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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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The various dimensions of the nucleon structure

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

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

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

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

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

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

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.

8

b?



2

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

4

�⇤

xPz

Pz

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

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

d2~b?

transverse-momentum 

dependent (TMD)


parton distribution functions

(PDFs)

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

impact-parameter 
dependent PDFs

generalised parton  
distributions (GPDs)

Fourier 

transform

PRD 92 ('00) 071503 

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

From 2015 Long Range Plan for Nuclear Science 7

x = 0.25 x = 0.09

The various dimensions of the nucleon structure

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

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

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

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

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

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

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

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

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

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

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

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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½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=
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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
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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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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
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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
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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
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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
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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
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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
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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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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-
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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
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photon interacts with an on-mass shell quark)3. But it is important to emphasize that
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framework, enable us to implement a Monte Carlo that incorporates the correct phase
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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
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Color neutralization – it’s a correlated 3D problem 
Final transverse momentum of the detected 
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quark transverse momentum kt with the 
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Fragmentation functions
Towards a QM Description of the Final State 
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From 1D to 3D fragmentation: 
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Many more angles 
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Validity of TMD description

v

v

Consistent results for TMD 

and CT3 in overlap region

Collinear twist-3 (CT3) PDFs.

1 characteristic hard scale, e.g., PhT

2 characteristic scales:

small PhT and large Q2
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Figure 5. Density of data in the plane (Q, x) (a darker color corresponds to a higher density).

has been followed, and this is the purpose of this section. Finally, we also provide a suitable

definition of the χ2 that allows for a correct exploitation of experimental uncertainties.

4.1 Treatment of nuclear targets and charged hadrons

The data from E288, E605 (Cu), E772, COMPASS, part of HERMES (isoscalar targets)

come from nuclear target processes. In these cases, we perform the iso-spin rotation of the

corresponding TMDPDF that simulates the nuclear-target effects. For example, we replace

u-, and d-quark distributions by

f1,u←A(x, b) =
Z

A
f1,u←p(x, b) +

A− Z

A
f1,d←p(x, b), (4.1)

f1,d←A(x, b) =
Z

A
f1,d←p(x, b) +

A− Z

A
f1,u←p(x, b), (4.2)

where A(Z) is atomic number(charge) of a nuclear target. In principle, for E288, E605 data

extracted from very heavy targets one should also incorporate the nuclear modification

factor that depends on x. In the given kinematics the nuclear modification factor produces

effects of order 5-10% in the normalization of the cross-section. The shape of cross-section

is changed in much smaller amount, about 1% in a point, as it is shown in f.i. [21, 85].

Simultaneously, the systematic (correlated) errors of these experiments are large 25% and

20%, correspondingly, as well as the uncorrelated error (typically 2-5%). Therefore, we are

not sensitive to nuclear modification effect.

The measurements of SIDIS are made in a number of different channels. The HER-

MES data include π± and K±, and COMPASS data are for charged hadrons, h±. Pions

and kaons are described by an individual TMDFFs. However, charged hadrons are a com-

– 29 –

Kinematic coverage
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Figure 8. Collins SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
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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

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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especially for what concerns the u-quark contribution to the nucleon tensor charge (see,
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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
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which can be attributed to transversity predominantly being a valence-quark effect. The
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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. Elschenbroich22
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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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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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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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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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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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FIG. 27. (a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q2 ¼ 2.4 GeV2 with the Torino-
Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q2 ¼ 2.4 GeV2 with Pavia 2015 extraction [18] (shaded region).
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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,
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D-Y: 
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[fq�
1T ]SIDIS = �[fq�

1T ]DY

process-dependence of Sivers functions 
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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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ū

u



Experimental access to Sivers in Drell-Yan 

27

Tπ−

p

ū
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Investigation of the Sivers sign change in  collisionsp↑π−

COMPASS, PRL 119 (2017) 112002
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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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Semi-inclusive deep-inelastic 
single-hadron production

transverse target-spin 
asymmetry:

spin-independent 
semi-inclusive cross section:

Collins fragmentation function
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Boer-Mulders PDF

FSI

Boer-Mulders modulation

cos(2ϕh)∑
q

e2
q C [h⊥,q

1 (x, k⊥) × H⊥,q
1 (z, p⊥)]

Spin-dependence with unpolarised hadrons!
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• limited geometric and kinematic acceptance of detector

• limited detector resolution
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Extraction of the cosine moments

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

generated in 4π

inside acceptance
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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

40.750.50.350.20.05PhT

510.750.60.450.30.2z

40.850.70.60.450.3y

510.270.1450.0780.0420.023x

#Bin limitsVariable

BINNING

400 kinematic bins x 12 φ-bins

Fully differential analysis

Unfolding in 400 x 12 bins
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Gluon TMD PDFs

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.

gluon polarisation

nu
cl

eo
n

po
la

ris
at

io
n

U circular linear

U f g
1 h?g

1

L gg
1 h?g

1L

T f?g
1T gg

1T hg
1, h?g

1T

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-
ties but are based on collinear considerations where the transverse-momentum e↵ect are integrated over in
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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
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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.

4.1. TMD factorisation in the gluon sector
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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
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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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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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    gluon TMDs are almost unknown

• Accessible through production of dijets, 

    high-PT hadron pairs, quarkonia



35

Gluon TMD PDFs via  productionJ/ψJ/ψ

218 J.-P. Lansberg et al. / Physics Letters B 784 (2018) 217–222

Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads

dσ

dMQQdYQQd2 P QQT d*
=

√
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QQ − 4M2
Q

(2π)28s M2
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{
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[
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1

]

+ F ′
3C
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3h⊥g
1 f g

1

])

+ cos 4φCS F4C
[

w4h⊥g
1 h⊥g

1

]}

, (2)

where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 
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Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads
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=
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where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 
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Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads
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where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 



35

Gluon TMD PDFs via  productionJ/ψJ/ψ

•  production largely dominated by gluon-induced processesJ/ψJ/ψ

σ ∝ F1𝒞[ f g
1 f g

1 ] + F2𝒞[w2h
g⊥
1 hg⊥

1 ] +(F3𝒞[w3 f g
1 hg⊥

1 ] + F′￼3𝒞[w′￼3 f g
1 hg⊥

1 ]) cos (2ϕCS) +(F4𝒞[w4h
g⊥
1 hg⊥

1 ]) cos (4ϕCS)

218 J.-P. Lansberg et al. / Physics Letters B 784 (2018) 217–222

Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
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h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads
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=
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where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 
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Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads
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where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 



35

Gluon TMD PDFs via  productionJ/ψJ/ψ

•  production largely dominated by gluon-induced processesJ/ψJ/ψ

σ ∝ F1𝒞[ f g
1 f g

1 ] + F2𝒞[w2h
g⊥
1 hg⊥

1 ] +(F3𝒞[w3 f g
1 hg⊥

1 ] + F′￼3𝒞[w′￼3 f g
1 hg⊥

1 ]) cos (2ϕCS) +(F4𝒞[w4h
g⊥
1 hg⊥

1 ]) cos (4ϕCS)

218 J.-P. Lansberg et al. / Physics Letters B 784 (2018) 217–222

Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads
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where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 
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Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads
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where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 

• Invariant mass of pair  scale variation→
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Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads

dσ

dMQQdYQQd2 P QQT d*
=

√
M2

QQ − 4M2
Q

(2π)28s M2
QQ

{

F1 C
[

f g
1 f g

1

]

+ F2 C
[

w2h⊥g
1 h⊥g

1

]
+ cos 2φCS

(

F3C
[

w3 f g
1 h⊥g

1

]

+ F ′
3C

[
w ′

3h⊥g
1 f g

1

])

+ cos 4φCS F4C
[

w4h⊥g
1 h⊥g

1

]}

, (2)

where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 

•Need to subtract double-parton-scattering contribution from data

• Invariant mass of pair  scale variation→
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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
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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
contributions separated are shown in Fig. 7(a). The expectation values hcos 2�CSi and
hcos 4�CSi correspond to half of the ratio of the cosn�CS-modulations present in the TMD
cross-section regarding its �CS-independent component [18], i.e. hcos 2�CSi = b/2a and
hcos 4�CSi = c/2a. They are calculated as

hcos 2�CSi =
P

i
d�

d�CS

��
i
��CSi cos 2�CSiP

i
d�

d�CS

��
i
��CSi

, (13)

hcos 4�CSi =
P

i
d�

d�CS
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i
��CSi cos 4�CSiP

i
d�

d�CS

��
i
��CSi

, (14)

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

hcos 2�CSi = �0.029± 0.050 (stat)± 0.009 (syst),

hcos 4�CSi = �0.087± 0.052 (stat)± 0.013 (syst),

dominated by statistical uncertainties. The corresponding �CS function given by a+ b⇥
cos(2�CS) + c⇥ cos(4�CS) is overlaid on the SPS result in Fig. 7(b). Its coe�cients are

13
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Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads
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=
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where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 

•Need to subtract double-parton-scattering contribution from data

• Invariant mass of pair  scale variation→
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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.
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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
contributions separated are shown in Fig. 7(a). The expectation values hcos 2�CSi and
hcos 4�CSi correspond to half of the ratio of the cosn�CS-modulations present in the TMD
cross-section regarding its �CS-independent component [18], i.e. hcos 2�CSi = b/2a and
hcos 4�CSi = c/2a. They are calculated as
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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

hcos 2�CSi = �0.029± 0.050 (stat)± 0.009 (syst),

hcos 4�CSi = �0.087± 0.052 (stat)± 0.013 (syst),

dominated by statistical uncertainties. The corresponding �CS function given by a+ b⇥
cos(2�CS) + c⇥ cos(4�CS) is overlaid on the SPS result in Fig. 7(b). Its coe�cients are

13
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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
contributions separated are shown in Fig. 7(a). The expectation values hcos 2�CSi and
hcos 4�CSi correspond to half of the ratio of the cosn�CS-modulations present in the TMD
cross-section regarding its �CS-independent component [18], i.e. hcos 2�CSi = b/2a and
hcos 4�CSi = c/2a. They are calculated as
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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

hcos 2�CSi = �0.029± 0.050 (stat)± 0.009 (syst),

hcos 4�CSi = �0.087± 0.052 (stat)± 0.013 (syst),

dominated by statistical uncertainties. The corresponding �CS function given by a+ b⇥
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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Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mµρ , with two gluon TMD correlators evaluated at 
(x1, k1T , µ) and (x2, k2T , µ). Mµρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = f g [pp→QQX]
1 (x,k2

T ,µ),

h⊥,g [γ ⋆ p→Q Q̄ X]
1 (x,k2

T ,µ) = h⊥,g [pp→QQX]
1 (x,k2

T ,µ).
(1)

In practice, this means that one should measure these processes 
at similar scales, µ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].

Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for &y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large &y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c ≃ 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large &y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads

dσ

dMQQdYQQd2 P QQT d*
=

√
M2

QQ − 4M2
Q

(2π)28s M2
QQ

{

F1 C
[

f g
1 f g

1

]

+ F2 C
[

w2h⊥g
1 h⊥g

1

]
+ cos 2φCS

(

F3C
[

w3 f g
1 h⊥g

1

]

+ F ′
3C

[
w ′

3h⊥g
1 f g

1

])

+ cos 4φCS F4C
[

w4h⊥g
1 h⊥g

1

]}

, (2)

where d* = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along e⃗ = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to &y ∼ 0 in the hadron c.m.s., 

•Need to subtract double-parton-scattering contribution from data

• Invariant mass of pair  scale variation→
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Figure 8: Normalised pT spectrum of di-J/ production in di↵erent ydi-J/ intervals, compared

with TMD predictions [18] in the TMD region pdi-J/ 
T

< hmdi-J/ i/2. The average values of the

pdi-J/ 
T

distributions in three ydi-J/ intervals are presented at the top of the figure.

fixed to the values calculated by Eqs. 13 and 14, and the normalisation is fixed to that
of the SPS measurement. The results are consistent with zero, but the presence of an
azimuthal asymmetry at a few percent level is allowed. The prediction of hcos 2�CSi varies
from 0.009 to 0.016 due to nonperturbative uncertainties [18], also consistent with the
measured result given the large uncertainty so far.

The pT spectrum of the di-J/ signals from SPS can also be used to probe the gluon
TMDs, especially f g

1
(x, k2

T
, µ) [17,18]. It was pointed out in Ref. [18] that the variation of

the momentum fractions of the two interacting gluons, x1,2 = mdi-J/ e
±ydi-J/ /

p
s, do not

have significant impact on the shape of the pdi-J/ 
T

spectrum. The pdi-J/ 
T

spectrum is thus
measured in three di↵erent intervals of ydi-J/ for the SPS process, and the cross-section
results are listed in Tables 18 and 19 in Appendix A for SPS+DPS and SPS separately.
The distributions are normalised for comparison in Fig. 8. They are consistent with
each other within the uncertainties. The average values of the pdi-J/ 

T
distributions in

three ydi-J/ intervals are also presented at the top of Fig. 8, and show no significant
variations. The TMD predictions [18], which are only applicable in the TMD region

pdi-J/ 
T

< hmdi-J/ i/2, are also shown in Fig. 8, and peak at higher pdi-J/ 
T

than the measured
distributions.

In addition, the study of the dependence of TMDs on the renormalisation and
rapidity scales, requires a measurement of the pT spectrum at di↵erent mdi-J/ [18].

The di↵erential cross-sections d�/dpdi-J/ 
T

in the three intervals 6 < mdi-J/ < 7GeV/c2,
7 < mdi-J/ < 9GeV/c2 and 9 < mdi-J/ < 24GeV/c2, are listed in Tables 20 and 21 in
Appendix A for SPS+DPS and SPS separately. The normalised pT spectra of the di-J/ 
production for SPS in di↵erent mdi-J/ intervals with the expected values of hmdi-J/ i = 6.6,
7.9 and 11.0GeV/c2, respectively, are compared in Figure 9, with the TMD predictions [18]

14
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Figure 9: Normalised pT spectrum of di-J/ production in three mdi-J/ intervals with
hmdi-J/ i =6.6, 7.9 and 11.0GeV/c2, compared with TMD predictions [18] in the TMD re-

gion pdi-J/ 
T

< hmdi-J/ i/2. The average values of the pdi-J/ 
T

distributions in three mdi-J/ 

intervals are presented at the top of the figure.

overlaid in the TMD region. According to the prediction, the pT spectrum would broaden
as mdi-J/ increases [18], but no obvious broadening of the pT spectrum can be seen in the

TMD region due to the large uncertainties. The average values of the pdi-J/ 
T

distributions
in three mdi-J/ intervals are also presented at the top of Fig. 9, and slightly increase with
mass.

9 Conclusion

The J/ -pair production cross-section in pp collisions at
p
s = 13TeV is measured to be

16.36± 0.28 (stat)± 0.88 (syst) nb using a data sample corresponding to an integrated
luminosity of 4.2 fb�1 collected by the LHCb experiment, with both J/ mesons in
the range of pT < 14GeV/c and 2.0 < y < 4.5. The contributions from DPS and
SPS are separated based on distinctive �y dependences of their corresponding cross-
sections. The e↵ective cross-section characterising the DPS process is determined to
be �e↵ = 13.1 ± 1.8 (stat) ± 2.3 (syst)mb, and is consistent with most of the existing
measurements. The di↵erential cross-sections in SPS are consistent with the NLO* CS
predictions which are plagued by large theoretical uncertainties. The cross-sections
predicted by PRA+NRQCD overshoot the SPS data at small mdi-J/ and agree with them
at large mdi-J/ .

The gluon TMDs are probed via the �CS distribution and the pdi-J/ 
T

spectrum from
the SPS process. The extracted values of hcos 2�CSi and hcos 4�CSi are consistent with
zero, but the presence of an azimuthal asymmetry at a few percent level is allowed. The
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Figure 8: Pion cross sections as a function of PT in bins of x and for selected bins of Q2 for three di↵erent collision energies. For visibility all z bins were combined.
The uncertainty boxes are based on the di↵erences between true and reconstructed yields and give an indication of the maximal size of uncertainties due to kinematic
resolutions.

Figure 9: Expected EIC uncertainties on the unpolarized TMD PDFs (top) and FFs (bottom) as a function of the intrinsic transverse momentum for certain x and z
slices in comparison to the existing uncertainties.
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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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Transverse Momentum Distributions – 3D!
3D Maps of partonic distributions
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x = 0.25 x = 0.09

The various dimensions of the nucleon structure

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

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

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

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

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

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

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

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

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

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

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

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

• 2ξ=longitudinal momentum transfer

• t=squared momentum transfer to hadron

GPDs are probability amplitudes

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

• in general: no experimental access to x

What are generalised parton distributions (GPDs)?



42

• x=average longitudinal momentum fraction

• 2ξ=longitudinal momentum transfer

• t=squared momentum transfer to hadron

GPDs are probability amplitudes

proton helicity flipproton helicity non flip

Four parton helicity-conserving twist-2 GPDs

parton-spin independent

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

E(x, ⇠, t)H(x, ⇠, t)

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

• experimental access to t and ξ 

• in general: no experimental access to x

• for spin-1/2 hadron:

What are generalised parton distributions (GPDs)?



proton helicity flipproton helicity non flip

Four parton helicity-conserving twist-2 GPDs

parton-spin independent

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

E(x, ⇠, t)H(x, ⇠, t)

43

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

for the nucleon:

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

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

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

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

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

2

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

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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FIG. 4: Plots of the radial pressure, (a) pr(r) and (b) 4⇡ r
2
pr(r), using the multipole model (11) with parameters given in

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

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

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

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

Z
d3r "a(r) =

⇥
Aa(0) + C̄a(0)

⇤
M,

Z
d3r pa(r) = �C̄a(0)M. (46)

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

Z
d3r r2 sa(r) = �

15

M
Ca(0) . (47)

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

Z
d3r r2pr(r) = �

6

M
C(0) ,

Z
d3r r2pt(r) =

9

M
C(0) ,

Z
d3r r2p(r) =

4

M
C(0) . (48)

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

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

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

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

Z
d3r "a(r) =

⇥
Aa(0) + C̄a(0)

⇤
M,

Z
d3r pa(r) = �C̄a(0)M. (46)

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

Z
d3r r2 sa(r) = �

15
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Ca(0) . (47)

Summing over the constituents, one obtains the following additional relations [26, 86]
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d3r r2pr(r) = �
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M
C(0) ,

Z
d3r r2pt(r) =
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M
C(0) ,
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M
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tangential pressure
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Fig. 1 The radial pressure pr (r) and the tangential pressure pt (r) at
a distance r from the center of the system (31). Spherical symmetry
imposes only the equality of the two tangential pressures

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

!µν(r) = [ε(r)+ p(r)] uµuν − p(r)ηµν

+ s(r)
(

χµχν − 1
3
hµν

)
(32)

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

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

, s(r) = pr (r) − pt (r). (33)

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

εa(r) = M
{
Aa(r)+ C̄a(r)+

1
4M2

1
r2

× d
dr

(
r2 d

dr
[Ba(r) − 4Ca(r)]

)}
, (34)

pr,a(r) = M
{
−C̄a(r)+

1
M2

2
r

dCa(r)
dr

}
, (35)

pt,a(r) = M
{
−C̄a(r)+

1
M2

1
r

d
dr

(
r

dCa(r)
dr

)}
, (36)

pa(r) = M
{
−C̄a(r)+

2
3

1
M2

1
r2

d
dr

(
r2 dCa(r)

dr

)}
, (37)

sa(r) = M
{
− 1
M2 r

d
dr

(
1
r

dCa(r)
dr

)}
, (38)

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

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

εa(r) = M
∫

d3!

(2π)3 e−i!·r
{
Aa(t)+ C̄a(t)

+ t
4M2 [Ba(t) − 4Ca(t)]

}
, (39)

pr,a(r) = M
∫

d3!

(2π)3 e−i!·r
{

− C̄a(t)

− 4
r2

t−1/2

M2

d
dt

(
t3/2 Ca(t)

)}
, (40)

pt,a(r) = M
∫

d3!

(2π)3 e−i!·r
{

− C̄a(t)

+ 4
r2

t−1/2

M2

d
dt

[
t

d
dt

(
t3/2 Ca(t)

)]}
, (41)

pa(r) = M
∫

d3!

(2π)3 e−i!·r
{
−C̄a(t)+

2
3

t
M2 Ca(t)

}
,

(42)

sa(r) = M
∫

d3!

(2π)3 e−i!·r
{
− 4
r2

t−1/2

M2

d2

dt2

(
t5/2 Ca(t)

)}
,

(43)

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

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

R2
M = 1

M

∫
d3r r2 ε(r) = 6

[
dA(t)

dt

∣∣∣
t=0

− 1
M2 C(0)

]
.

(44)

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

m(r) = 4π

∫ r

0
dr ′ r ′2 ε(r ′) (45)

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

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

123
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Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

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

• chirality conserved by quark-gluon and quark-photon coupling
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

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

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

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

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

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

Hard scale=large Q2

CLAS – PRC 95 ('17) 035207;  95 (2017) 035202


COMPASS – PLB 731 ('14) 19; NPB 915 ('17) 454


JLab Hall A Collaboration – PRC 83 ('11) 025201


HERMES – EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378


H1 – JHEP 05('10)032; EPJ C 46 ('06) 585


ZEUS – PMC Phys. A1 ('07) 6; NPB 695 ('04) 3

fixed target: medium/large xB , quarks

colliders, small xB, gluons
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Hard exclusive meson production

Hard scale=large Q2

CLAS – PRC 95 ('17) 035207;  95 (2017) 035202


COMPASS – PLB 731 ('14) 19; NPB 915 ('17) 454


JLab Hall A Collaboration – PRC 83 ('11) 025201


HERMES – EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378


H1 – JHEP 05('10)032; EPJ C 46 ('06) 585


ZEUS – PMC Phys. A1 ('07) 6; NPB 695 ('04) 3

fixed target: medium/large xB , quarks

colliders, small xB, gluons
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

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

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

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

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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down to xB=10-4

gluons!
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addition, different reactions exhibit strongly different W dependences. The total photoproduc-
tion cross section and the photoproduction of light VM show weak energy dependences, typical
of soft, hadron–hadron processes. In contrast, increasingly steep W dependences are observed
with increasing mass or Q2. In detail, theW dependences are investigated using a parameterisa-
tion inspired by Regge theory, in the form of a power law with a linear parameterisation of the
effective trajectory

σ ∝ W δ, δ = 4 (αIP − 1), αIP (t) = αIP (0) + α′ · t. (1)
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Fig. 3: W dependences of (left) total and VM photoproduction cross sections; (right) ρ electroproduction for several
values of Q2. The lines show fits to the formW δ.

The intercept αIP (0) of the effective trajectory quantifies the energy dependence of the
reaction for t = 0. The evolution of αIP (0) with µ2 is shown in Fig. 4-left. Light VM production
at small µ2 gives values of αIP (0) <

∼ 1.1, similar to those measured for soft hadron–hadron
interactions [33]. In contrast larger values, αIP (0) >∼ 1.2, are observed for DVCS, for light VM
at largeQ2 and for heavy VM at allQ2. This increase is related to the large parton densities in the
proton at small x, which are resolved in the presence of a hard scale: theW dependences of the
cross section is governed by the hard x−λ evolution of the gluon distribution, with λ ≃ 0.2 for
Q2 ≃ M2

J/ψ . TheW dependences of VM cross sections, measured for different Q2 values, are
reasonably well described by pQCD models (not shown). In detail these are however sensitive
to assumptions on the imput gluon densities in the domain 10−4 <

∼ x <
∼ 10−2 which is poorly

constrained by inclusive data [25, 34].
The slope α′ in eq. (1) describes the correlation between the t andW dependences of the

cross section. The measurement of the evolution with t of the δ exponent can be parameterised
as a W dependence of the b slopes, with b = b0 + 4α′ lnW/W0. In hadron–hadron scattering,
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Figure 21: t dependence of the γ∗p elastic (a)-(c) and proton dissociative (b)-(d) production
cross sections for several values of Q2: (a)-(b) ρ production; (c)-(d) φ production. Some distri-
butions are multiplied by constant factors to improve the readability of the figures. The overall
normalisation errors, not included in the error bars, are the same as in Fig. 12. The superim-
posed curves correspond to exponential fits to the data (solide lines), to predictions from the
MPS model [62] (dashed lines), and to fits of Eq. (20) parameterising the two-gluon form factor
in the FS model [54] (dotted lines). The measurements are given in Tables 26-29.
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Figure 11: A compilation of the value of the slope b from a fit of the form
dσ/d|t| ∝ e−b|t| for exclusive vector-meson electroproduction, as a function of Q2 +
M2. Also included is the DVCS result. The inner error bars indicate the statistical
uncertainty, the outer error bars represent the statistical and systematic uncertainty
added in quadrature.
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dDVCS/dt= e-B|t| =  (ImH )2 2016 analysed statistics =  2.3  Ref
2016+2017 expected statistics = 10   Ref

2012 statistics =  Ref

from Kumericki & Mueller

from Goloskokov & Kroll

2016

2012

Improvements in 2016 analysis compared to 2012
 same intensity with mu+ and mu- beam in 2016
 more advanced analysis with 2016 data, still ongoing 
 0 contamination with different thresholds
 better MC description of the evolution in ν
 binning with 3 variables (t,Q2,ν) or 4 variables (t,,Q2,ν)
 different binning in t 10/24
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We report on the first measurement of exclusive single-photon muoproduction on the proton by 
COMPASS using 160 GeV/c polarised µ+ and µ− beams of the CERN SPS impinging on a liquid hydrogen 
target. We determine the dependence of the average of the measured µ+ and µ− cross sections for 
deeply virtual Compton scattering on the squared four-momentum transfer t from the initial to the 
final proton. The slope B of the t-dependence is fitted with a single exponential function, which yields 
B = (4.3 ± 0.6stat

+ 0.1
− 0.3

∣∣
sys) (GeV/c)−2. This result can be converted into a transverse extension of partons 

in the proton, 
√

⟨r2
⊥⟩ = (0.58 ± 0.04stat

+ 0.01
− 0.02

∣∣
sys ± 0.04model) fm. For this measurement, the average 

virtuality of the photon mediating the interaction is ⟨Q 2⟩ = 1.8 (GeV/c)2 and the average value of the 
Bjorken variable is ⟨xBj⟩ = 0.056.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The structure of the proton has been studied over half a cen-
tury, still its understanding constitutes one of the very important 
challenges that physics is facing today. Quantum Chromodynamics 
(QCD), the theory of strong interaction that governs the dynamics 
of quarks and gluons as constituents of the proton, is presently not 
analytically solvable. Lepton-proton scattering experiments have 
been proven to be very powerful tools to unravel the internal dy-
namics of the proton: (i) elastic scattering allows access to charge 
and current distributions in the proton by measuring electromag-
netic form factors; (ii) deep-inelastic scattering (DIS) provides im-
portant information on the density distributions as a function of 
longitudinal momentum for quarks and gluons in the proton, en-
coded in universal parton distribution functions.

Deeply virtual Compton scattering (DVCS), γ ∗ p → γ p, is the 
production of a single real photon γ through the absorption of a 
virtual photon γ ∗ by a proton p. This process combines features of 
the elastic process and those of the inelastic processes. Using the 
concept of generalized parton distributions (GPDs) [1–5], it was 
shown [6–9] that in a certain kinematic domain DVCS allows ac-
cess to correlations between transverse-position and longitudinal-
momentum distributions of the partons in the proton. Here, longi-
tudinal and transverse refer to the direction of motion of the initial 
proton facing the virtual photon. The measurement of DVCS probes 
the transverse extension of the parton density in the proton over 
the experimentally accessible region of longitudinal momentum of 

the active parton. Exploring the interplay between longitudinal and 
transverse partonic degrees of freedom by DVCS is often referred to 
as “proton tomography”. The DVCS process is studied through ex-
clusive single-photon production in lepton-proton scattering. The 
experimental results obtained so far are discussed in a recent re-
view [10].

In this Letter, we present the result on a measurement of 
the DVCS cross section obtained by studying exclusive single-
photon production in muon-proton scattering, µp → µ′ p′γ . Fol-
lowing Refs. [6,7,11–13], the slope B of the measured exponential 
t-dependence of the differential DVCS cross section can approxi-
mately be converted into the average squared transverse extension 
of partons in the proton as probed by DVCS,

⟨r2
⊥(xBj)⟩ ≈ 2⟨B(xBj)⟩h̄2, (1)

which is measured at the average value of xBj accessed by COM-
PASS. The approximation used above is discussed in Sec. 5. In the 
following we refer to 

√
⟨r2

⊥⟩ as transverse extension of partons. 
Here, t is the squared four-momentum transferred to the target 
proton, xBj = Q 2/(2Mν) the Bjorken variable, Q 2 = −(kµ − kµ′ )2, 
and ν = (k0

µ − k0
µ′ ) the energy of the virtual photon in the tar-

get rest frame, with kµ and kµ′ denoting the four-momenta of 
the incoming and scattered muon, respectively, and M the pro-
ton mass. The quantity r⊥ is the transverse distance between the 
active quark and the centre of momentum of the spectator quarks 

https://doi.org/10.1016/j.physletb.2019.04.038
0370-2693/© 2019 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

i An update to this article is included at the end
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Fig. 3. The ⇡+⇡�⇡0 invariant-mass distribution after appli-
cation of all criteria to select exclusively produced ! mesons.
The Breit–Wigner fit to the mass distribution is shown as a
continuous line and the vertical dashed line indicates the PDG
value of the ! mass [17].

ground under the exclusive peak. This fraction is calcu-205

lated as the ratio of the number of background events to206

the total number of events and amounts to about 21%.207

After application of all these constraints, the sample208

contains 279 exclusively produced ! mesons. This data209

sample is referred to in the following as data in the “entire210

kinematic region”. The ⇡
+
⇡
�
⇡
0
invariant-mass distribu-211

tion for this data sample is shown in Fig. 3. A Breit–212

Wigner fit yields 785.1 MeV (52.0 MeV) for the mass213

(width).214

Extraction of the asymmetry amplitudes215

The cross section for hard exclusive leptoproduction of216

a vector meson on a transversely polarized proton tar-217

get, written in terms of polarized photo-absorption cross218

sections and interference terms, is given by Eq. (34) in219

Ref. [19]. In this equation, the transverse-target-spin asym-220

metry AUT is decomposed into a Fourier series of terms221

involving sin(m� ± �S), with m = 0, ..., 3. The angles222

� and �S are the azimuthal angles of the !-production223

plane and of the component S? of the transverse nu-224

cleon polarization vector that is orthogonal to the virtual-225

photon direction. They are measured around the virtual–226

photon direction and with respect to the lepton-scattering227

plane (see Fig. 4). These definitions are in accordance228

with the Trento Conventions [20]. For the HERMES kine-229

matics and acceptance in exclusive ! production, sin ✓�⇤ <230

0.1 and cos ✓�⇤ > 0.99, which can be approximated by231

sin ✓�⇤ ⇡ 0 and cos ✓�⇤ ⇡ 1. Here the angle ✓�⇤ is be-232

tween the lepton-beam and virtual-photon directions.233

x
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Fig. 4. Lepton-scattering and !-production planes together
with the azimuthal angles � and �s, where Ph denotes the
three-momentum of the produced ! meson.

In this approximation, the angular-dependent part of234

Eq. (34) in Ref. [19] for an unpolarized beam reads:235

W(�,�S) = 1 +A
cos(�)
UU cos(�) +A

cos(2�)
UU cos(2�)

+ S?[A
sin(�+�S)
UT sin(�+ �S)

+A
sin(���S)
UT sin(�� �S)

+A
sin(�S)
UT sin(�S)

+A
sin(2���S)
UT sin(2�� �S)

+A
sin(3���S)
UT sin(3�� �S)],

(3)

where S? = |S?|. Here AUU and AUT denote the ampli-236

tudes of the corresponding cosine and sine modulations237

as given in their superscripts. The first letter in the sub-238

script denotes unpolarized beam and the second letter U239

(T ) denotes unpolarized (transversely polarized) target.240

The above approximation in conjunction with the addi-241

tional factor ✏/2 ⇡ 0.4, where ✏ is the ratio of fluxes of242

longitudinal and transverse virtual photons, allows one to243

neglect the contribution of the sin(2�+ �S) modulation.244

This approximation also makes the angular dependence245

of S? disappear (see Eq. (8) of Ref. [19]), and we use246

S? ' PT=0.72 in the following. We note that the modu-247

lation sin(���S) is the only one that appears at leading248

twist.249

For exclusive production of ! mesons decaying into250

three pions, the angular distribution of the latter can251

be decomposed into parts corresponding to longitudinally252

(L) and transversely (T) polarized ! mesons:253

W(�,�S , ✓) =
3

2
r
04
00 cos

2
(✓)wL(�,�S)

+
3

4
(1� r

04
00) sin

2
(✓)wT (�,�S).

(4)

Here, ✓ is the polar angle of the unit vector normal to the254

! decay plane in the !-meson rest frame, with the z-axis255

aligned opposite to the outgoing nucleon momentum [16].256

The pre-factors r
04
00 and (1� r

04
00) represent the fractional257

contribution to the full cross section by longitudinally258

and transversely polarized ! mesons, respectively [16].259

The first (second) term on the right-hand side of Eq. (4)260

represents the angular distribution of the longitudinally261
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E: γ* 
T
 → ρ -T

e p↑ →  e ρ p
→

u
(1)

11 phase from EPJ C29 (2003) 171

EPJ C71 (2011) 1609

Amplitude ratios

Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-

HERMES, Eur. Phys. J. C 77 (2017) 378
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Ẽ
Ẽ
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Fig. 31. DVCS photon acceptance in the backward (green), barrel (blue), and forward
(gray) ECAL’s, as a function of pseudorapidity. The red dotted line shows the
distribution of (generated) DVCS photons.

B0 detector was encoded in the simulation, allowing for accurate mod-
eling of the geometric acceptance directly in the Fun4All simulation.
However, the Roman Pot beam pipe cutout was not included in the
Fun4All software. Hits in the B0 were therefore selected directly, based
on which layers were hit first per event. Geometric cuts of ±5 cm in x

(detector horizontal plane) and ±1 cm in y (detector horizontal plane)
were applied to the center of both Roman Pots in the analysis of the
Fun4All output, to remove events which would have otherwise been
lost down the beam pipe into the beam dump. For the results shown
here, the analysis used ‘‘truth’’ momentum values, as currently there
was no reconstruction of momentum from the far forward detectors. For
each hit in the B0 detector planes or Roman Pots, the Geant4 particle
ID was used to select the detected protons. To simulate the expected
level of response of the detector, the ‘‘truth’’ momentum of the detected
protons was smeared by 1%. For these studies, position resolution
effects were not studied and the proton directions were kept intact.
This smearing level was selected as it is consistent with the proposed
detector technology, AC-LGAD, and its expected segmentation.

4.4.2. Results
The results shown here present the acceptances of ep-DVCS pho-

tons and protons, which enabled us to assess the accessible *t range
with the ECCE detector, required for nucleon imaging purposes. The
uncertainties shown in this study are only statistical for 10 fb*1 in-
tegrated luminosity. The resulting projected differential cross-section
measurements are also given. In the case of ep-DVCS, the *t variable
can be calculated using two different methods. The first one is based
solely on reconstruction from e

® + �, while the second corresponds to
the more standard definition, which is t = (p * p

®)2. During the study,
both methods gave comparable results. We chose to complete the study
with the latter method because the former is subject to significant
radiation correction which is poorly understood at the current stage
(larger uncertainty at certain kinematics regions).

Simulation of the current detector configuration exhibits good per-
formance for photon detection. Fig. 31 presents the acceptance as a
function of ⌘ of the real photon for the highest beam setup of 18 ù 275.
The acceptance is defined as the ratio of reconstructed photons in
the calorimeters to the number of generated photons in the MILOU3D
generator.

Contrary to the photon acceptance, which exhibits similar behavior
from the lowest to the highest beam configurations (the minimum
energy of DVCS photons must be much higher than the detection
limit of the calorimeters), in the proton case the acceptance is very
sensitive to the beam energies. The recoil proton acceptances of the
B0 spectrometer and Roman Pots for different energy configurations as
a function of the momentum transfer to the proton t = (p * p

®)2, for

Fig. 32. Acceptance for DVCS protons as a function of *t in the far-forward detectors
for different beam energy configurations. The inserts show the *t distributions of
generated events.

Fig. 33. Projected DVCS differential cross-section measurements as a function of the
momentum transfer *t for different bins in Q

2 and x
B
. The assumed integrated

luminosity is 10 fb*1 for each beam energy configuration.

each energy configuration studied, are shown in Fig. 32. The resulting
*t acceptance is shown to be very wide, continuous, and extends to
low-t. Such a wide coverage is essential for the precision extraction of
the transverse position distributions of quarks and gluons inside the
nucleon. It is also worth noting, that for the highest beam setup, the
minimal *t value is limited by the beam size and the mandatory gap
between Roman Pots and the beam.

The full exploration of nucleon GPDs will require multi-dimensional
measurements of the ep-DVCS differential cross-section in Q

2, x
B
, t

and the azimuthal angle � between the lepton and hadron planes in
the initial hadron rest frame. Fig. 33 shows the projected precision
and coverage of ep-DVCS differential cross-section measurements for
several beam energy configurations and in multi-dimensional bins of
Q

2, x
B
and t, whilst due to the aforementioned MILOU3D limitation

the � dependence is integrated. The uncertainties of the differential
cross-section are based on the expected integrated luminosity of L = 10
fb*1.

4.4.3. Summary
To summarize, our study shows that the ECCE detector is suit-

able to deliver a wide Q
2 and x

B
coverage for the ep-DVCS process

22

EIC: multidifferential in xB, t, Q2


with detection of scattered proton
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Future: EIC



Experimental access to GPDs: photoproduction
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Wmax
�p = 1.5 TeV

<latexit sha1_base64="jEXu0fvNQax8+ninCYIP6aV3Izs=">AAACEXicbVDJSgNBEO1xN25Rj14ag+ApzIiiF0Hw4lEhGyQx1HQqsbF7ZuiuEcMwfoIXf8WLB0W8evPm39hZDm4PCh7vVVFVL0yUtOT7n97U9Mzs3PzCYmFpeWV1rbi+UbNxagRWRaxi0wjBopIRVkmSwkZiEHSosB5enw79+g0aK+OoQoME2xr6kexJAeSkTnG3fpm1CG8p03Cb552s1QetgSf5cVA+uBtbFazlnWLJL/sj8L8kmJASm+C8U/xodWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eijnO84pct7sXEVER+p3ycy0NYOdOg6NdCV/e0Nxf+8Zkq9o3YmoyQljMR4US9VnGI+jId3pUFBauAICCPdrVxcgQFBLsSCCyH4/fJfUtsrB345uNgvnexP4lhgW2yb7bKAHbITdsbOWZUJds8e2TN78R68J+/Vexu3TnmTmU32A977F3RYnfY=</latexit><latexit sha1_base64="jEXu0fvNQax8+ninCYIP6aV3Izs=">AAACEXicbVDJSgNBEO1xN25Rj14ag+ApzIiiF0Hw4lEhGyQx1HQqsbF7ZuiuEcMwfoIXf8WLB0W8evPm39hZDm4PCh7vVVFVL0yUtOT7n97U9Mzs3PzCYmFpeWV1rbi+UbNxagRWRaxi0wjBopIRVkmSwkZiEHSosB5enw79+g0aK+OoQoME2xr6kexJAeSkTnG3fpm1CG8p03Cb552s1QetgSf5cVA+uBtbFazlnWLJL/sj8L8kmJASm+C8U/xodWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eijnO84pct7sXEVER+p3ycy0NYOdOg6NdCV/e0Nxf+8Zkq9o3YmoyQljMR4US9VnGI+jId3pUFBauAICCPdrVxcgQFBLsSCCyH4/fJfUtsrB345uNgvnexP4lhgW2yb7bKAHbITdsbOWZUJds8e2TN78R68J+/Vexu3TnmTmU32A977F3RYnfY=</latexit><latexit sha1_base64="jEXu0fvNQax8+ninCYIP6aV3Izs=">AAACEXicbVDJSgNBEO1xN25Rj14ag+ApzIiiF0Hw4lEhGyQx1HQqsbF7ZuiuEcMwfoIXf8WLB0W8evPm39hZDm4PCh7vVVFVL0yUtOT7n97U9Mzs3PzCYmFpeWV1rbi+UbNxagRWRaxi0wjBopIRVkmSwkZiEHSosB5enw79+g0aK+OoQoME2xr6kexJAeSkTnG3fpm1CG8p03Cb552s1QetgSf5cVA+uBtbFazlnWLJL/sj8L8kmJASm+C8U/xodWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eijnO84pct7sXEVER+p3ycy0NYOdOg6NdCV/e0Nxf+8Zkq9o3YmoyQljMR4US9VnGI+jId3pUFBauAICCPdrVxcgQFBLsSCCyH4/fJfUtsrB345uNgvnexP4lhgW2yb7bKAHbITdsbOWZUJds8e2TN78R68J+/Vexu3TnmTmU32A977F3RYnfY=</latexit><latexit sha1_base64="jEXu0fvNQax8+ninCYIP6aV3Izs=">AAACEXicbVDJSgNBEO1xN25Rj14ag+ApzIiiF0Hw4lEhGyQx1HQqsbF7ZuiuEcMwfoIXf8WLB0W8evPm39hZDm4PCh7vVVFVL0yUtOT7n97U9Mzs3PzCYmFpeWV1rbi+UbNxagRWRaxi0wjBopIRVkmSwkZiEHSosB5enw79+g0aK+OoQoME2xr6kexJAeSkTnG3fpm1CG8p03Cb552s1QetgSf5cVA+uBtbFazlnWLJL/sj8L8kmJASm+C8U/xodWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eijnO84pct7sXEVER+p3ycy0NYOdOg6NdCV/e0Nxf+8Zkq9o3YmoyQljMR4US9VnGI+jId3pUFBauAICCPdrVxcgQFBLsSCCyH4/fJfUtsrB345uNgvnexP4lhgW2yb7bKAHbITdsbOWZUJds8e2TN78R68J+/Vexu3TnmTmU32A977F3RYnfY=</latexit>

PHENIX: Au-Au – Phys. Lett. B 679 ('09) 321 

CDF: p-p – Phys. Rev. Lett. 102 ('09) 242001


CMS, PbPb: Phys. Lett. B 772 ('17) 489


CMS, pPb: Eur. Phys. J. C 79 ('19) 277 

ALICE: Pb-Pb – Eur. Phys. J. C 73 ('13) 2617; Phys. Lett. B 718 ('13) 1273;

                                 Phys. Lett. B 751 (’15) 358; Phys. Lett. B 798 (’19) 134926. 
ALICE: p-Pb – Phys. Rev. Lett. 113 ('14) 232504; Eur. Phys. J. C 79 (’19) 402


LHCb: PbPb – CERN-LHCb-CONF-2018-003 

LHCb: pp – J. Phys. G: Nucl. Part. Phys. 40 ('13) 045001; 41 ('14) 055002;                                               

                        JHEP 1509 ('15) 084); JHEP10('18)167down to xB=10-6
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Hard scale = large charm/bottom-quark mass 

H1 – EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251

ZEUS – Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4

W�p = [30, 300] GeV
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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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Ultra-peripheral collisions
large–impact-parameter interactions

1. Introduction

Contributed by: K. Hencken, M. Strikman, R. Vogt and P. Yepes

In 1924 Enrico Fermi, 23 at the time, proposed the equivalent photon method [1]
which treated the moving electromagnetic fields of a charged particle as a flux of virtual

photons. A decade later, Weizsäcker and Williams applied the method [2] to relativistic

ions. Ultraperipheral collisions, UPCs, are those reactions in which two ions interact via

their cloud of virtual photons. The intensity of the electromagnetic field, and therefore

the number of photons in the cloud surrounding the nucleus, is proportional to Z2. Thus

these types of interactions are highly favored when heavy ions collide. Figure 1 shows
a schematic view of an ultraperipheral heavy-ion collision. The pancake shape of the

nuclei is due to Lorentz contraction.

b>R +R
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Figure 1. Schematic diagram of an ultraperipheral collision of two ions. The impact
parameter, b, is larger than the sum of the two radii, RA +RB. Reprinted from Ref. [3]
with permission from Elsevier.

Ultraperipheral photon-photon collisions are interactions where the radiated

photons interact with each other. In addition, photonuclear collisions, where one
radiated photon interacts with a constituent of the other nucleus, are also possible.

The two processes are illustrated in Fig. 2(a) and (b). In these diagrams the nucleus

that emits the photon remains intact after the collision. However, it is possible to have

an ultraperipheral interaction in which one or both nuclei break up. The breakup may

occur through the exchange of an additional photon, as illustrated in Fig. 2(c).

In calculations of ultraperipheral AB collisions, the impact parameter is usually
required to be larger than the sum of the two nuclear radii, b > RA + RB. Strictly

speaking, an ultraperipheral electromagnetic interaction could occur simultaneously

with a hadronic collision. However, since it is not possible to separate the hadronic and

electromagnetic components in such collisions, the hadronic components are excluded

by the impact parameter cut.
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Figure 1. Schematic diagram of an ultraperipheral collision of two ions. The impact
parameter, b, is larger than the sum of the two radii, RA +RB. Reprinted from Ref. [3]
with permission from Elsevier.

Ultraperipheral photon-photon collisions are interactions where the radiated

photons interact with each other. In addition, photonuclear collisions, where one
radiated photon interacts with a constituent of the other nucleus, are also possible.

The two processes are illustrated in Fig. 2(a) and (b). In these diagrams the nucleus

that emits the photon remains intact after the collision. However, it is possible to have

an ultraperipheral interaction in which one or both nuclei break up. The breakup may

occur through the exchange of an additional photon, as illustrated in Fig. 2(c).

In calculations of ultraperipheral AB collisions, the impact parameter is usually
required to be larger than the sum of the two nuclear radii, b > RA + RB. Strictly

speaking, an ultraperipheral electromagnetic interaction could occur simultaneously

with a hadronic collision. However, since it is not possible to separate the hadronic and

electromagnetic components in such collisions, the hadronic components are excluded

by the impact parameter cut.
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System
p
sAB EA EB (a) �A$B (b) E�Max (c) Erest

�Max (d) Wmax
�p (e) x�Max

pPb 115 GeV 7 TeV mB 7515 28 MeV 210 GeV 19.8 GeV 0.03
Pbp 72 GeV 2.76 TeV mB 2946 28 MeV 82 GeV 12.4 GeV 0.03
pPb 5.02 TeV 4 TeV 1.567 TeV 1.43⇥ 107 28 MeV 0.4 PeV 0.86 TeV 0.03
pPb 8.16 TeV 6.5 TeV 2.56 TeV 3.78⇥ 107 28 MeV 1 PeV 1.4 TeV 0.03
pp 13 TeV 6.5 TeV 6.5 TeV 9.6⇥ 107 116 MeV 11 PeV 4.6 TeV 0.12

Table 1: (a) Lorentz boost between nucleon rest frames �A$B ⇡
sAB

2m2
N

; (b) Maximal photon energy in UPC

in emitter rest frame, ~c
bmin

; (c) Max energy of photon in receiver rest frame �A$BE�Max; (d) Maximum

photoproduction centre of mass energy
p

2mAE�max; (e) Maximal momentum fraction transferred to

proton
smax

�N

sNN

. The A/B quantities are per nucleon.

photon PDF is not well constrained. In order to regain some theoretical control it is suggested that some89

kinematic reconstruction be done when making the experimental measurement.90

2 Defining the Signal91

Photoproduction implies a photon induced interaction, see figure 3. In pPb/Pbp collisions due to the92

enhanced photon flux from the Pb ion, the contribution of photon induced interactions from the proton93

can be considered negligible.

Pb

p

�

X

Figure 3: Photoproduction in pPb/Pbp collisions.

94

In what follows leading order (LO) partonic processes for colour singlet vector-meson production are95

considered. The first processes that will be discussed are classified as di↵ractive. Di↵ractive processes96

involve a colourless exchange of particles. These contributions are mediated by a photon-Pomeron exchange.97

At LO the Pomeron can be thought of as a two-gluon colour singlet state. This exchange can either leave98

the proton intact or cause the proton to be excited and disassociate. Figures 4a and 4b show what will be99

referred to as the di↵ractive and di↵ractive-dissociative contributions to J/ production respectively. In100

[15] the di↵ractive and di↵ractive-dissociative contributions were distinguished by looking for the presence101

or absence of activity in the forward detectors, to signal a dissociated or intact proton. In ep collisions the102

measured cross-sections for di↵ractive and di↵ractive-dissociative were found to be comparable [15]. The103

p2T distribution was found to be flatter for the di↵ractive-dissociative than for the pure di↵ractive case and104

the W�p distribution was found to be steeper for the di↵ractive-dissociative than for the pure di↵ractive105

contribution [15]. These di↵ractive contributions make up the exclusive signal.106
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�Max (d) Wmax
�p (e) x�Max

pPb 115 GeV 7 TeV mB 7515 28 MeV 210 GeV 19.8 GeV 0.03
Pbp 72 GeV 2.76 TeV mB 2946 28 MeV 82 GeV 12.4 GeV 0.03
pPb 5.02 TeV 4 TeV 1.567 TeV 1.43⇥ 107 28 MeV 0.4 PeV 0.86 TeV 0.03
pPb 8.16 TeV 6.5 TeV 2.56 TeV 3.78⇥ 107 28 MeV 1 PeV 1.4 TeV 0.03
pp 13 TeV 6.5 TeV 6.5 TeV 9.6⇥ 107 116 MeV 11 PeV 4.6 TeV 0.12

Table 1: (a) Lorentz boost between nucleon rest frames �A$B ⇡
sAB

2m2
N

; (b) Maximal photon energy in UPC

in emitter rest frame, ~c
bmin

; (c) Max energy of photon in receiver rest frame �A$BE�Max; (d) Maximum

photoproduction centre of mass energy
p

2mAE�max; (e) Maximal momentum fraction transferred to

proton
smax

�N

sNN

. The A/B quantities are per nucleon.

photon PDF is not well constrained. In order to regain some theoretical control it is suggested that some89

kinematic reconstruction be done when making the experimental measurement.90

2 Defining the Signal91

Photoproduction implies a photon induced interaction, see figure 3. In pPb/Pbp collisions due to the92

enhanced photon flux from the Pb ion, the contribution of photon induced interactions from the proton93

can be considered negligible.

Pb

p

�

X

Figure 3: Photoproduction in pPb/Pbp collisions.

94

In what follows leading order (LO) partonic processes for colour singlet vector-meson production are95

considered. The first processes that will be discussed are classified as di↵ractive. Di↵ractive processes96

involve a colourless exchange of particles. These contributions are mediated by a photon-Pomeron exchange.97

At LO the Pomeron can be thought of as a two-gluon colour singlet state. This exchange can either leave98

the proton intact or cause the proton to be excited and disassociate. Figures 4a and 4b show what will be99

referred to as the di↵ractive and di↵ractive-dissociative contributions to J/ production respectively. In100

[15] the di↵ractive and di↵ractive-dissociative contributions were distinguished by looking for the presence101

or absence of activity in the forward detectors, to signal a dissociated or intact proton. In ep collisions the102

measured cross-sections for di↵ractive and di↵ractive-dissociative were found to be comparable [15]. The103

p2T distribution was found to be flatter for the di↵ractive-dissociative than for the pure di↵ractive case and104

the W�p distribution was found to be steeper for the di↵ractive-dissociative than for the pure di↵ractive105

contribution [15]. These di↵ractive contributions make up the exclusive signal.106

4

YOu already used LO in subsec. 1.1., you should define it there

Better, I think: “The contribution of photon induced interactions from the proton
can be considered negligible.in pPb collisions because of the enhance photon 
flux from the lead ion.”

table: K. Lynch
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photon virtuality
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Int. J. Mod. Phys. A 30 (2015) 1530022 

• Ability to trigger on low pT objects (pT > 400 MeV)
• Low(er) number of visible interactions cf. ATLAS, CMS 
• Forward coverage allows high W and low gluon x to be 

probed in photoproduction

(see also R. McNulty’s talk in this session)
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4 Tm magnet
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RICH
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p(A)

p(A) • low pT threshold: pT>400 MeV 
• particle identification 
• no detection around beam line but  
• low number of interactions 
  per beam crossing: 1.1–1.5 
• large coverage in rapidity

Int. J. Mod. Phys. A 30 (2015) 1530022 
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R. McNulty, CEP at LHCb: Measurements and Opportunities 9 

High Rapidity Shower Counters at LHCb 
(HeRSCheL) JINST 13 (2018) P04017 

Installed for Run 2  (2015-2018) 

• low pT threshold: pT>400 MeV 
• particle identification 
• no detection around beam line but  
• low number of interactions 
  per beam crossing: 1.1–1.5 
• large coverage in rapidity

Herschel JHEP 10 (2018) 167 
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Exclusive single ѱ production in pp collisions
•Exclusive J/ѱ and ѱ(2S):          7 TeV and part of         13 TeV data (from 2015) 


→ xB down to 2x10-6


•Reconstruction via dimuon decay, with 2<η<4.5.

•No other detector activity.

•Quarkonia J//ѱ and ѱ(2S): 2<y<4.5 and pT<0.8 GeV22
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Exclusive single ѱ production in pp collisions
•Exclusive J/ѱ and ѱ(2S):          7 TeV and part of         13 TeV data (from 2015) 


→ xB down to 2x10-6


•Reconstruction via dimuon decay, with 2<η<4.5.

•No other detector activity.

•Quarkonia J//ѱ and ѱ(2S): 2<y<4.5 and pT<0.8 GeV22
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Figure 1. Invariant mass distribution of dimuon candidates. The J/ψ and ψ(2S) mass windows
of the signal regions are indicated by the vertical lines.

The power of HeRSCheL to discriminate CEP events can be seen in figure 3, which

shows the distributions of χ2
HRC for three classes of low-multiplicity-triggered events. The

first class is CEP-enriched dimuons: events in the nonresonant dimuon sample with

p2T < 0.01GeV2, which has a purity of 97% for electromagnetic CEP events. The second

class, inelastic-enriched J/ψ , applies the nominal J/ψ selections but requires p2T > 1GeV2,

thus selecting inelastic events with proton dissociation. The third class consists of events

with more than four tracks reconstructed. Figure 3 shows that CEP-enriched events have

lower values of χ2
HRC. To select exclusive J/ψ and ψ(2S) candidates, it is required that

log(χ2
HRC) < 3.5; this value is chosen in order to minimise the combined statistical and

systematic uncertainty on the total cross-sections. After the event selections, there are

14 753 J/ψ signal candidates and 440 ψ(2S) signal candidates remaining.

The estimation of the signal efficiency, ϵH, for the requirement log(χ2
HRC) < 3.5 is

described in section 3.1. Using this, section 3.2 explains how the purity of the signal sample

is estimated. The signal efficiency of all selection requirements is detailed in section 3.3.

3.1 HeRSCheL efficiency of selecting signal events

The efficiency for the veto on HeRSCheL activity is estimated from data using the non-

resonant calibration sample. The fits to the p2T distributions in figure 2 give the numbers

of electromagnetic CEP events with and without the HeRSCheL veto. The ratio of these

gives the efficiency of the veto, which is determined to be ϵH = 0.723 ± 0.008. The signal

loss includes in particular a contribution from events where there is an additional primary

interaction only seen in the HeRSCheL detector, as well as spill-over from previous col-

lisions, electronic noise and calibration effects, as discussed in ref. [15]. This efficiency,

measured using the nonresonant sample, is applicable to any CEP process, with the same

veto, collected in this data-taking period.

– 4 –

= Bethe-Heitler process
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

follow an exponential dependence, exp (bpdt), with bpd = 1.07 ± 0.11 GeV−2 for J/ψ and
bpd = 0.59 ± 0.17 GeV−2 for ψ (2S) [27]. For larger values of |t| a power law is required [8].

The values of b measured at HERA can be extrapolated to LHC energies using Regge
theory: b(W ) = b0 + 4α′ log(W/W0), with W0 = 90 GeV and α′ = 0.164 ± 0.041 GeV−2 [7]
for the elastic process while α′ = −0.014 ± 0.009 GeV−2 [27] for proton dissociation. This
predicts bs ≈ 6 GeV−2 and bpd ≈ 1 GeV−2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated in
figure 3, and with the requirement of p2

T < 0.8 GeV2/c2 for the J/ψ and ψ (2S) removed, the
data are fitted to the function

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed down fixed to that obtained in section 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using χc → J/ψ γ

and ψ (2S) → J/ψ ππ candidates. The numbers N1, N2 and N3 normalize each of the three
functions to unity in the region p2

T < 0.8 GeV2/c2, while bs and bpd are free parameters.
The result of the fit for the J/ψ sample is shown in figure 4(a). The χ2/ndf of the fit is

115/96 and returns values of bs = 5.70 ± 0.11 GeV−2 and bpd = 0.97 ± 0.04 GeV−2. Below
p2

T = 0.8 GeV2/c2, the signal fraction is 0.597 ± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ψ sample of 0.592 ± 0.012. The result of the fit
for the ψ (2S) sample is shown in figure 4(b). The χ2/ndf of the fit is 11/16 and returns values
of bs = 5.1 ± 0.7 GeV−2 and bpd = 0.8 ± 0.2 GeV−2. Below p2

T = 0.8 GeV2/c2, the signal
fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an overall purity
for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2

T, the H1 collaboration introduced a
function of the form (1 + bpd p2

T/n)−n which interpolates between an exponential at low p2
T

and a power law at high p2
T [8]. Using this functional form and holding n = 3.58, as determined
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The differential cross-section in each bin is

dσψ→µ+µ−

dy
(2.0 < ηµ < 4.5) =

PN

ϵrecϵsel∆yϵsingleLtot
, (4.1)

and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ

which is equal to 0.3329± 0.0003. This value is about 40% higher than the corresponding

one in the 7TeV analysis. The lower number of pp interactions per beam crossing at√
s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in

a dedicated calibration dataset [27].

5 Systematic uncertainties

Various sources of systematic uncertainties have been considered and are summarised in

table 1 for the total cross-section. Excluding the uncertainty on the luminosity, they

amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which

is 0.6% on the total cross-sections.
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The differential cross-section in each bin is

dσψ→µ+µ−

dy
(2.0 < ηµ < 4.5) =

PN

ϵrecϵsel∆yϵsingleLtot
, (4.1)

and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ

which is equal to 0.3329± 0.0003. This value is about 40% higher than the corresponding

one in the 7TeV analysis. The lower number of pp interactions per beam crossing at√
s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in

a dedicated calibration dataset [27].

5 Systematic uncertainties

Various sources of systematic uncertainties have been considered and are summarised in

table 1 for the total cross-section. Excluding the uncertainty on the luminosity, they

amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which

is 0.6% on the total cross-sections.
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The differential cross-section in each bin is

dσψ→µ+µ−

dy
(2.0 < ηµ < 4.5) =

PN

ϵrecϵsel∆yϵsingleLtot
, (4.1)

and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ

which is equal to 0.3329± 0.0003. This value is about 40% higher than the corresponding

one in the 7TeV analysis. The lower number of pp interactions per beam crossing at√
s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in

a dedicated calibration dataset [27].

5 Systematic uncertainties

Various sources of systematic uncertainties have been considered and are summarised in

table 1 for the total cross-section. Excluding the uncertainty on the luminosity, they

amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which

is 0.6% on the total cross-sections.
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The differential cross-section in each bin is

dσψ→µ+µ−

dy
(2.0 < ηµ < 4.5) =

PN

ϵrecϵsel∆yϵsingleLtot
, (4.1)

and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ

which is equal to 0.3329± 0.0003. This value is about 40% higher than the corresponding

one in the 7TeV analysis. The lower number of pp interactions per beam crossing at√
s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in

a dedicated calibration dataset [27].

5 Systematic uncertainties

Various sources of systematic uncertainties have been considered and are summarised in

table 1 for the total cross-section. Excluding the uncertainty on the luminosity, they

amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which

is 0.6% on the total cross-sections.
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The differential cross-section in each bin is

dσψ→µ+µ−

dy
(2.0 < ηµ < 4.5) =

PN

ϵrecϵsel∆yϵsingleLtot
, (4.1)

and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ

which is equal to 0.3329± 0.0003. This value is about 40% higher than the corresponding

one in the 7TeV analysis. The lower number of pp interactions per beam crossing at√
s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in

a dedicated calibration dataset [27].

5 Systematic uncertainties

Various sources of systematic uncertainties have been considered and are summarised in

table 1 for the total cross-section. Excluding the uncertainty on the luminosity, they

amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which

is 0.6% on the total cross-sections.
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The differential cross-section in each bin is

dσψ→µ+µ−

dy
(2.0 < ηµ < 4.5) =

PN

ϵrecϵsel∆yϵsingleLtot
, (4.1)

and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ

which is equal to 0.3329± 0.0003. This value is about 40% higher than the corresponding

one in the 7TeV analysis. The lower number of pp interactions per beam crossing at√
s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in

a dedicated calibration dataset [27].

5 Systematic uncertainties

Various sources of systematic uncertainties have been considered and are summarised in

table 1 for the total cross-section. Excluding the uncertainty on the luminosity, they

amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which

is 0.6% on the total cross-sections.
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The differential cross-section in each bin is

dσψ→µ+µ−

dy
(2.0 < ηµ < 4.5) =

PN

ϵrecϵsel∆yϵsingleLtot
, (4.1)

and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ
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s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in
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amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which
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Figure 5. Differential cross-sections compared to LO and NLO theory JMRT predictions [28, 29] for
the J/ψ meson (top) and the ψ(2S) meson (bottom). The inner error bar represents the statistical
uncertainty; the outer is the total uncertainty. Since the systematic uncertainty for the ψ(2S) meson
is negligible with respect to the statistical uncertainty, it is almost not visible in the lower figure.

addition of new scintillators in the forward region has resulted in lower backgrounds in pp

collisions at a centre-of-mass energy
√
s = 13TeV compared to the previous measurement

at
√
s = 7TeV. As a consequence, the systematic uncertainty on the J/ψ cross-section

is reduced from 5.6% at
√
s = 7TeV to 2.7% at

√
s = 13TeV, reflecting an improved

understanding of the background proton-dissociation process. After correcting for the

muon acceptance, the cross-sections for the J/ψ and ψ(2S) mesons are compared to theory

and found to be in better agreement with the JMRT NLO rather than LO predictions.

The derived cross-section for J/ψ photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the ψ(2S) results are consistent although more data

are required in this channel to make a critical comparison.
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Figure 2. Invariant dimuon mass spectrum for 7TeV and 8TeV data in the rapidity range 2 <
y(Υ) < 4.5 (black points). The fit PDF is superimposed (solid blue line). The Υ(1S, 2S, 3S)
signal components, used to derive weights, are indicated with a long-dashed (red) line, and the
non-resonant background is marked with a short-dashed (grey) line.

The feed-down background is estimated using a combination of data and simulation,

considering χb(mP ) → Υ(nS)γ decays. Events are considered in the data set if exactly

one photon is found in addition to the Υ candidate. Regions in the Υγ invariant mass

spectrum are defined, corresponding to the χb(1P, 2P, 3P ) states, and the number of χb

candidates, Nχb , for each decay χb(mP ) → Υ(nS)γ is counted. An estimate of the total

feed-down content of the Υ data sample from each χb state is found using the expression:

Nfeed-down, χb(mP )→Υ(nS)γ =
Nχb × F

ϵγ × ϵmass-range
. (4.1)

Here F is the purity of the Υ(nS) in the corresponding mass window with respect to the

non-resonant µ+µ−γ background, determined by fitting the dimuon mass spectrum for

events with exactly one reconstructed photon; ϵγ is the efficiency for reconstructing the

photon produced in each χb(mP ) decay, determined using simulated exclusive χb(mP ) →
Υ(nS)γ decays; and ϵmass-range = 0.9 corrects for the fraction of signal Υ candidates which

are expected to fall outside the mass window. There are too few Υ(3S)γ candidates to

estimate the purity precisely so it is assumed to be 100%. Because of limited mass resolution

and small sample sizes the χb spin states cannot be resolved, so equal contributions from

the χb1(mP ) and χb2(mP ) states are assumed. The χb0 radiative decay rate is expected to

be relatively suppressed and is therefore neglected [23]. The feed-down background yields

are given in table 2.

Since the mass shapes for signal and background do not significantly depend on pT over

the pT range considered, the p2T distribution of the Υ candidates is determined using the

sPlot technique [25]. A fit is then performed to the p2T distribution, shown in figure 3, using

candidates in the full rapidity range 2.0 < y(Υ) < 4.5, with fit components corresponding

to the Υ signal, inelastic background and feed-down background. The fraction of exclusive

signal calculated from this fit is assumed to be the same for each rapidity bin.
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Figure 4. Measurements of exclusive Υ(1S) photoproduction compared to theoretical predictions.
In (a), the Υ(1S) cross-section in bins of rapidity is shown, compared to LO and NLO predictions.
The LHCb measurements are indicated by black points with error bars for uncorrelated errors, and
solid rectangles indicating the total uncertainty. In (b), the photon-proton cross-sections extracted
from the LHCb results are indicated by black points, where the statistical and systematic uncer-
tainties are combined in quadrature. The entire W -region in which these LHCb measurements are
sensitive is indicated. Measurements made by H1 and ZEUS in the low-W region are indicated by
red and blue markers, respectively [4, 5, 7]. Predictions from ref. [1] are included, resulting from
LO and NLO fits to exclusive J/ψ production data. The filled bands indicate the theoretical un-
certainties on the 7TeV prediction and the solid lines indicate the central values of the predictions
for 8TeV. In (b) predictions from ref. [2] using different models for the Υ(1S) wave function are
included, indicated by ‘bCGC’.

cross-section is given by

dσth(pp → pΥ(1S)p)

dy
= S2(W+)

(
k+

dn

dk+

)
σth+ (γp) + S2(W−)

(
k−

dn

dk−

)
σth− (γp), (6.2)

where the predictions for the photon-proton cross-section are weighted by absorptive correc-

tions S2(W±) and the photon fluxes dn
dk±

for photons of energy k± ≈ (MΥ(nS)/2) exp(±|y|).
The absorptive corrections and photon fluxes are computed following ref. [1].

The three bins of Υ(1S) rapidity chosen in this analysis correspond to ranges of W

for the W+ and W− solutions. The contribution to the total cross-section from the W−
solutions is expected to be small and is therefore neglected. The dominant W+ solutions

are therefore estimated assuming that they dominate the cross-section, and are shown in

figure 4b. The magnitude of the theoretical prediction for the W− solutions is added as

a systematic uncertainty. The good agreement with the NLO prediction seen in figure 4a

is reproduced. The LHCb measurements probe a new kinematic region complementary to

that studied at HERA [4, 5, 7], as seen in figure 4b, and discriminate between LO and NLO

predictions. In figure 4b, the LHCb data are also compared to the predictions given in

ref. [2] using models conforming to the colour glass condensate (CGC) formalism [29] that

take into account the t-dependence of the differential cross-section. All agree well with the

data. The solid (black) and dotted (blue) lines correspond to two different models for the

scalar part of the vector-meson wave function.

– 11 –

JHEP11(2013)085

higher Q2 scale

64



p p

�

Exclusive meson production

 5

p p

�

p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

J/ ,⌥
<latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit><latexit sha1_base64="6oBttfSLyACX6JqcYqKL17Sdhfk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg9RECnoseBFPFYwtNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xk2bg7Y+GObx3gw7+8KUM6Ud59uqrK1vbG5Vt2s7u3v7B/bh0ZNKMkmoRxKeyG6IFeVMUE8zzWk3lRTHIaedcHxb+J0JlYol4lFPUxrEeChYxAjWRurb9v2lnyp2gXzPNF5IdafhzIFWiVuSOpRo9+0vf5CQLKZCE46V6rlOqoMcS80Ip7OanymaYjLGQ9ozVOCYqiCfXz5DZ0YZoCiRpoRGc/X3Ro5jpaZxaCZjrEdq2SvE/7xepqObIGcizTQVZPFQlHGkE1TEgAZMUqL51BBMJDO3IjLCEhNtwqqZENzlL6+Sp6uG6zTch2a91SzjqMIJnMI5uHANLbiDNnhAYALP8ApvVm69WO/Wx2K0YpU7x/AH1ucPmYGS8A==</latexit>

Exclusive meson production

 5

p p

�

p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large masshard scale = hard scale =

GPDs

Pb

photon flux∝Z2

3

ALICE detector  (Run 3)

TPC: |hlab| < 0.9, Muon Detector: 2.5 < hlab < 4 

Run 3 and 4:  New Inner Silicon Tracker, A Muon Forward Tracker
 Continuous readout(*): 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in pp and p-A
(*)The feasible rate also depends on the detector occupancy in a fixed-target mode

central rapidity region:

e+e- and μ+μ- detection

forward rapidity region:

μ+μ- detection
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ALICE detector  (Run 3)

TPC: |hlab| < 0.9, Muon Detector: 2.5 < hlab < 4 

Run 3 and 4:  New Inner Silicon Tracker, A Muon Forward Tracker
 Continuous readout(*): 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in pp and p-A
(*)The feasible rate also depends on the detector occupancy in a fixed-target mode

central rapidity region:

e+e- and μ+μ- detection

forward rapidity region:

μ+μ- detection
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ALICE detector  (Run 3)

TPC: |hlab| < 0.9, Muon Detector: 2.5 < hlab < 4 

Run 3 and 4:  New Inner Silicon Tracker, A Muon Forward Tracker
 Continuous readout(*): 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in pp and p-A
(*)The feasible rate also depends on the detector occupancy in a fixed-target mode

central rapidity region:

e+e- and μ+μ- detection

forward rapidity region:

μ+μ- detection
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ALICE detector  (Run 3)

TPC: |hlab| < 0.9, Muon Detector: 2.5 < hlab < 4 

Run 3 and 4:  New Inner Silicon Tracker, A Muon Forward Tracker
 Continuous readout(*): 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in pp and p-A
(*)The feasible rate also depends on the detector occupancy in a fixed-target mode

central rapidity region:

e+e- and μ+μ- detection

forward rapidity region:

μ+μ- detection
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from

123
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from

123
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To compare with theoretical predictions, which are generally expressed with-

out fiducial requirements on the muons, the differential cross-sections for J/ψ and

ψ(2S) mesons as functions of the meson rapidity are calculated by correcting for

the branching fractions to muon pairs, B(J/ψ → µ+µ−) = (5.961 ± 0.033)% and

B(ψ(2S) → µ+µ−) = (0.79± 0.09)% [25], and for the fraction of those muons that fall in-

side the fiducial acceptance of the measurement. The fiducial acceptance is determined

using SuperCHIC [19] assuming that the polarisation of the meson is the same as that of

the photon. The acceptance values in bins of meson rapidity are tabulated in table 4 along

with the differential cross-section results. These are plotted in figure 5 and compared to

the theoretical calculations of refs. [28, 29]. Both measurements are in better agreement

with the next-to-LO (NLO) predictions. The χ2/ndf for the J/ψ analysis is 8.1/10 while

for the ψ(2S) analysis, it is 3.0/3. They are less consistent with the LO predictions having

28.5/10 and 11.0/3 for the J/ψ and ψ(2S) analysis, respectively.

The cross-section for the CEP of vector mesons in pp collisions is related to the pho-

toproduction cross-section, σγp→ψp [28],

σpp→pψp = r(W+)k+
dn

dk+
σγp→ψp(W+) + r(W−)k−

dn

dk−
σγp→ψp(W−). (6.1)

Here, r is the gap survival factor, k± ≡ Mψ/2e±y is the photon energy, dn/dk± is the

photon flux and W 2
± = 2k±

√
s is the invariant mass of the photon-proton system. Equa-

tion (6.1) shows that there is a two-fold ambiguity with W+,W− both contributing to one

LHCb rapidity bin. Since the W− solution contributes about one third and as it has been

previously measured at HERA, this term is fixed using the H1 parametrisation of their

results [5]: σγp→J/ψp = a(W/90GeV)δ with a = 81 ± 3 pb and δ = 0.67 ± 0.03. For the

ψ(2S) W− solution, the H1 J/ψ parametrisation is scaled by 0.166, their measured ratio of

ψ(2S) to J/ψ cross-sections [8]. The photon flux is taken from ref. [30] and the gap survival

probabilities are taken from ref. [31]. With these inputs, which for ease of calculation are

reproduced in tables 7 and 8 in the appendix, eq. (6.1) allows the calculation of σγp→ψp at

high values of W beyond the kinematic reach of HERA.

The photoproduction cross-sections for J/ψ and ψ(2S) are shown in figure 6. It includes

a comparison to H1 [5], ZEUS [7] and ALICE [10] results, and at lower W values fixed

target data from E401 [2], E516 [3] and E687 [4]. Also shown are previous LHCb results

at
√
s = 7TeV, recalculated using improved photon flux and gap survival factors. The

13TeV LHCb data are in agreement with the 7TeV results in the kinematic region where

they overlap. However, the 13TeV data extends the W reach to almost 2TeV. Figure 6

also shows the power-law fit to H1 data [5] and it can be seen that this is insufficient to

describe the J/ψ data at the highest energies. In contrast, the data is in good agreement

with the JMRT prediction, which takes account of most of the NLO QCD effects [31] and

deviates from a simple power-law shape at high W .

7 Conclusions

Measurements are presented of the cross-sections times branching fractions for exclusive

J/ψ and ψ(2S) mesons decaying to muons with pseudorapidities between 2.0 and 4.5. The

– 14 –

relation pp and 𝜸p cross section:

• r = gap survival factor

k± =
M 

2
e±y
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•                        = photon energy

dn

dk±
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•          = photon flux

•                             = 𝜸p invariant massW 2
± = 2k±

p
s
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To compare with theoretical predictions, which are generally expressed with-

out fiducial requirements on the muons, the differential cross-sections for J/ψ and

ψ(2S) mesons as functions of the meson rapidity are calculated by correcting for

the branching fractions to muon pairs, B(J/ψ → µ+µ−) = (5.961 ± 0.033)% and

B(ψ(2S) → µ+µ−) = (0.79± 0.09)% [25], and for the fraction of those muons that fall in-

side the fiducial acceptance of the measurement. The fiducial acceptance is determined

using SuperCHIC [19] assuming that the polarisation of the meson is the same as that of

the photon. The acceptance values in bins of meson rapidity are tabulated in table 4 along

with the differential cross-section results. These are plotted in figure 5 and compared to

the theoretical calculations of refs. [28, 29]. Both measurements are in better agreement

with the next-to-LO (NLO) predictions. The χ2/ndf for the J/ψ analysis is 8.1/10 while

for the ψ(2S) analysis, it is 3.0/3. They are less consistent with the LO predictions having

28.5/10 and 11.0/3 for the J/ψ and ψ(2S) analysis, respectively.

The cross-section for the CEP of vector mesons in pp collisions is related to the pho-

toproduction cross-section, σγp→ψp [28],

σpp→pψp = r(W+)k+
dn

dk+
σγp→ψp(W+) + r(W−)k−

dn

dk−
σγp→ψp(W−). (6.1)

Here, r is the gap survival factor, k± ≡ Mψ/2e±y is the photon energy, dn/dk± is the

photon flux and W 2
± = 2k±

√
s is the invariant mass of the photon-proton system. Equa-

tion (6.1) shows that there is a two-fold ambiguity with W+,W− both contributing to one

LHCb rapidity bin. Since the W− solution contributes about one third and as it has been

previously measured at HERA, this term is fixed using the H1 parametrisation of their

results [5]: σγp→J/ψp = a(W/90GeV)δ with a = 81 ± 3 pb and δ = 0.67 ± 0.03. For the

ψ(2S) W− solution, the H1 J/ψ parametrisation is scaled by 0.166, their measured ratio of

ψ(2S) to J/ψ cross-sections [8]. The photon flux is taken from ref. [30] and the gap survival

probabilities are taken from ref. [31]. With these inputs, which for ease of calculation are

reproduced in tables 7 and 8 in the appendix, eq. (6.1) allows the calculation of σγp→ψp at

high values of W beyond the kinematic reach of HERA.

The photoproduction cross-sections for J/ψ and ψ(2S) are shown in figure 6. It includes

a comparison to H1 [5], ZEUS [7] and ALICE [10] results, and at lower W values fixed

target data from E401 [2], E516 [3] and E687 [4]. Also shown are previous LHCb results

at
√
s = 7TeV, recalculated using improved photon flux and gap survival factors. The

13TeV LHCb data are in agreement with the 7TeV results in the kinematic region where

they overlap. However, the 13TeV data extends the W reach to almost 2TeV. Figure 6

also shows the power-law fit to H1 data [5] and it can be seen that this is insufficient to

describe the J/ψ data at the highest energies. In contrast, the data is in good agreement

with the JMRT prediction, which takes account of most of the NLO QCD effects [31] and

deviates from a simple power-law shape at high W .

7 Conclusions

Measurements are presented of the cross-sections times branching fractions for exclusive

J/ψ and ψ(2S) mesons decaying to muons with pseudorapidities between 2.0 and 4.5. The

– 14 –

relation pp and 𝜸p cross section:

• r = gap survival factor

k± =
M 

2
e±y
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•                        = photon energy
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•                             = 𝜸p invariant massW 2
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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Table 3 Values of the ϒ(1S) photoproduction cross section in four
rapidity y bins, corresponding to four photon–proton Wγ p centre-of-
mass energy ranges (with central W0 value obtained following the pro-
cedure outlined in Ref. [62]), in pPb collisions at

√
sNN = 5.02 TeV.

The symbols N back-sub
ϒ(sum) , N unfol

ϒ(sum), and N corr
ϒ(sum) represent the numbers

of ϒ(sum) = ϒ(1S) + ϒ(2S) + ϒ(3S) candidates after background

subtraction, unfolding, and extrapolation with the Acorr factor, respec-
tively; Nϒ(1S) is the extracted number of ϒ(1S) mesons, and # is the
theoretical effective photon flux (see text). The first (second, if given)
uncertainty quoted corresponds to the statistical (systematic) compo-
nent

y range (− 2.2,− 0.7) (− 0.7, 0.0) (0.0, 0.7) (0.7, 2.2)

⟨y⟩ −1.45 −0.35 0.35 1.45

N back-sub
ϒ(sum) 14 ± 6 9 ± 5 12 ± 5 12 ± 5

N unfol
ϒ(sum) 19 ± 9 13 ± 7 17 ± 7 16 ± 6

Acorr 0.46 ± 0.01 0.61 ± 0.01 0.61 ± 0.01 0.50 ± 0.01

N corr
ϒ(sum) 41 ± 19 ± 7 21 ± 11 ± 3 28 ± 11 ± 4 33 ± 13 ± 5

Nϒ(1S) = fϒ(1S)Nϒ(sum)

(1+ fFD)
26 ± 12 ± 4 13 ± 7 ± 2 18 ± 7 ± 2 21 ± 8 ± 3

dσϒ(1S)/dy (nb) 21 ± 10 ± 4 23 ± 12 ± 3 31 ± 12 ± 4 17 ± 7 ± 3

Wγ p range (GeV) 91–194 194–275 275–390 390–826

W0 (GeV) 133 231 328 568

Photon flux (#) 102.2 ± 2.0 68.3 ± 2.0 46.9 ± 1.4 17.9 ± 1.6

σγ p→ϒ(1S)p (pb) 208 ± 96 ± 37 343 ± 180 ± 51 663 ± 260 ± 93 956 ± 376 ± 162

Fig. 6 Cross section for
exclusive ϒ(1S)
photoproduction,
γ p → ϒ(1S)p, as a function of
photon–proton centre-of-mass
energy, Wγ p, compared to
previous HERA [20–22] and
LHCb [34] data as well as to
various theoretical
predictions [10,15–19]. The
vertical bars represent the
statistical uncertainties and the
boxes represent the systematic
uncertainties
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pγσ
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410
ZEUS 2009 (e-p)
ZEUS 1998 (e-p)
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LHCb (p-p, 7,8 TeV)
CMS (pPb, 5.02 TeV) 

fIPsat

IIM-BG

IIM-LCG

bCGC-BG

JMRT-LO

JMRT-NLO

0.42±=1.08δFit CMS: 

Fit HERA+CMS+LHCb:

0.14±=0.77δ

 (5.02 TeV)-1pPb 32.6 nbCMS

dence. A fit of the extracted CMS σγ p→ϒ(1S)p cross section
with a function of the form A (Wγ p[GeV]/400)δ (with the
constant A corresponding to the cross section at the mid-
dle value, Wγ p = 400 GeV, over the range of energies cov-
ered) gives δ = 1.08 ± 0.42 and A = 690 ± 183 pb (black
solid line in Fig 6), consistent with the value δ = 1.2 ± 0.8
obtained by ZEUS [21]. A similar fit to the CMS, H1 [20],
and ZEUS [21] data together gives δ = 0.99± 0.27, in good
agreement with the results of the fit to the CMS data alone.
The fit over the whole kinematic range, including the higher-
Wγ p LHCb data, yields an exponent of δ = 0.77 ± 0.14,

consistent with the collision-energy dependence of the J/ψ
photoproduction and light vector meson electroproduction
cross sections [65].

The data are compared to the predictions of the JMRT
model, including LO and NLO corrections. A fit with the
power-law function in the entire Wγ p range of the data yields
δ = 1.39 and δ = 0.84 for the LO and NLO calculations,
respectively. The LO predictions show a steeper increase of
the cross section with energy than seen in the data over the full
kinematic range. The NLO prediction reproduces the mea-
sured rise of the cross section with Wγ p. The recent LHCb
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What object are we probing?

coherent scattering

incoherent scattering

Coherent interaction: interaction with target as a whole.

∼ target remains in same quantum state.


Incoherent interaction: interaction with constituents inside target.

∼ target does not remain in same quantum state.

    Ex.: target dissociation, excitation

Classification of di↵ractive events

Coherent di↵raction:

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

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

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

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

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

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020

Heikki Mäntysaari (JYU) Incoherent di↵raction Mar 23, 2021 4 / 13
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Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

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

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

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

@N(x, rT )

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

2
. (3.3)

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

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

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

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

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

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

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

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
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we demonstrate that nuclei provide an extra
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uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
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This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

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

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2
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with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

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

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

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

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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A1/3 enhancement 

of saturation effect for ions

Boost

Figure 3.6: A large nucleus before and after an ultra-relativistic boost.

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

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

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

αs << 1αs ∼ 1 ΛQCD
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Figure 3.7: The unintegrated gluon distribu-
tion (gluon TMD) �(x, k2T ) of a large nucleus
due to classical gluon fields (solid line). The
dashed curve denotes the lowest-order pertur-
bative result.

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

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

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

the BK/JIMWLK evolution equations described above.
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Coherent photoproduction in PbPb at ALICE

Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

The ratio of the 2S to 1S charmonium states is:

s coh
y 0
dy

s coh
J/y
dy

= 0.18 ±0.0185(stat.)±0.028(syst.)±0.005(BR). (8)

Many systematic uncertainties of the J/y and y 0 cross section measurements are correlated and cancel
in the cross section ratio. Since the analysis relies on the same data sample and on the same trigger,
the systematic uncertainties of the luminosity evaluation, trigger efficiency, EMD correction and ITS-
TPC matching of leptons were considered as fully correlated. The AD and V0 offline veto uncertainty
is partially correlated, so the difference of the uncertainties for y 0 and J/y is taken into account in
the uncertainty of the ratio. The systematic uncertainties connected to the signal extraction, incoherent
contamination and the branching ratio are considered uncorrelated between the two measurements. The
dominant uncertainty comes from the uncorrelated part of the AD and V0 veto uncertainty for y 0.

5 Discussion

Figure 6 shows the rapidity-differential cross section of the coherent photoproduction of J/y and y 0 vec-
tor mesons in Pb–Pb UPCs including previous ALICE measurements of J/y at forward rapidity [24].
At midrapidity, J/y measurements performed in absolute rapidity ranges are shown at positive rapidities
and reflected into negative rapidities. The ALICE measurements are compared to several models which
are discussed in the following:

The impulse approximation, taken from STARlight [43], is based on data from exclusive J/y photopro-
duction off protons and neglects all nuclear effects except for the coherence. The square root of the ratio
of experimental cross sections to the impulse approximation is 0.65±0.03 for J/y and 0.66±0.06 for
y 0, where statistical and systematic uncertainties of the ALICE measurements and a conservative 10%
uncertainty on the impulse approximation are added in quadrature. The obtained nuclear suppression
factor reflects the magnitude of the nuclear gluon shadowing factor at typical Bjorken-x values in the
range (0.3,1.4)⇥ 10�3 and is in good agreement with Rg(x ⇠ 10�3) = 0.61+0.05

�0.04 obtained in Ref. [18]
from the J/y cross section measurement in UPCs at

p
sNN = 2.76 TeV.
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Figure 6: Measured differential cross section of the coherent J/y (left) and y 0 (right) photoproduction in Pb–Pb
UPC events. The error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations are
also shown. The green band represents the uncertainties of the EPS09 LO calculation.
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no  gluon 

shadowing

        -4.0<y<-2.5 


0.7 x 10-2 < xB < 3.3 x10-2 (dominant)

   1.1 x 10-5 < xB < 5.1 x10-5

|y|<0.8 ⟷ 0.3 x 10-3 < xB < 1.4 x10-3

Results indicate shadowing in gluon PDF:
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gPb

Agp
⇡ 0.65 at x ⇡ 10�3
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First measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/ψ off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
the correction to go from the UPC to the photonuclear cross section.
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<latexit sha1_base64="YFfh94ARHqh2Zm9o1NRetVnPdmU=">AAACEHicbVDLSsNAFJ3UV62vqks3wSK60JoURTdCUQQRhAr2AU0Mk+mkHTqThJmJUIZ8ght/xY0LRdy6dOffOG2z0NYDFw7n3Mu99/gxJUJa1reRm5mdm1/ILxaWlldW14rrGw0RJRzhOopoxFs+FJiSENclkRS3Yo4h8ylu+v2Lod98wFyQKLyTgxi7DHZDEhAEpZa84u6lp5wuZAzui/TMCThE6sZT14dOLEiaqkqK79XBIPWKJatsjWBOEzsjJZCh5hW/nE6EEoZDiSgUom1bsXQV5JIgitOCkwgcQ9SHXdzWNIQMC1eNHkrNHa10zCDiukJpjtTfEwoyIQbM150Myp6Y9Ibif147kcGpq0gYJxKHaLwoSKgpI3OYjtkhHCNJB5pAxIm+1UQ9qEOROsOCDsGefHmaNCpl+7hs3R6VqudZHHmwBbbBHrDBCaiCK1ADdYDAI3gGr+DNeDJejHfjY9yaM7KZTfAHxucPJfGdTA==</latexit>

E�,s =
MJ/ 

2
e�y
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Measurements

µ+
<latexit sha1_base64="2g/AoK3boc3ti1RHRxa76z/Ya7w=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuW9BjwYvHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aes4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0serQbniVt0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbRrVa9erd03Ks1GHkcRzuAcLsGDa2jCHbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3bVjmk=</latexit>

µ�
<latexit sha1_base64="EQI/xtw86SvrAGaWkpTNBsXuC1A=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJHok8eIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6ePVoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VIT3QQZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qlev1u4blWYjj6MIZ3AOl+DBNTThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB3ndjms=</latexit>

p(A)

p(A)

E𝜸 = large

<latexit sha1_base64="5zTxebQWDaP2FgbasuSMjDxb+Jk=">AAACEHicbVDLSsNAFJ3UV62vqks3wSIKSk2KohuhKIIIQgX7gCaGyXTSDp1JwsxEKEM+wY2/4saFIm5duvNvnLZZaOuBC4dz7uXee/yYEiEt69vIzczOzS/kFwtLyyura8X1jYaIEo5wHUU04i0fCkxJiOuSSIpbMceQ+RQ3/f7F0G8+YC5IFN7JQYxdBrshCQiCUktecffSU04XMgYPaHrmBBwideOp60MnFiRNVSXF92p/kHrFklW2RjCniZ2REshQ84pfTidCCcOhRBQK0batWLoKckkQxWnBSQSOIerDLm5rGkKGhatGD6XmjlY6ZhBxXaE0R+rvCQWZEAPm604GZU9MekPxP6+dyODUVSSME4lDNF4UJNSUkTlMx+wQjpGkA00g4kTfaqIe1KFInWFBh2BPvjxNGpWyfVy2bo9K1fMsjjzYAttgD9jgBFTBFaiBOkDgETyDV/BmPBkvxrvxMW7NGdnMJvgD4/MHF4WdQw==</latexit>

E�,l =
MJ/ 

2
e+y
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Measurements

µ+
<latexit sha1_base64="2g/AoK3boc3ti1RHRxa76z/Ya7w=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuW9BjwYvHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aes4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0serQbniVt0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbRrVa9erd03Ks1GHkcRzuAcLsGDa2jCHbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3bVjmk=</latexit>

µ�
<latexit sha1_base64="EQI/xtw86SvrAGaWkpTNBsXuC1A=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJHok8eIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6ePVoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VIT3QQZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qlev1u4blWYjj6MIZ3AOl+DBNTThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB3ndjms=</latexit>

p(A)

p(A)

E𝜸 = small

<latexit sha1_base64="YFfh94ARHqh2Zm9o1NRetVnPdmU=">AAACEHicbVDLSsNAFJ3UV62vqks3wSK60JoURTdCUQQRhAr2AU0Mk+mkHTqThJmJUIZ8ght/xY0LRdy6dOffOG2z0NYDFw7n3Mu99/gxJUJa1reRm5mdm1/ILxaWlldW14rrGw0RJRzhOopoxFs+FJiSENclkRS3Yo4h8ylu+v2Lod98wFyQKLyTgxi7DHZDEhAEpZa84u6lp5wuZAzui/TMCThE6sZT14dOLEiaqkqK79XBIPWKJatsjWBOEzsjJZCh5hW/nE6EEoZDiSgUom1bsXQV5JIgitOCkwgcQ9SHXdzWNIQMC1eNHkrNHa10zCDiukJpjtTfEwoyIQbM150Myp6Y9Ibif147kcGpq0gYJxKHaLwoSKgpI3OYjtkhHCNJB5pAxIm+1UQ9qEOROsOCDsGefHmaNCpl+7hs3R6VqudZHHmwBbbBHrDBCaiCK1ADdYDAI3gGr+DNeDJejHfjY9yaM7KZTfAHxucPJfGdTA==</latexit>
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2

Measurements

µ+
<latexit sha1_base64="2g/AoK3boc3ti1RHRxa76z/Ya7w=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuW9BjwYvHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aes4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0serQbniVt0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbRrVa9erd03Ks1GHkcRzuAcLsGDa2jCHbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3bVjmk=</latexit>

µ�
<latexit sha1_base64="EQI/xtw86SvrAGaWkpTNBsXuC1A=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJHok8eIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6ePVoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VIT3QQZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qlev1u4blWYjj6MIZ3AOl+DBNTThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB3ndjms=</latexit>

p(A)

p(A)

E𝜸 = large

<latexit sha1_base64="5zTxebQWDaP2FgbasuSMjDxb+Jk=">AAACEHicbVDLSsNAFJ3UV62vqks3wSIKSk2KohuhKIIIQgX7gCaGyXTSDp1JwsxEKEM+wY2/4saFIm5duvNvnLZZaOuBC4dz7uXee/yYEiEt69vIzczOzS/kFwtLyyura8X1jYaIEo5wHUU04i0fCkxJiOuSSIpbMceQ+RQ3/f7F0G8+YC5IFN7JQYxdBrshCQiCUktecffSU04XMgYPaHrmBBwideOp60MnFiRNVSXF92p/kHrFklW2RjCniZ2REshQ84pfTidCCcOhRBQK0batWLoKckkQxWnBSQSOIerDLm5rGkKGhatGD6XmjlY6ZhBxXaE0R+rvCQWZEAPm604GZU9MekPxP6+dyODUVSSME4lDNF4UJNSUkTlMx+wQjpGkA00g4kTfaqIe1KFInWFBh2BPvjxNGpWyfVy2bo9K1fMsjjzYAttgD9jgBFTBFaiBOkDgETyDV/BmPBkvxrvxMW7NGdnMJvgD4/MHF4WdQw==</latexit>

E�,l =
MJ/ 

2
e+y

<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)
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<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)
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Disentangling the ambiguity on the ID of the 𝜸 emitter
<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)

Photon flux                   is function of impact parameter: 

enhanced for large       at small impact parameter.

<latexit sha1_base64="1AQmjj7CSQj86FPU+JDBUQ31xDw=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbOiKLLqgiupIJ9QDsMmTRtQ5PMkGSEMowbf8WNC0Xc+hfu/BvTdgRtPXDh5Jx7yb0niBhV2nG+rNzc/MLiUn65sLK6tr5hb27VVRhLTGo4ZKFsBkgRRgWpaaoZaUaSIB4w0ggGlyO/cU+koqG408OIeBz1BO1SjLSRfHvnxk/aPcQ5OjxPS1c/j/TAt4tO2RkDzhI3I0WQoerbn+1OiGNOhMYMKdVynUh7CZKaYkbSQjtWJEJ4gHqkZahAnCgvGV+Qwn2jdGA3lKaEhmP190SCuFJDHphOjnRfTXsj8T+vFevumZdQEcWaCDz5qBszqEM4igN2qCRYs6EhCEtqdoW4jyTC2oRWMCG40yfPkvpR2T0pO7fHxcpFFkce7II9UAIuOAUVcA2qoAYweABP4AW8Wo/Ws/VmvU9ac1Y2sw3+wPr4BqXzll8=</latexit>

N�/A(E�)
<latexit sha1_base64="vdSPgRZFf7/uBM6Dq4sTYBM2/EA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LEogscK9gPbUCbbTbt0dxN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemHCmjed9O4WV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2gpHN1O/9USVZrF8MOOEBgIHkkWMoLHS420v6w5QCJz0yhWv6s3gLhM/JxXIUe+Vv7r9mKSCSkM4at3xvcQEGSrDCKeTUjfVNEEywgHtWCpRUB1ks4sn7olV+m4UK1vSuDP190SGQuuxCG2nQDPUi95U/M/rpCa6CjImk9RQSeaLopS7Jnan77t9pigxfGwJEsXsrS4ZokJibEglG4K/+PIyaZ5V/Yuqd39eqV3ncRThCI7hFHy4hBrcQR0aQEDCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AZe/kN0=</latexit>

E�
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Disentangling the ambiguity on the ID of the 𝜸 emitter
<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)

Photon flux                   is function of impact parameter: 

enhanced for large       at small impact parameter.

<latexit sha1_base64="1AQmjj7CSQj86FPU+JDBUQ31xDw=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbOiKLLqgiupIJ9QDsMmTRtQ5PMkGSEMowbf8WNC0Xc+hfu/BvTdgRtPXDh5Jx7yb0niBhV2nG+rNzc/MLiUn65sLK6tr5hb27VVRhLTGo4ZKFsBkgRRgWpaaoZaUaSIB4w0ggGlyO/cU+koqG408OIeBz1BO1SjLSRfHvnxk/aPcQ5OjxPS1c/j/TAt4tO2RkDzhI3I0WQoerbn+1OiGNOhMYMKdVynUh7CZKaYkbSQjtWJEJ4gHqkZahAnCgvGV+Qwn2jdGA3lKaEhmP190SCuFJDHphOjnRfTXsj8T+vFevumZdQEcWaCDz5qBszqEM4igN2qCRYs6EhCEtqdoW4jyTC2oRWMCG40yfPkvpR2T0pO7fHxcpFFkce7II9UAIuOAUVcA2qoAYweABP4AW8Wo/Ws/VmvU9ac1Y2sw3+wPr4BqXzll8=</latexit>

N�/A(E�)
<latexit sha1_base64="vdSPgRZFf7/uBM6Dq4sTYBM2/EA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LEogscK9gPbUCbbTbt0dxN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemHCmjed9O4WV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2gpHN1O/9USVZrF8MOOEBgIHkkWMoLHS420v6w5QCJz0yhWv6s3gLhM/JxXIUe+Vv7r9mKSCSkM4at3xvcQEGSrDCKeTUjfVNEEywgHtWCpRUB1ks4sn7olV+m4UK1vSuDP190SGQuuxCG2nQDPUi95U/M/rpCa6CjImk9RQSeaLopS7Jnan77t9pigxfGwJEsXsrS4ZokJibEglG4K/+PIyaZ5V/Yuqd39eqV3ncRThCI7hFHy4hBrcQR0aQEDCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AZe/kN0=</latexit>

E�

����������&(51�/3&&�6HPLQDU&06

$�VROXWLRQ�WR�WKH�WZR�ZD\�DPELJXLW\�SX]]OH

��

&RQWURO�WKH�LPSDFW�SDUDPHWHU�RU�ȉFHQWUDOLW\Ȋ�RI�83&V�YLD�IRUZDUG�HPLWWHG�QHXWURQV

Ɣ $QDORJRXV�WR�FHQWUDOLW\�
ż E;Q;Q���E�Q;Q���E�Q�Q

.OHLQ�	�6WHLQEHUJ��
$QQ��5HY��1XFO��3DUW��6FL���������������

1XFOHXV�H[FLWDWLRQ�SUREDELOLW\�
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Picture from André Ståhl

Small impact parameter, b              higher probability for exciting (∝1/b2)  higher probability to emit neutrons.
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Disentangling the ambiguity on the ID of the 𝜸 emitter

Make measurement  with

possibility to detect neutrons

<latexit sha1_base64="wAsGzmzu2HZZrrbDbH9875e78Hs="></latexit>

�(y) = N�/A(E�,s) �J/ (E�,s) +N�/A(E�,l) �J/ (E�,l)

Photon flux                   is function of impact parameter: 

enhanced for large       at small impact parameter.

<latexit sha1_base64="1AQmjj7CSQj86FPU+JDBUQ31xDw=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbOiKLLqgiupIJ9QDsMmTRtQ5PMkGSEMowbf8WNC0Xc+hfu/BvTdgRtPXDh5Jx7yb0niBhV2nG+rNzc/MLiUn65sLK6tr5hb27VVRhLTGo4ZKFsBkgRRgWpaaoZaUaSIB4w0ggGlyO/cU+koqG408OIeBz1BO1SjLSRfHvnxk/aPcQ5OjxPS1c/j/TAt4tO2RkDzhI3I0WQoerbn+1OiGNOhMYMKdVynUh7CZKaYkbSQjtWJEJ4gHqkZahAnCgvGV+Qwn2jdGA3lKaEhmP190SCuFJDHphOjnRfTXsj8T+vFevumZdQEcWaCDz5qBszqEM4igN2qCRYs6EhCEtqdoW4jyTC2oRWMCG40yfPkvpR2T0pO7fHxcpFFkce7II9UAIuOAUVcA2qoAYweABP4AW8Wo/Ws/VmvU9ac1Y2sw3+wPr4BqXzll8=</latexit>

N�/A(E�)
<latexit sha1_base64="vdSPgRZFf7/uBM6Dq4sTYBM2/EA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LEogscK9gPbUCbbTbt0dxN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemHCmjed9O4WV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2gpHN1O/9USVZrF8MOOEBgIHkkWMoLHS420v6w5QCJz0yhWv6s3gLhM/JxXIUe+Vv7r9mKSCSkM4at3xvcQEGSrDCKeTUjfVNEEywgHtWCpRUB1ks4sn7olV+m4UK1vSuDP190SGQuuxCG2nQDPUi95U/M/rpCa6CjImk9RQSeaLopS7Jnan77t9pigxfGwJEsXsrS4ZokJibEglG4K/+PIyaZ5V/Yuqd39eqV3ncRThCI7hFHy4hBrcQR0aQEDCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AZe/kN0=</latexit>
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&RQWURO�WKH�LPSDFW�SDUDPHWHU�RU�ȉFHQWUDOLW\Ȋ�RI�83&V�YLD�IRUZDUG�HPLWWHG�QHXWURQV

Ɣ $QDORJRXV�WR�FHQWUDOLW\�
ż E;Q;Q���E�Q;Q���E�Q�Q

.OHLQ�	�6WHLQEHUJ��
$QQ��5HY��1XFO��3DUW��6FL���������������

1XFOHXV�H[FLWDWLRQ�SUREDELOLW\�
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Small impact parameter, b              higher probability for exciting (∝1/b2)  higher probability to emit neutrons.
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CMS central detector and the (far-)forward region

muon detectors
Cherenkov hadron  
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Cherenkov hadron  

calorimeters
Zero-degree  
calorimeters

Zero-degree  
calorimeters

Emax<7.6 GeVEmax<7.3 GeV

μ+

μ-

<latexit sha1_base64="QhOKMWEw6yJA5O9kilYOU0/W6mQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIghiSUh+LLopuXFawD2hjmEwn7dDJJMxMhJDWjb/ixoUibv0Ld/6NkzYLrR64l8M59zJzjxdRIqRlfWmFhcWl5ZXiamltfWNzS9/eaYkw5gg3UUhD3vGgwJQw3JREUtyJOIaBR3HbG11lfvsec0FCdiuTCDsBHDDiEwSlklx9zzbPauPETXtBfHectZPJuFYxq65etkxrCuMvsXNSBjkarv7Z64coDjCTiEIhurYVSSeFXBJE8aTUiwWOIBrBAe4qymCAhZNOL5gYh0rpG37IVTFpTNWfGykMhEgCT00GUA7FvJeJ/3ndWPoXTkpYFEvM0OwhP6aGDI0sDqNPOEaSJopAxIn6q4GGkEMkVWglFYI9f/Jf0qqY9qlp3VTL9cs8jiLYBwfgCNjgHNTBNWiAJkDgATyBF/CqPWrP2pv2PhstaPnOLvgF7eMbcFeVmA==</latexit>

1.6 < |yµ+µ� | < 2.4
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scenarios are shown [33]. The color dipole (CD) models,
with different model parameters (BGK, BGW, IIM),
assume quark-antiquark dipole scattering from the nuclear
targets [62].
For the case of no neutron selection (AnAn), the data

follow the trend of the forward-rapidity measurements from
ALICE [13] over a new y region.None of themodels describe
the combined results over the full rapidity range. The color
dipole models agree with the measurements in the forward-
rapidity region, but fail to describe the data at y ≈ 0. In each
neutron multiplicity class, the LTA predictions tend to be
lower than the CMS results, particularly for the strong
shadowing scenario. These comparisons indicate that there
are key ingredients missing from the theoretical understand-
ing of high energy photon-nucleus scattering processes.
To gain further insight, the total measured J=ψ coherent

photoproduction cross section as a function of WPb
γN up to

≈400 GeV is shown in Fig. 3, after decomposing the two-
way ambiguity. Because the contributions of high energy
photons are negligible at very forward rapidity (less than
5% for−4.5 < y < −3.5) [32,33], and the fact that at y ≈ 0,
ω1 ≈ ω2 ≈MJ=ψ=2, the total cross section at lower WPb

γN
values can be approximated using ALICE and LHCb
measurements. These results are also shown in Fig. 3.
The experimental and theoretical (from the photon flux)
uncertainties are displayed separately in Fig. 3. Predictions
from the LTA and CD models, as well as the gluon
saturation models bBK [63], IPsat [64], and GG [65]),
are compared to the experimental measurements. The
prediction (σIA) from the impulse approximation (IA)
model [32] is also shown, based on a simple scaling of
the experimental data from exclusive J=ψ photoproduction
off protons with the nuclear form factor and neglecting all
other nuclear effects, except for coherence.
The measured total cross section has an unexpected

energy dependence, approximately quadrupling as WPb
γN

goes from 15 to 40 GeV. This is consistent with the
expectation of a fast-growing gluon density at low x
(e.g., from the IA model). However, this trend vanishes
for WPb

γN > 40 GeV, and instead the total cross section
begins a slow linear rise with a slope of ð2.2" 1.9Þ ×
10−5 mb=GeV determined by a fit to CMS data with proper
consideration of the covariance matrix of both statistical
and systematic uncertainties [34]. Considering the

FIG. 2. The differential coherent J=ψ photoproduction cross section as a function of rapidity, in different neutron multiplicity classes:
0n0n, 0nXn, and XnXn (left); AnAn (right). The small vertical bars and shaded boxes represent the statistical and systematic
uncertainties, respectively. The horizontal bars show the bin widths. Theoretical predictions from LTAweak and strong shadowing [33],
color dipole models (CD_BGK, CD_BGW, and CD_IIM) [62], and STARlight [46] are shown by the curves. The right plot also displays
the results from the ALICE [13,14] and LHCb [17] experiments.

FIG. 3. The total coherent J=ψ photoproduction cross section
as a function ofWPb

γN from the CMS measurement in Pb-Pb UPCs
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Approximated results (implied by the
asterisk) from the ALICE [13,14] and LHCb [17] experiments
are displayed for specific rapidity regions, where the two-way
ambiguity effect is expected to be negligible. The WPb

γN values
used correspond to the center of each experiment’s rapidity range.
The vertical bars and the shaded and open boxes represent the
statistical, experimental, and theoretical (photon flux) uncertain-
ties, respectively. The predictions from various theoretical cal-
culations [32,33,62–65] are shown by the curves.
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FIG. 9: Example of the proton density profile (illustrated as

a trace of the Wilson line) evolution over 5.3 units of rapidity.

The initial condition is MV model (v = 0).

FIG. 10: Example of the proton density profile evolution over

5.3 units of rapidity with ultraviolet modes suppressed in the

initial condition by v = 0.3GeV
�1

.

FIG. 11: Total coherent di↵ractive J/ photoproduction

cross section as a function of center-of-mass energy W and

compared with H1 [5, 93], ZEUS [6] and ALICE [12] data.

by g4µ2 by requiring that we get a good description of
the H1 spectra at W = 75 GeV [93]. Because of the prob-
lem with non-perturbative contributions from large r to
the di↵ractive cross section, this normalization is di↵er-
ent from what the fit to the reduced charm cross section
would require. Consequently, the parameter set used in
Refs. [15, 16] also cannot reproduce the normalization of

FIG. 12: Coherent (thick lines) and incoherent (thin lines)

J/ photoproduction cross section at W = 75GeV where the

proton parametrization is fixed by the H1 data [93]. Note that

the proton color charge density is also fixed by the J/ data.

The results with and without UV damping in the initial con-

dition are shown.

the charm production data.5

We study the evolution of the di↵ractive cross sections

5 Fortunately, some observables, like the incoherent to coherent
cross section ratio, are rather insensitive to this normalization,
as we will show below.
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previous ALICE measurements [14]. The technique fol-
lows what was done by the H1 Collaboration [74] and the
fit takes into account the statistical and systematic uncer-
tainties. The parameters obtained from the fit are N ¼
71.6" 3.7 nb and δ ¼ 0.70" 0.04 with a correlation of
þ0.16 between the two parameters. The quality of the fit is
χ2=ndf ¼ 1.62 for 9 degrees of freedom. The value of the
exponent is the same as in previous ALICE measurements
[14]. The H1 and ZEUS measurements, performed over an
energy range Wγp that encompasses the new ALICE
measurements, are also shown in the same figure. They,
respectively, found δ ¼ 0.69" 0.02ðstatÞ " 0.03ðsystÞ and
δ ¼ 0.67" 0.03ðtotÞ [38–40]. Thus, the measurements by
ALICE are compatible with the values measured by HERA
experiments, and no deviation from a power law is
observed up to about 700 GeV.
LHCb measured the exclusive J=ψ photoproduction

cross sections in pp collisions, at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7 TeV [43,44]
and 13 TeV [45]. The LHCb analyses use data from a
symmetric system and thus suffer from the ambiguity in
identifying the photon emitter and the photon target. Since
the nonexclusive J=ψ photoproduction depends on Wγp,
these processes are difficult to subtract and make the
extraction of the underlying σðWγpÞ strongly model de-
pendent. Moreover, the uncertainty in the hadronic survival
probability in pp collisions is much larger than in p-Pb
collisions, and samples of pp collisions can contain a
contamination of J=ψ production through Odderon-
Pomeron fusion [30,75]. For each dσ=dy measurement,
LHCb reported two solutions, one for low Wγp and one for
high Wγp. Despite these ambiguities and assumptions, the
LHCb solutions are found to be compatible with ALICE
measurements within the current uncertainties.
ALICE measurements are also compared with the Jones-

Martin-Ryskin-Teubner (JMRT) calculation. Two calcula-
tions are available from the JMRT group [70,71]. The first
one, referred to as LO, is based on a power-law description
of the process from the result in Ref. [32], while the second
one, labeled as NLO, includes contributions which mimic
effects expected from the dominant NLO corrections. At
high Wγp, they deviate from a simple power-law shape.
Both models are fitted to the same data and their energy
dependence is rather similar, so only the NLO version is
shown. ALICE measurements at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 andffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV support their extracted gluon distribu-
tion down to x ∼ 2 × 10−5. A more recent NLO compu-
tation of this process suggests a stronger sensitivity to
quark contributions than previously considered [33].
Figure 6 also shows predictions from the Cepila-

Contreras-Takaki (CCT) model [37] based on the color
dipole approach. This model incorporates a fluctuating hot
spot structure of the proton in the impact parameter plane,
with the number of hot spots growing with decreasing x. It
is compatible with ALICE measurements at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV. Future UPC measurements by

ALICE will explore the high W range, particularly with
future detector upgrades such as FoCal [76].

2. Dissociative J=ψ photoproduction

Figure 7 shows the ALICE measurement of the dis-
sociative J=ψ photoproduction cross section σðγ þ p →
J=ψ þ pð&ÞÞ as a function of Wγp, covering the range
27 < Wγp < 57 GeV. The cross sections are also reported
in Table III. A previous measurement at similar energies by
H1 [40] is also shown and is in good agreement with the
ALICE measurement. In addition, the experimental results
are compared with the CCT model [37] discussed in the
previous section. In the framework of this model, the
exclusive cross section is sensitive to the average inter-
action of the color dipole qq̄ with the proton, and the
dissociative cross section is sensitive to the fluctuations in
the qq̄-proton interaction between the different color field
configurations of the proton. The model describes correctly
the energy evolution of the dissociative cross section both
for H1 and ALICE measurements and predicts that the
cross section will reach a maximum at Wγp ≃ 500 GeV,
then decrease at higher energies. This behavior is expected
due to the hot spots saturating the proton area.

3. Ratio of dissociative-to-exclusive
J=ψ photoproduction

ALICE measurements for the ratio of dissociative-to-
exclusive J=ψ photoproduction cross sections, σðγ þ p →
J=ψ þ pð&ÞÞ=σðγ þ p → J=ψ þ pÞ, are given in Table IV.

FIG. 7. Dissociative J=ψ photoproduction cross section off
protons measured by ALICE in p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV
and compared with H1 data [40]. A comparison with the CCT
model [37] is shown. The uncertainties of the data points are the
quadratic sum of the statistical and systematic uncertainties.
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