x,p2T )

can be given in terms of the light-cone correlator

Φq(x,pT ) ≡
∫ dξ− d2ξT

2(2π)3
eip·ξ ⟨P,ST |ψ̄q(0)γµn

µ
−W[0, ξ ;process]ψq(ξ)|P,ST ⟩

∣∣∣∣
ξ+=0

(2)= f
q
1
(
x,p2T

)
+ f

⊥q
1T

(
x,p2T

)εµνρσ n
µ
−nν

+p
ρ
T Sσ

T

MN
,

where the dimensionless light-like vectors n± are defined such that n+ · n− = 1. (See Ref. [28] for a precise
definition and the meaning of unintegrated distribution functions in QCD.)
The Wilson link W[0, ξ ;process] is defined in Fig. 1, cf. Refs. [17,18]. For observables integrated over pT

the process dependence of the gauge link usually cancels out. However, the situation is different for f ⊥
1T . If one

neglected the gauge link, under time-reversal the Sivers function would transform into its negative, i.e., it would
vanish [14]. However, initial or final state interactions [16,29], needed to obtain non-zero SSA [30], generate a
Wilson link for the Sivers function in any gauge [17,18]. Under time reversal the gauge link of SIDIS is transformed

Fig. 1. The path of the process-dependent gauge linkW[0, ξ ;process] which enters the definition of the Sivers function in SIDIS and DY.
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expected accuracy [27] and, as a byproduct of our study, we shall observe that this is also the case here. On
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P. Sun, F. Yuan, PRD 88 (2013) 114012           

model predictions based on  COMPASS, 

HERMES and JLab semi-inclusive DIS data
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Sivers TSA SIDIS→DY 

P. Sun and F. Yuan,  
“Transverse momentum dependent evolution: Matching 
SIDIS processes to Drell-Yan and W/Z boson production”. 
PRD 88 11, 114012 (2013)  

STAR collaboration: PRL 116, 132301 (2016) 

• Global fits of available 1-D SIDIS data 
• Different TMD-evolution schemes 
• Different predictions for Drell-Yan 
• First experimental investigation of  

Sivers-nonuniversality by STAR 
• Different hard scale compared to FT 
• Evolution effects may play a 

substantial role 

PRL 116 (2016) 132301
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Boer-Mulders TMD PDF in semi-inclusive DIS
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Semi-inclusive deep-inelastic 
single-hadron production

transverse target-spin 
asymmetry:

spin-independent 
semi-inclusive cross section:

Collins fragmentation function

𝒞 [h⊥,q
1 × H⊥,q

1 ]
kT kT

σ ∼ cos(2ϕh)∑
q

e2
q C [h⊥,q

1 (x, k⊥) × H⊥,q
1 (z, p⊥)]hq

1 (x, k⊥)

kT kT

Access to transversity in semi-inclusive DIS: 

Collins amplitude

66
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Single-Spin Asymmetry

hq
1T(x, k⊥)

H⊥,q
1 (z, p⊥)

: transversity

: Collins fragmentation function
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𝒞 [hq
1T × H⊥,q

1 ]

hq
1T(x, k⊥)

∼ sin(ϕ + ϕS)∑
q

e2
q C [hq

1T(x, k⊥) × H⊥,q
1 (z, p⊥)]hq

1T(x, k⊥)

AUT = 1
⟨ ST ⟩

N↑(ϕ, ϕS) − N↓(ϕ, ϕS)
N↑(ϕ, ϕS) + N↓(ϕ, ϕS)AUT = 1

⟨ ST ⟩
N↑(ϕ, ϕS) − N↓(ϕ, ϕS)
N↑(ϕ, ϕS) + N↓(ϕ, ϕS)

 Boer Muldershq
1 (x, k⊥) :
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Extraction of the cosine moments

fully differential analysis needed
unfolding procedure with 400 x 12 bins 

extraction is challenging!
azimuthal modulations also possible due to 
● detector geometrical acceptance
● higher-order QED effects
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Fully differential analysis

Unfolding in 400 x 12 bins
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Study of quark TMD PDFs at the LHC

68

Main collisions at the LHC:

• pp at           7, 8, 13, and 14 TeV 

  (+smaller samples at 2.76 and 5.02 TeV)   

• pPb at                 5.02, 8.20, 8.80 TeV

•PbPb at                2.76, 5.02, 5.44 TeV
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vs. 484 in MAP22
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Figure 8. Angular distribution A4 as a function of y vs. measurements of ATLAS [102] (circles), CMS

[103] (triangles) and LHCb [104]. The measurements are done in the qT -bins indicated in the plots. The

theory prediction is done for the qT bins of ATLAS.
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Figure 9. Angular distribution A2 as a function of qT vs. measurements of ATLAS [102] (circles),

CMS [103] (triangles) and LHCb [104]. The dashed line shows the prediction without the Boer-Mulders

contribution.

di↵erent kinematics, as discussed above, but even so the agreement is spectacular. Note that the
y-di↵erential measurement of LHCb is done in a single qT -bin, qT 2 [0, 100]GeV.

The measurement of A4 by CDF [105] is done for the p + p̄ system and is proportional to
a di↵erent combination of TMD distributions. Computing the bins qT 2 [0., 10.]GeV and qT 2

[10., 20]GeV, we obtain A4 as 0.121± 0.006 and 0.127± 0.004, respectively. These numbers are in
agreement with the values 0.110± 0.010 and 0.101± 0.017 reported in ref. [105], correspondingly.

4.3 Angular distribution A2

The Angular distribution A2 contains the Boer-Mulders ⇠ h?
1 h

?
1 and the unpolarized ⇠ f1f1

contributions. They behave di↵erently as functions of qT . The Boer-Mulders part is LP, and thus it
is dominant at qT ! 0. However, it drops rapidly as qT grows, since h?

1 ⇠ 1/k4T . The unpolarized
contribution has opposite behavior – it is suppressed as q2T /Q

2 at qT ! 0, and increases at larger
qT . The unpolarized contribution remains small due to the general power suppression ⇠ M2/Q2.
Nonetheless, these two contributions are of the same general order, because the Boer-Mulders
function is smaller than the unpolarized distribution by an order of magnitude.

The double-term structure is clearly visible in the ATLAS measurement, see fig.9. We associate
the growth visible in the bins with qT < 5GeV with the Boer-Mulders term, while the growth at
qT > 7.5GeV with the contribution of the unpolarized distributions. Note that at qT > 10GeV one
expects an additional contribution from q2T /Q

2 corrections (Y-term). Moreover, we can quantify
the general size of the Y-term correction using the ATLAS measurement as a baseline. It is ⇠ 0.02

– 22 –

S. Piloñeta, A. Vladimirov, JHEP 12 (2024) 059Comparison data – fit: 

• ATLAS JHEP 08 (2016) 159.

• CMS, Phys. Lett. B 750 (2015) 154. 

• 	LHCb, Phys. Rev. Lett. 129 (2022) 091801.

 and A2 ∼ h⊥
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is dominant at qT ! 0. However, it drops rapidly as qT grows, since h?

1 ⇠ 1/k4T . The unpolarized
contribution has opposite behavior – it is suppressed as q2T /Q

2 at qT ! 0, and increases at larger
qT . The unpolarized contribution remains small due to the general power suppression ⇠ M2/Q2.
Nonetheless, these two contributions are of the same general order, because the Boer-Mulders
function is smaller than the unpolarized distribution by an order of magnitude.

The double-term structure is clearly visible in the ATLAS measurement, see fig.9. We associate
the growth visible in the bins with qT < 5GeV with the Boer-Mulders term, while the growth at
qT > 7.5GeV with the contribution of the unpolarized distributions. Note that at qT > 10GeV one
expects an additional contribution from q2T /Q
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qT . The unpolarized contribution remains small due to the general power suppression ⇠ M2/Q2.
Nonetheless, these two contributions are of the same general order, because the Boer-Mulders
function is smaller than the unpolarized distribution by an order of magnitude.

The double-term structure is clearly visible in the ATLAS measurement, see fig.9. We associate
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2 at qT ! 0, and increases at larger
qT . The unpolarized contribution remains small due to the general power suppression ⇠ M2/Q2.
Nonetheless, these two contributions are of the same general order, because the Boer-Mulders
function is smaller than the unpolarized distribution by an order of magnitude.

The double-term structure is clearly visible in the ATLAS measurement, see fig.9. We associate
the growth visible in the bins with qT < 5GeV with the Boer-Mulders term, while the growth at
qT > 7.5GeV with the contribution of the unpolarized distributions. Note that at qT > 10GeV one
expects an additional contribution from q2T /Q

2 corrections (Y-term). Moreover, we can quantify
the general size of the Y-term correction using the ATLAS measurement as a baseline. It is ⇠ 0.02
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Problematic: inconsistent with ATLAS; consistent with LHCb. 
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generating the spin asymmetries. CT3 predictions go further with a deeper connection to the QCD proper-
ties but are based on collinear considerations where the transverse-momentum e↵ect are integrated over in
higher-twist correlators. HE factorisation, only applied to unpolarised collisions so far, is first designed to
treat new e↵ects at large

p
s. As such, care should be taken when using its predictions when

p
s is not very

large, in particular for systems or conditions where TMD factorisation is a priori not applicable. Indeed, the
latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
to this emerging research domain.

The TMD factorisation framework is briefly introduced in Section 4.1, followed by a discussion in
Section 4.2 on several specificities and open issues related to the treatment of quarkonium production, while
HE factorisation is treated in Sections 4.3 and 4.4. Section 4.5 focuses on various-quarkonium production
processes in unpolarised pp collisions within the TMD factorisation framework, with a special focus on the
unpolarised and the linearly-polarised gluon TMDs, f g

1 and h?g
1 . In Section 4.6, we address the complex

issue of factorisation-breaking e↵ects or, more generally, e↵ects beyond TMD and HE factorisations, and
discuss some easily measurable processes where they can be studied. Finally, in Section 4.7, collisions with
polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.

4.1. TMD factorisation in the gluon sector

In the last few years, the field of TMDs has taken a large leap forward. Both the theoretical framework [444–
450] and the phenomenological analyses (see e.g. [451–459]) have developed, including new, higher-order
perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
processes.

Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
gg

1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
dynamics of partons in the fragmentation process.
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1 h?g

1

L gg
1 h?g
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Table 1: Gluon TMD PDFs at twist 2. U, L, T describe unpolarised, longitudinally polarised and transversely-polarised nucleons.
U, ‘circular’, ‘linear’ stand for unpolarised, circularly polarised and linearly-polarised gluons. Functions in blue (h?g

1 , gg
1T ) are

T -even. Functions in black ( f g
1 , gg

1) are T -even and survive integration over the parton kT . Functions in red (h?g
1L , f ?g

1T ,hg
1, h?g

1T ) are
T -odd.

As is the case for quark TMDs, gluon TMDs contain information on the initial- and/or final-state QCD
interactions of the incoming hadron. Di↵erent types of gluon TMDs exist, distinguished by the precise struc-
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generating the spin asymmetries. CT3 predictions go further with a deeper connection to the QCD proper-
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latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
to this emerging research domain.

The TMD factorisation framework is briefly introduced in Section 4.1, followed by a discussion in
Section 4.2 on several specificities and open issues related to the treatment of quarkonium production, while
HE factorisation is treated in Sections 4.3 and 4.4. Section 4.5 focuses on various-quarkonium production
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unpolarised and the linearly-polarised gluon TMDs, f g
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discuss some easily measurable processes where they can be studied. Finally, in Section 4.7, collisions with
polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.

4.1. TMD factorisation in the gluon sector

In the last few years, the field of TMDs has taken a large leap forward. Both the theoretical framework [444–
450] and the phenomenological analyses (see e.g. [451–459]) have developed, including new, higher-order
perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
processes.

Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
gg

1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
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interactions of the incoming hadron. Di↵erent types of gluon TMDs exist, distinguished by the precise struc-
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generating the spin asymmetries. CT3 predictions go further with a deeper connection to the QCD proper-
ties but are based on collinear considerations where the transverse-momentum e↵ect are integrated over in
higher-twist correlators. HE factorisation, only applied to unpolarised collisions so far, is first designed to
treat new e↵ects at large
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s. As such, care should be taken when using its predictions when

p
s is not very

large, in particular for systems or conditions where TMD factorisation is a priori not applicable. Indeed, the
latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
to this emerging research domain.

The TMD factorisation framework is briefly introduced in Section 4.1, followed by a discussion in
Section 4.2 on several specificities and open issues related to the treatment of quarkonium production, while
HE factorisation is treated in Sections 4.3 and 4.4. Section 4.5 focuses on various-quarkonium production
processes in unpolarised pp collisions within the TMD factorisation framework, with a special focus on the
unpolarised and the linearly-polarised gluon TMDs, f g

1 and h?g
1 . In Section 4.6, we address the complex

issue of factorisation-breaking e↵ects or, more generally, e↵ects beyond TMD and HE factorisations, and
discuss some easily measurable processes where they can be studied. Finally, in Section 4.7, collisions with
polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.

4.1. TMD factorisation in the gluon sector

In the last few years, the field of TMDs has taken a large leap forward. Both the theoretical framework [444–
450] and the phenomenological analyses (see e.g. [451–459]) have developed, including new, higher-order
perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
processes.

Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
gg

1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
dynamics of partons in the fragmentation process.
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Table 1: Gluon TMD PDFs at twist 2. U, L, T describe unpolarised, longitudinally polarised and transversely-polarised nucleons.
U, ‘circular’, ‘linear’ stand for unpolarised, circularly polarised and linearly-polarised gluons. Functions in blue (h?g
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As is the case for quark TMDs, gluon TMDs contain information on the initial- and/or final-state QCD
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generating the spin asymmetries. CT3 predictions go further with a deeper connection to the QCD proper-
ties but are based on collinear considerations where the transverse-momentum e↵ect are integrated over in
higher-twist correlators. HE factorisation, only applied to unpolarised collisions so far, is first designed to
treat new e↵ects at large

p
s. As such, care should be taken when using its predictions when
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large, in particular for systems or conditions where TMD factorisation is a priori not applicable. Indeed, the
latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
to this emerging research domain.

The TMD factorisation framework is briefly introduced in Section 4.1, followed by a discussion in
Section 4.2 on several specificities and open issues related to the treatment of quarkonium production, while
HE factorisation is treated in Sections 4.3 and 4.4. Section 4.5 focuses on various-quarkonium production
processes in unpolarised pp collisions within the TMD factorisation framework, with a special focus on the
unpolarised and the linearly-polarised gluon TMDs, f g

1 and h?g
1 . In Section 4.6, we address the complex

issue of factorisation-breaking e↵ects or, more generally, e↵ects beyond TMD and HE factorisations, and
discuss some easily measurable processes where they can be studied. Finally, in Section 4.7, collisions with
polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.

4.1. TMD factorisation in the gluon sector

In the last few years, the field of TMDs has taken a large leap forward. Both the theoretical framework [444–
450] and the phenomenological analyses (see e.g. [451–459]) have developed, including new, higher-order
perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
processes.

Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
gg

1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
dynamics of partons in the fragmentation process.
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polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.
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perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
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Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
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1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
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Figure 7: Distribution of �CS (a) with the SPS and DPS contributions separated in the TMD

region pdi-J/ 
T

< 4.1GeV/c and (b) for SPS with the function described in the text overlaid. The
systematic uncertainties correlated between intervals are excluded from the error bars.

information on the gluon TMDs as

a = F1C[f g
1
f g
1
] + F2C[w2h
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1
], (10)
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] + F 0

3
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3
h?g
1
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1
], (11)

c = F4C[w4h
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1
], (12)

where Fi(0) are hard-scattering coe�cients, wi(0) are the TMD weights common to all
gluon-fusion processes originating from unpolarised proton collisions, and C denotes
the TMD convolutions [17, 18]. The calculation is valid in the TMD region with

pdi-J/ 
T

< hmdi-J/ i/2 [17, 18]. In this analysis, the �CS distribution is measured in the

TMD region pdi-J/ 
T

< 4.1GeV/c, since the average value of mdi-J/ in the whole fiducial
range is hmdi-J/ i = 8.2GeV/c2. The measured �CS distributions with the SPS and DPS
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where the index i denotes each interval, ��CSi is the interval width and �CSi is the interval
centre. The results of hcos 2�CSi and hcos 4�CSi extracted from the �CS distribution for
SPS are
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cos(2�CS) + c⇥ cos(4�CS) is overlaid on the SPS result in Fig. 7(b). Its coe�cients are
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scattering contribution
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• J/ψ-pair production gives via its #!-spectrum 
and modulations access to the gluon TMDs 
Lansberg et al. 2018, Scarpa et al. 2020

• Probe the transverse momentum of 
the partonic gluons via the observed 
quarkonia: !!" + !#" = $"

• The invariant mass %$$ allows to 
study scale evolution of the TMDs

• Make use of CS-model in which TMD-
factorization breaking effects are 
avoided (@ LO &%&)  

• No TMDShF / smearing effects are 
expected for CS quarkonium at LO

• There are recent measurements of 
this process LHCb 2023

J. 

J/ψ-pair production at LHC to study gluon TMD 
distributions: pushing the limits of the CS

evolution formalism

14/12/2023
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Future: LHCSpin

75

LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions

LHC beam

optimised for studying particles containing c- and b-quarks

2 < η < 5Forward acceptance:

9

JINST	3	(2008)	S08005		
IJMPA	30	(2015)	1530022

Tracking	system	momentum	resolution	
Δp/p	=	0.5%–1.0%	(5	GeV/c	–	100	GeV/c)

LHCb upgrade 2019-2020 
Collision rate at 40 MHz 
Pile-up factor μ ≈ 5 
Remove L0 triggers (software trigger)  
Read out the full detector at 40 MHz 
Replace the entire tracking system
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Why LHCspin?

HIGGS BOSON 
DISCOVERY

The LHC is the biggest particle accelerator in the World.

Despite its extraordinary achievements, the LHC doesn’t account for polarized physics.

This is where the LHCspin project comes in!

We are here!

A. Piccoli et al., LHCspin: a polarized fixed-target system at the LHC

LHCspin project

The LHCspin project aims to precisely
investigate the proton 3D structure
and to perform spin physics studies
via high-energy collisions of a 7 TeV
proton beam on a polarized gas target
located in front of the VELO of LHCb.

introduction of polarized physics at the LHC;

simultaneity with LHCb collider mode program;

marginal impact on LHC beam and LHCb performances.

Key
features:

6

Pol. target

Collider mode

! = 13 TeV

!%% = 8.2 TeV

!%% = 5 TeV

Fixed-target mode

!%% = 72 GeV

!%% = 115 GeV

5L.L. Pappalardo  - LHCspin kick-off meeting  - Ferrara  - July 15-16  2019

Types of collisions at LHCb
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transversely polarised gas target 
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Unique kinematical region

At the LHC fixed target pp, pp , pA, Pb-p, Pb-p  or Pb-A collisions, one has unique 
kinematic conditions at the poorly explored energy of √s ~ 100 GeV

7
In addition the exotic region at x>1 can be accessed (Fermi motion) creating a bridge between QCD and nuclear physics
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Study of quark and gluon TMDs in polarised proton, 

via Drell-Yan or quarkonium production at high x
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• Asymmetries at low x and low Q2 well below 1%  need small uncertainties. 

• Low x and Q2: small statistical uncertainty. 

• For not too large z and PT, statistical uncertainty well below 1%.

• Systematic uncertainties increase with z and PT: likely because of higher smearing effects.

→

EIC: Sivers asymmetry
𝒞 [f⊥,q

1T × Dq
1 ]

kT kT
ECCE

• Low x and Q2: small statistical uncertainty. High precision is needed since asymmetry at low x and Q2 well below 1%.

• For not too large z and PT, statistical uncertainty well below 1%.

• Systematic uncertainties increase with z and PT: likely because of higher smearing effects.

EIC: Sivers asymmetry studies
𝒞 [f⊥,q

1T × Dq
1 ]

kT kT

Figure 10: Projected ⇡+ Sivers asymmetry statistical and systematic uncertainties as a function of either z (top panel) in bins of PT or as a function of PT in bins of
z (bottom panel) for three select x and Q2 bins. The asymmetries are shown at arbitrary values for better visibility. The statistical uncertainties are extrapolated to
an accumulated luminosity of 10 fb�1 for the 18 GeV x 275 GeV energy option. For better visibility either 4 bins in PT and 2 bins in z were combined or vice versa.

13

Sivers asymmetry

systematic uncertainty= 

|generated - reconstructed|


Additionally: 3% scale uncertainty

Beam polarisations assumed 

to be 70%.

ECCE

70% beam pol.

3% scale unc.

systematic uncertainty= 

|generated - reconstructed|



Sivers TMD: impact of the EIC

78

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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<latexit sha1_base64="V9PpN+jdQrHOma+HdhzlPiuv8rM=">AAACIXicbVDLSgMxFM34rOOr6tJNsCjioswUxC6LLnRZwdZCp5ZMeluDmcyQ3BHL0F9x46+4caFId+LPmD4EtR4IHM45l9x7wkQKg5734czNLywuLedW3NW19Y3N/NZ23cSp5lDjsYx1I2QGpFBQQ4ESGokGFoUSrsO7s5F/fQ/aiFhdYT+BVsR6SnQFZ2ildr4chNATKmNS9NTRwD3wywGKCAz1PS9AeMCMnkN9cFMKAjcA1flOtvMFr+iNQWeJPyUFMkW1nR8GnZinESjkkhnT9L0EWxnTKLiEgRukBhLG71gPmpYqZpdoZeMLB3TfKh3ajbV9CulY/TmRsciYfhTaZMTw1vz1RuJ/XjPFbrmVCZWkCIpPPuqmkmJMR3XRjtDAUfYtYVwLuyvlt0wzjrZU15bg/z15ltRLRf+46F2WCpXTaR05skv2yCHxyQmpkAtSJTXCySN5Jq/kzXlyXpx3ZziJzjnTmR3yC87nF4XpooA=</latexit>

18⇥ 100 GeV2
<latexit sha1_base64="m8zIGOyKj/d8ZqbgTJbhIl9UFGY=">AAACH3icbVDLSgMxFM34rOOr6tJNsCjioswUarssutClgm2FTi2Z9LYGM5khuSOWoX/ixl9x40IRceffmD4EXwcCh3POJfeeMJHCoOd9ODOzc/MLi7kld3lldW09v7HZMHGqOdR5LGN9GTIDUiioo0AJl4kGFoUSmuHN8chv3oI2IlYXOEigHbG+Ej3BGVqpkz8MQugLlTEp+upg6O751QBFBIaWKuUA4Q4zegKN4VXJDUB1v3KdfMEremPQv8SfkgKZ4qyTfw+6MU8jUMglM6blewm2M6ZRcAlDN0gNJIzfsD60LFXMrtDOxvcN6a5VurQXa/sU0rH6fSJjkTGDKLTJiOG1+e2NxP+8Voq9ajsTKkkRFJ981EslxZiOyqJdoYGjHFjCuBZ2V8qvmWYcbaWuLcH/ffJf0igV/XLROy8VakfTOnJkm+yQfeKTCqmRU3JG6oSTe/JInsmL8+A8Oa/O2yQ640xntsgPOB+fEzehwQ==</latexit>

18⇥ 275 GeV2
for each collision energy

A. Vladimirov, R. Seidl et al., NIM A 1049 (2023) 168017

Parametrisation from M. Bury et al., JHEP 05 (2021)151
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