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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
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light meson production (not J/ or ⌥)
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I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18
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LandscapeKinematic coverage DIS experiments

down to xB=10-4 at HERA/EIC in ep
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DVCS off the proton: CLAS12
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subtraction from the distributions passing the DVCS se-
lection, which was done on a bin-by-bin basis. In addition
to the statistical uncertainty induced by the subtraction
of the ⇡

0 events, the systematic uncertainty related to it
is given for each bin by:

�A =
�f ⇥ (Araw

�A
⇡)

(1� f)2
, (2)

with f the fraction of contamination, �f the associated
uncertainty, Araw and A

⇡ the asymmetries prior to ⇡
0-

contamination subtraction and of the subtracted ⇡
0 con-

tamination, respectively. Using Monte-Carlo simulations
with two di↵erent ⇡

0 event generators, we estimated
�f = 0.1⇥f . As the ⇡0-statistics may not be high enough
to derive its beam-spin asymmetry with accuracy, A⇡ was
set to 0 for a conservative estimate of the systematics.
Since the fraction of contamination depends on exclusiv-
ity cuts as well as on the ratio between the DVCS and
⇡
0 cross sections, and thus varies from bin to bin, the

systematic uncertainty was added quadratically to the
statistical uncertainty of the DVCS beam-spin asymme-
try.

The detection of the scattered lepton in ep !

e
0
p
0
� allows one to describe the reaction kinematics

in terms of the variables Q
2 = �q

2 = �(k � k
0)2

and xB = Q
2
/(2q · N) (see Fig. 1). The vari-

ables t and � (the angle between the leptonic and
hadronic planes in the process) were computed using
the scattered lepton kinematics and the direction of
the photon, the latter being a well-reconstructed quan-
tity. As shown in Fig. 3, there are 16 bins cover-
ing the Q

2/xB phase space. Each Q
2/xB-bin was fur-

ther subdivided into 4 bins in tmin(Q2
, xB) � t, with

tmin(Q2
, xB) the minimal squared momentum transfer.

FIG. 3. CLAS12 phase space in
Q2 vs. xB , showing the division
into 16 bins. The red line in-
dicates the approximate upper
reach of CLAS data at 6 GeV.

An adaptive binning,
dictated by the statis-
tics, was implemented
for the variable �,
as the cross section
exhibits a steep de-
pendence on it. For
each Q

2/xB/t/�-bin,
the averaged kinematic
values were computed,
corrected for the ⇡

0

contamination bias.
Detector acceptance
and fiducial cuts
applied for particle
selection result in a
non-negligible variation of xB and t, which can be ob-
served as a function of �. Thus, the average kinematics
are not necessarily the same for neighbouring �-bins.

Radiative e↵ects, where either a soft photon was radi-
ated by the incoming or outgoing electron, or there was
a QED loop involving the virtual photon vertex, were

considered and corrected for. These e↵ects may result in
bin migration – where the reconstructed kinematics of an
event di↵er from the true kinematics at the vertex. The
bin migration was corrected by deriving a migration ma-
trix from a Monte-Carlo simulation using a DVCS event
generator that included soft photon radiation, based on
the calculations by Akusevitch et al.[29].

RESULTS

In total, the beam-spin asymmetry was obtained for
64 bins in Q

2, xB and t, each of which contained be-
tween 10 and 33 bins in �, separately for the two data-
sets obtained with a beam energy of 10.2 and 10.6 GeV.
These datasets provide a tremendous addition to the
world data. In order to put the results of the CLAS12
datasets into perspective, we will refer to two such stud-
ies performing global fits, prior to the inclusion of the
current data, using very di↵erent approaches. The first
study has been performed by Kumericki et al. and is
based on a GPD-hybrid model [30], with sea partons de-
scribed by a Mellin-Barnes partial-wave expansion, while
dispersion relation techniques are applied to the valence
region. The few parameters of the model are then fitted
against most of the DVCS data available, yielding the
KM15 model. The second approach, developed by the
PARTONS Collaboration, is based on artificial neural
networks (ANN) [31, 32], trained on the world data-set
of DVCS measurements. In both the KM15 and ANN
methods, the fit in the valence region occurs at the level
of Compton Form Factors. As is the case for any neural-
network based approach, the ANN method leads to a
minimally biased description of the DVCS measurements.
To propagate uncertainties, the PARTONS Collabora-
tion smeared the datasets a hundred times according to
the quoted systematic uncertainties by the experimen-
tal collaborations, thus yielding a library of 100 ANNs
whose mean is the fitted CFF value and whose standard
deviation provides the CFF uncertainty.
For bins in phase space that overlap with the ANN

training measurements, it is possible to use a Bayesian
reweighting technique to test each ANN against the
DVCS asymmetries presented in this work. Regularly
applied in the PDF field [33], the technique consists of
computing a weight associated with each ANN, which re-
flects how closely it agrees with the new data. The weight
!k associated with the k-replica is given by[34]:

!k =
1

Z
�
n�1
k

e
�(�2

k/2) , (3)

where Z =
P

k
�
n�1
k

e
�(�2

k/2), n is the number of points
used to compute �

2
k

=
P

n
(y � yn)V �1(y � yn)T , y

are the asymmetry values from CLAS12 with V the as-
sociated covariance matrix, and yn are the predictions
of the k-replica. By computing the weighted average

CLAS 6 GeV
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Figure 4: Target spin asymmetry �*! as a function of q, integrated (left) and binned in &2 G⌫ and C (right).
Only statistical errors are included.
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FIG. 3. Helicity-independent (top) and helicity-dependent (bottom) DVCS cross cross-section at xB = 0.36 (left), xB = 0.48
(center) and xB = 0.60 (right) for the values of Q2 and t indicated on the top of each figure. Bars around the points indicate
statistical uncertainty and boxes show the total systematic uncertainty, computed as the quadratic sum of the point-to-point
and correlated systematic uncertainties. Black curves display the total fit to the cross sections, at constant xB and t, in the
BMMP formalism. The BH cross section is shown in green. The contribution from the BH-DVCS interference is shown by the
blue bands, whereas the contribution from the DVCS2 term is indicated by the red bands. All band widths correspond to one
standard deviation. The KM15 model is shown in magenta.

nary part of the E CFF. Similarly, the chiral quark soliton
model [32, 33] produces a contribution to eE that while
smaller in magnitude to the pion-pole, is additive with
opposite sign. This may explain the significant di↵er-
ence between our values of Re[eE ] and the KM15 model.
GPDs can be described as momentum decompositions of
the corresponding form factors. This is explicit in the
first moment sum rules, which relate e.g. GPDs E and
Ẽ (summed over quark flavor f) to the axial and pseudo-
scalar form factors GA and GP of the proton:

X

f

Z 1

�1

(
Ef (x, ⇠, t)
eEf (x, ⇠, t)

)
dx =

(
GA(�t)

GP (�t)

)
(1)

These form factors, particularly GP are much less well
known experimentally than the usual electromagnetic
form factors GE,M . The present measurements of the

CFFs E and eE therefore provide constraints on the quark
momentum distribution support of the corresponding
form factors within this xB range.

The present measurements will be complemented in
this same general kinematic range in the near future by
measurements in JLab Halls B and C, and longitudinally
polarized proton measurements and neutron DVCS mea-
surements in JLab Hall B. These measurements there-
fore demonstrate that the full extraction of experimental
Compton form factors is within reach.
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nary part of the E CFF. Similarly, the chiral quark soliton
model [32, 33] produces a contribution to eE that while
smaller in magnitude to the pion-pole, is additive with
opposite sign. This may explain the significant di↵er-
ence between our values of Re[eE ] and the KM15 model.
GPDs can be described as momentum decompositions of
the corresponding form factors. This is explicit in the
first moment sum rules, which relate e.g. GPDs E and
Ẽ (summed over quark flavor f) to the axial and pseudo-
scalar form factors GA and GP of the proton:

X

f

Z 1

�1

(
Ef (x, ⇠, t)
eEf (x, ⇠, t)

)
dx =

(
GA(�t)

GP (�t)

)
(1)

These form factors, particularly GP are much less well
known experimentally than the usual electromagnetic
form factors GE,M . The present measurements of the

CFFs E and eE therefore provide constraints on the quark
momentum distribution support of the corresponding
form factors within this xB range.

The present measurements will be complemented in
this same general kinematic range in the near future by
measurements in JLab Halls B and C, and longitudinally
polarized proton measurements and neutron DVCS mea-
surements in JLab Hall B. These measurements there-
fore demonstrate that the full extraction of experimental
Compton form factors is within reach.
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F2ℰ]˜selection criteria for the DVCS process to fully recon-
structed e0nπ0 events was computed. Multiplying this ratio
by the number of reconstructed e0nπ0 events in the data
yields the number of e0nπ0ð1γÞ events. This number was
then subtracted from the yield of DVCS event candidates in
each kinematic bin and helicity state. The π0 contamination
ranges from 10% to 45% depending on the kinematics.
The BSA is obtained for each kinematic bin as

ALU ¼ 1

P
Nþ − N−

Nþ þ N− ; ð5Þ

where P is the average beam polarization and Nþð−Þ is the
yield of DVCS events for positive (negative) beam helicity
after π0 subtraction. Radiative corrections were estimated
according to Ref. [51] and found to be negligible.
Various sources of systematic uncertainty on the BSA

were studied. To obtain the systematic uncertainty due to
the cut on the boosted decision tree classifier to remove the
proton contamination and on the exclusivity cuts, variations
around each chosen cut were made, and the differences
between the resulting BSAs were taken as the systematic
uncertainty. The systematic uncertainty on the beam
polarization was the standard deviation of the polarization
measured by the Møller polarimeter. The systematic
uncertainty stemming from the merging of datasets with
different beam energy was evaluated with a GPD-based
model computing the BSA stemming from the interference
of DVCS and BH. The systematic uncertainty induced by
the π0 subtraction method was estimated using a different
method, relying on the statistical unfolding [52] of signal
and background contributions to the MM2

enγX spectrum
(Fig. 2, left), and comparing the obtained BSAs in each
kinematic bin. The total systematic uncertainty was com-
puted by summing all contributions in quadrature. It is, on
average, ∼0.01, and largely dominated by the uncertainty
on the exclusivity cuts.
The BSA, which was extracted in bins of either Q2, xB,

or t, is plotted as a function of ϕ in Fig. 4. It has the

expected sinusoidal shape arising from the DVCS-BH
interference, and is fitted by the function ALUð90°Þ sinϕ.
Its amplitude is on the order of a few percent, about a factor
of 4 smaller than the pDVCS amplitude measured at these
same kinematics [20]. The systematic uncertainty is smaller
than the statistical one in most cases.
Figure 5 shows the amplitude ALUð90°Þ of the sinϕ fits

to the BSA as a function of Q2 (left), xB (middle), and
−t (right). The data are compared to predictions for DVCS
on a free neutron of the Vanderhaeghen-Guichon-Guidal
model [53] for different values of the quark total angular
momenta Ju and Jd. The VGG model uses double
distributions [1,4] to parametrize the ðx; ξÞ dependence
of the GPDs, and Regge phenomenology for their t
dependence. The model curves are obtained at the average
kinematics for Q2, xB, and −t, and setting ϕ at 90°. The
values of Ju and Jd were varied in a grid of step 0.025 and
range%1, and the χ2 of each obtained model curve with the
data points was computed. Three of the curves yielding the
best χ2 are retained for Fig. 5. Considering χ2 values within
3σ from the minimum, in the VGG framework the data
favor d quark angular momenta 0 < Jd < 0.2, while no
constraints can be imposed on Ju. The model does not
reproduce the kinematic dependence of ALUð90°Þ, predict-
ing steeper variations, in particular for −t, than those
displayed by the data.
The sensitivity of the CLAS12 nDVCS BSA to CFFs,

in particular to ℑmE, was tested by including it in a fit of
CFFs by the output of neural networks as an effective
parametrization, serving as unbiased interpolation
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FIG. 4. Beam-spin asymmetry for nDVCS versus ϕ for (top)
three bins in −t ([0, 0.3], [0.3, 0.5], and ½0.5; 1.1' GeV2),
(middle) three bins in xB ([0.05, 0.14], [0.14, 0.2], and [0.2,
0.6]), and (bottom) three bins in Q2 ([1, 1.9], [1.9, 2.9], and
½2.9; 6' GeV2). The error bars are statistical. The data are fit with
the function ALUð90°Þ sinϕ. The boxes represent the total
systematic uncertainty.
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−t (right). The data are compared to predictions for DVCS
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model [53] for different values of the quark total angular
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range%1, and the χ2 of each obtained model curve with the
data points was computed. Three of the curves yielding the
best χ2 are retained for Fig. 5. Considering χ2 values within
3σ from the minimum, in the VGG framework the data
favor d quark angular momenta 0 < Jd < 0.2, while no
constraints can be imposed on Ju. The model does not
reproduce the kinematic dependence of ALUð90°Þ, predict-
ing steeper variations, in particular for −t, than those
displayed by the data.
The sensitivity of the CLAS12 nDVCS BSA to CFFs,

in particular to ℑmE, was tested by including it in a fit of
CFFs by the output of neural networks as an effective
parametrization, serving as unbiased interpolation
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systematic uncertainty.
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→

function [54]. Here, values at network inputs represent the
kinematical variables xB, Q2, and t, and values at outputs
represent the imaginary and real parts of the up and down
quark contributions to CFFs. The networks were trained on
200 Monte Carlo replicas of the experimental data, which
ensured that uncertainty of the resulting CFFs is faithfully
propagated from the experimental measurements. Figure 6
shows the up and down quark ℑmH and ℑmE CFFs,
extracted by fits to old CLAS [16,17] and HERMES
[25,27] proton data, to recent CLAS12 proton data [20]
and to the neutron data reported here. Note that the Hall A
nDVCS data were not included in this study in order to
assess the impact of the present data alone. While the
inclusion of the CLAS12 nDVCS data allows the flavor

separation of ℑmH, the main new result is the flavor
separation of ℑmE. The same CFF extraction method was
previously used to attempt flavor separation of the CFFs of
H and E [55] by combining pDVCS data and the Hall A
nDVCS results [36]. While promising results were obtained
for ℜeH and ℑmH, the separation was not possible for
the CFFs of E. The small systematic uncertainties of the
CLAS12 nDVCS data, obtained mainly thanks to the
detection of the neutron, and their wide kinematic coverage
provide the necessary sensitivity for the flavor separation
of ℑmE.
The CLAS12 nDVCS data represent an important step

toward the understanding of the contribution of the
angular momentum of the quarks to the spin of the
nucleon via Ji’s sum rule, of which the GPD E is an
essential, yet poorly known, ingredient. The future
increase in statistics of the nDVCS dataset, which
will be achieved both by upgrades of the CLAS12
reconstruction software and by additional data, will allow
better precision and four-dimensional binning for the
BSA, and thus a more accurate mapping of ℑmE. An
ongoing analysis of this same dataset aims to extract cross
sections for nDVCS, which are sensitive to ℜeE.
Furthermore, CLAS12 recently completed an experiment
with a longitudinally polarized deuterium target, which
will yield target-spin asymmetries and double-spin asym-
metries for nDVCS. These observables, combined with
the unpolarized-target ones, will contribute to constrain
more CFFs of the neutron, hence to progress in the flavor
separation of all four GPDs, and, consequently, to deepen
our understanding of the properties of the nucleons in
terms of their elementary constituents.
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FIG. 6. Extraction of up (u, coarser red shading) and down (d,
finer blue shading) quark contributions to ℑmH (top) and ℑmE
(bottom) as a function of −t (left and middle) and ξ (right). The
leftmost column shows the extraction of the two CFFs without the
CLAS12 nDVCS data, which are instead included in the other
two columns.
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Exclusive vector-meson production
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

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

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

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

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

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

M. Diehl Some thoughts about the theory of meson production 18
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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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Exclusive  production : SDMEsρ0

(EPJC 62 (2009) 659)

HERMES:
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⟨W⟩ = 4.8 2

COMPASS:
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⟨Q2⟩ = 2.40 2

⟨W⟩ = 9.9 2

COMPASS: EPJC 83 (2023) 924

Unpolarised proton target 

longitudinally polarised lepton 

beam • 5 classes of SDMEs


• unpolarised and polarised SDMEs
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scaled SDME

proton
deuteron

A:  γ *L  →  ρ 0L
γ *T  →  ρ 0T

B: Interference  γ *L  →  ρ 0L  &  γ *T  →  ρ 0T

C:  γ *T  →  ρ 0L

D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
SDMEs equal to Re{T11T ∗

00}/N and Im{T11T ∗
00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗

00/N (for r500/
√
2 and r800/

√
2) and

T01T ∗
11/N . The dominant contributions for classes D

and E contain terms T10T ∗
11/N and T1−1T ∗

11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-
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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

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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Exclusive  production : SDMEsρ0

• s-channel helicity conservation 

    ( ):


• class A&B: fulfilled 

• class C: strong violation: 

λγ* = λρ0

ℜr04
10 ≠ 0 by  > 4σ

ℜr5
00 ≠ 0 by  > 9σ
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⟨W⟩ = 4.8 2

COMPASS:

 GeV 


 GeV
⟨Q2⟩ = 2.40 2

⟨W⟩ = 9.9 2
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• unpolarised and polarised SDMEs
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A:  γ *L  →  ρ 0L
γ *T  →  ρ 0T

B: Interference  γ *L  →  ρ 0L  &  γ *T  →  ρ 0T

C:  γ *T  →  ρ 0L

D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
SDMEs equal to Re{T11T ∗

00}/N and Im{T11T ∗
00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗

00/N (for r500/
√
2 and r800/

√
2) and

T01T ∗
11/N . The dominant contributions for classes D

and E contain terms T10T ∗
11/N and T1−1T ∗

11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-
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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

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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ρ0 π+
π−μ±

μ±

(In Goloskokov-Kroll model:

  factorisation assumed)k⊥



Exclusive  production : SDMEsϕ
(EPJC 62 (2009) 659)
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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

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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μ±

Kamil Augsten

Exclusive ϕ Meson SDMEs

05/05/2026 SDMEs in Exclusive φ Mesons at COMPASS 7

❖ Kinematic range:
𝟏 < 𝑸𝟐 < 𝟏𝟎
(GeV/𝑐)2

𝟓 < 𝑾 < 𝟏𝟕 
GeV/𝑐2

𝟎. 𝟎𝟏 < 𝒑𝐓
𝟐 < 𝟎. 𝟓 

(GeV/𝑐)2

❖ SDME classes (A–E): 
Different helicity
transitions
(γ,N→V,N′)

❖ Blue shaded areas = 
polarized SDMEs

• 5 classes of SDMEs

• unpolarised and polarised SDMEs
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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

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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ϕ K+
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Kamil Augsten

Exclusive ϕ Meson SDMEs

05/05/2026 SDMEs in Exclusive φ Mesons at COMPASS 7

❖ Kinematic range:
𝟏 < 𝑸𝟐 < 𝟏𝟎
(GeV/𝑐)2

𝟓 < 𝑾 < 𝟏𝟕 
GeV/𝑐2

𝟎. 𝟎𝟏 < 𝒑𝐓
𝟐 < 𝟎. 𝟓 

(GeV/𝑐)2

❖ SDME classes (A–E): 
Different helicity
transitions
(γ,N→V,N′)

❖ Blue shaded areas = 
polarized SDMEs

• 5 classes of SDMEs

• unpolarised and polarised SDMEs
• s-channel helicity conservation 

    ( ):


• class A: fulfilled 

• class B: small tensions

• class C: violation: 

λγ* = λρ0

HT, ĒT = 2H̃T + ET
(In Goloskokov-Kroll model:

  factorisation assumed)k⊥



Exclusive  production : SDMEsJ/ψ
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Figure 12: Spin-density matrix elements as functions of Q2 (a-e) and |t| (f-j) for the range
40 < Wγp < 160 GeV. The data points are the results of fits of equations 4- 7 to the data shown
in figure 11. The inner error bars show the fit result including only the statistical error, while
the outer error bars also include the systematic uncertainties. The expectations from SCHC are
shown as solid lines. The results from the ZEUS collaboration are also shown, ( a), c) and
f) [6, 16] and b) [5, 15]).
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SCHC:

r11�1 =
1

2

�
1� r0400

�

|t| ⟨|t|⟩ αIP (t)

(GeV2) (GeV2)

0.0 - 0.1 0.046 1.22± 0.04+0.03
−0.04

0.1 - 0.3 0.186 1.17± 0.04+0.02
−0.02

0.3 - 0.9 0.483 1.17± 0.03+0.02
−0.04

0.9 - 2.0 1.123 1.13± 0.04+0.03
−0.04

Table 5: The Pomeron trajectory αIP (t) measured in four t bins, in the range
2 < Q2 < 100GeV 2 at a mean value ⟨Q2⟩ = 6.8GeV 2. The first uncertainty is
statistical and the second systematic.

Q2 ⟨Q2⟩ r0400 r11−1 R = σL/σT r11−1 − 1
2 (1− r0400)

(GeV2) (GeV2)

2 - 5 3.1 0.12± 0.08+0.13
−0.15 0.34± 0.09+0.03

−0.06 0.13± 0.11+0.09
−0.16 −0.10± 0.09+0.08

−0.06

5 - 10 6.8 0.25± 0.09+0.10
−0.06 0.44± 0.09+0.06

−0.07 0.33± 0.16+0.19
−0.11 0.06± 0.10+0.08

−0.06

10 -100 16 0.54± 0.10+0.06
−0.03 0.26± 0.09+0.09

−0.04 1.19± 0.51+0.28
−0.14 0.03± 0.11+0.07

−0.02

Table 6: The spin-density matrix elements, r0400 and r11−1, the ratio of cross
sections of longitudinally and transversely polarised photons, R, and the quantity
r11−1 − 1

2 (1− r0400) measured in bins of Q2. The first uncertainty is statistical and
the second systematic.

W ⟨W ⟩ r0400 R = σL/σT

(GeV) (GeV)

30 - 55 43.5 0.21±0.16+0.32
−0.18 0.27±0.26+0.45

−0.17

55 - 80 68.1 0.24±0.13+0.10
−0.10 0.31±0.23+0.26

−0.22

80 - 120 95.6 0.25±0.09+0.09
−0.05 0.33±0.16+0.15

−0.07

120 - 160 128.1 0.12±0.11+0.11
−0.05 0.14±0.15+0.12

−0.05

160 - 220 184.4 0.36±0.16+0.12
−0.10 0.56±0.40+0.23

−0.16

Table 7: The spin density matrix element r0400 and the ratio of cross sections of
longitudinally and transversely polarised photons, R, measured in bins of W , in the
range 2 < Q2 < 100GeV 2 at a mean value ⟨Q2⟩ = 6.8GeV 2. The first uncertainty
is statistical and the second systematic.
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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

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

light meson production (not J/ or ⌥)

γ∗
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t
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(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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Access to transversity GPDs
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

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

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

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

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

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

M. Diehl Some thoughts about the theory of meson production 18
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HT, Ẽ
ĒT = 2H̃T + ET

H̃, Ẽ, HT, ĒT

Access to transversity GPDs

See also:

• JLab Hall A, PRL 117 (2016) 262001

• CLAS, PLB 849 (2024) 138459

• Expected results from JLab Hall C



Upcoming DIS experiments probing GPDs

17

Timelike Compton scattering

93

γ*γ
e+

e−*

Comparison with DVCS: 

‣ test of universality

‣ understanding of QCD corrections

• Jefferson Lab:

‣ ALERT at CLAS (analysis ongoing): DVCS and meson production on 4He: spin-0 target  only 1 GPD


‣ Addition of neutral spectrometer at Hall C: DVCS, exclusive  off proton (analysis ongoing)


‣ Transverse target at CLAS approved (~4 years)  access to GPD 

‣ Double DVCS at CLAS approved (~5–6 years) and at Hall A with SoLID (C1 approved)


  access to GPDs at 

‣ Additional proposals:


‣ Positron beam at Jefferson Lab  access to  through beam-charge asymmetry

‣ Upgrade to JLab at 22 GeV


• EIC


→
π0

→ E

→ x ≠ ξ

→ Reℋ



Ultra-peripheral hadron-hadron collisions
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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.

S. ACHARYA et al. PHYS. REV. D 108, 112004 (2023)
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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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See also:
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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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IIM-BG
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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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Probes GPDs at higher scale.

GPD H
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/p



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

LHC beam

optimised for studying particles containing c- and b-quarks

2 < η < 5Forward acceptance:

9

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

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

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

10°6 10°5 10°4 10°3 10°2 10°1 100

x

101

102

103

104

105

106

107

Q
2

[G
eV

2 ]

8.16 TeV pPb
LHCb
ATLAS/CMS
ALICE
ALICE Muon

Other Collision Systems
LHCb 110 GeV
HERA

Access to high x

Internal side view

storage cell

WFS

375 mm

VELO

7 SMOG2 gas feed system

The SMOG apparatus is equipped with a gas feed system, shown in Fig. 2, which allows to
injects gas into the VELO vessel, Fig. 5. This system has only one feed line (used for di↵erent
noble gases), and cannot provide accurate determination of the injected gas flow rate Q.

For SMOG2 a new GFS, schematically shown in Fig. 36, has been designed. This system
includes an additional feed line directly into the cell center via a capillary, Fig. 29. The amount
of gas injected can be accurately measured in order to precisely compute the target densities
from the cell geometry and temperature.

Beyond the constraints requested by LHC and LHCb, the scheme shown in Fig. 36 is a well
established system, operated by the proponents in previous experiments [32, 33].

7.1 Overview

The system consists of four assembly groups, Fig. 36.

Figure 36: The four assembly groups of the SMOG2 Gas Feed System: (i) GFS Main Table, (ii) Gas
Supply with reservoirs, (iii) Pumping Station (PS) for the GFS, and (iv) Feed Lines. The pressure gauges
are labelled AG1 (Absolute Gauge 1), AG2 (Absolute Gauge 2). The two dosing valves are labelled
DVS (Dosing Valve for Stable pressure in the injection volume) and DVC (Dosing Valve for setting the
Conductance). The Feeding Connections include the feeding into the VELO vessel and into the storage
cell. The corresponding valves are labelled CV (Cell Valve), VV (VELO Valve) and SV (Safety Valve). A
Full Range Gauge (FRG) monitors the pressure upstream of the last valves for feeding into the vessel
(VV) and into the Cell (VC). A RGA with restriction and PS will be employed to analyze the composition
of the injected gas (see Sect. 6.4).

(i) GFS Main Table: Table which hosts the main components for the injection of calibrated
gas flow (volumes, gauges, and electro–pneumatic valves), to be located on the balcony at
the P8 cavern;
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inject gas: He, Ne, Ar, and H2, D2
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A. Piccoli et al., LHCspin: a polarized fixed-target system at the LHC 2

Why LHCspin?

HIGGS BOSON 
DISCOVERY

The LHC is the biggest particle accelerator in the World.

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

This is where the LHCspin project comes in!

We are here!

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

LHCspin project

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

introduction of polarized physics at the LHC;

simultaneity with LHCb collider mode program;

marginal impact on LHC beam and LHCb performances.

Key
features:

6

Pol. target

Collider mode

! = 13 TeV

!%% = 8.2 TeV

!%% = 5 TeV

Fixed-target mode

!%% = 72 GeV

!%% = 115 GeV

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

Types of collisions at LHCb

!%% = 115 GeV

protons                                     protons, deuterons

SM
OG, SM

OG2
PGT

transversely polarised 

gas target 

LHC RUN 5
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What object are we probing?
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
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What object are we probing?

coherent 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
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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
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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
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•Good separation of coherent and incoherent production: not easy!
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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

Pb Pb

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

•Good separation of coherent and incoherent production: not easy!

•Coherent production: measurements up to large t:

‣3D or 2D (x independent) transverse position

<latexit sha1_base64="sQjTh1s1c0bN22xcnBsj4AGe3wE="></latexit>Z 1

0
d�? GPD(x, 0,�?) e

�ib?�?

Experimentally limited by maximum transverse momentum.

Need to extend pT range as much as possible in measurement.

~third diffractive minimum.



Disentangling the ambiguity on the ID of the 𝜸 emitter

26

detector

QED Double pomeron exchange
(Scalar / tensor mesons)

Photoproduction
(Vector mesons)

Signal: Central system with rapidity gaps down to proton

Background: Proton dissociation; finite detector acceptance 

Introduction
O O O O 

Conclusions

2

Measurements

µ+
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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>

E�,s =
MJ/ 

2
e�y
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<latexit sha1_base64="YFfh94ARHqh2Zm9o1NRetVnPdmU=">AAACEHicbVDLSsNAFJ3UV62vqks3wSK60JoURTdCUQQRhAr2AU0Mk+mkHTqThJmJUIZ8ght/xY0LRdy6dOffOG2z0NYDFw7n3Mu99/gxJUJa1reRm5mdm1/ILxaWlldW14rrGw0RJRzhOopoxFs+FJiSENclkRS3Yo4h8ylu+v2Lod98wFyQKLyTgxi7DHZDEhAEpZa84u6lp5wuZAzui/TMCThE6sZT14dOLEiaqkqK79XBIPWKJatsjWBOEzsjJZCh5hW/nE6EEoZDiSgUom1bsXQV5JIgitOCkwgcQ9SHXdzWNIQMC1eNHkrNHa10zCDiukJpjtTfEwoyIQbM150Myp6Y9Ibif147kcGpq0gYJxKHaLwoSKgpI3OYjtkhHCNJB5pAxIm+1UQ9qEOROsOCDsGefHmaNCpl+7hs3R6VqudZHHmwBbbBHrDBCaiCK1ADdYDAI3gGr+DNeDJejHfjY9yaM7KZTfAHxucPJfGdTA==</latexit>
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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 =
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2
e+y
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<latexit sha1_base64="YFfh94ARHqh2Zm9o1NRetVnPdmU=">AAACEHicbVDLSsNAFJ3UV62vqks3wSK60JoURTdCUQQRhAr2AU0Mk+mkHTqThJmJUIZ8ght/xY0LRdy6dOffOG2z0NYDFw7n3Mu99/gxJUJa1reRm5mdm1/ILxaWlldW14rrGw0RJRzhOopoxFs+FJiSENclkRS3Yo4h8ylu+v2Lod98wFyQKLyTgxi7DHZDEhAEpZa84u6lp5wuZAzui/TMCThE6sZT14dOLEiaqkqK79XBIPWKJatsjWBOEzsjJZCh5hW/nE6EEoZDiSgUom1bsXQV5JIgitOCkwgcQ9SHXdzWNIQMC1eNHkrNHa10zCDiukJpjtTfEwoyIQbM150Myp6Y9Ibif147kcGpq0gYJxKHaLwoSKgpI3OYjtkhHCNJB5pAxIm+1UQ9qEOROsOCDsGefHmaNCpl+7hs3R6VqudZHHmwBbbBHrDBCaiCK1ADdYDAI3gGr+DNeDJejHfjY9yaM7KZTfAHxucPJfGdTA==</latexit>
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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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<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>
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Small impact parameter, b              higher probability for exciting (∝1/b2)  higher probability to emit neutrons.
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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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off protons with the nuclear form factor and neglecting all
other nuclear effects, except for coherence.
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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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See also:

• ALICE, JHEP 10 (2023) 119
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Results indicate significant nuclear shadowing

ATLAS, JHEP04(2026)020

See also: 

Preliminary results ALICE at  5.36 TeVsNN
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Results scaled to 5.02 TeV
● New ATLAS measurement 

scaled to lower collision energy 
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result

● Possible impact of coincident 
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ALICE: Eur. Phys. J. C 81 (2021) 712
CMS: Phys. Rev. Lett. 131 (2023) 262301
LHCb: JHEP 07 (2022) 117

Scaling of the data to  TeV
with STARlight

sNN = 5.02

ATLAS, JHEP04(2026)020

: EPJ C 81 (2021) 712 

: PRL 131 (2023) 262301 

: JHEP 07 (2022) 117

See also: 

Preliminary results ALICE at  5.36 TeVsNN
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Summary

• Valence region at Jefferson Lab: full GPD programme at high precision to extract chiral-even and chiral-odd GPDs 
using polarised electron beam and unpolarised, longitudinally and transversely polarised proton targets 


    as well as light nuclei.

• Sea-quarks and gluons at the EIC: full GPD programme, at unrivalled precision down to xB=10-4, using polarised 

    electron beam and polarised nucleons as well as entire series of unpolarised nuclei. 

• LHC: 

‣ Spin-independent, highest-energy measurements with proton and lead ions:                                                                   

test of universality of GPDs and access to lowest region in xB, down to 10-6.  

‣ Fixed target with proton and noble gasses for high-xB region. Plans for transversely polarised target.

• Sea-quarks at COMPASS: measurements of DVCS and hard exclusive meson production off unpolarised proton 

    are ongoing.
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