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Benjamin Nachman - H1

jet lepton correlations

3H1 @ HERA

H1 was one of two multipurpose experiments at HERA.  

For this talk: 2006-2007 data, 136 pb-1, 320 GeV

I’ll present a measurement 
of the electron-jet inbalance

Jetp

e e

32

Parton shower Monte Carlo programs also provide 
excellent agreement with the data across the spectra.
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Figure 2. Measured cross sections, normalized to the inclusive jet production cross section, as a function of the jet transverse
momentum (top left) and jet pseudorapidity (top right), lepton-jet momentum balance (qjet

T /Q) (lower left), and lepton-jet
azimuthal angle correlation (��jet) (lower right). Predictions obtained with the pQCD (corrected by hadronization effects,
“NP”) are shown as well. Predictions obtained with the TMD framework are shown for the qjet

T /Q and ��jet cross sections. At
the bottom, the ratio between predictions and the data are shown. The gray bands represent the total systematic uncertainty
of the data; the bars represent the statistical uncertainty of the data, which is typically smaller than the marker size. The error
bar on the NNLO calculation represents scale, PDF, and hadronization uncertainties. The statistical uncertainties on the MC
predictions are smaller than the markers.

Results
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Benjamin Nachman - H1

publish unbinned data

Due to the unfolding method the
result is not intrinsically binned

Infrastructure to publish such data is
needed

25Classification for reweighting

Neural networks are 
naturally unbinned and 
readily process high-

dimensional data. 

N.B. the distribution is 
binned for illustration, but the 

reweighting is unbinned. 

p
s = 319 GeV

<latexit sha1_base64="6oZa+gRYnrmADg8aE1LHQznmIqo=">AAAB+3icbVBNS8NAEN34WetXrEcvi63gqSTtQT0IRQ96rGA/oA1ls922SzebuDsRS8hf8eJBEa/+EW/+G7dtDtr6YODx3gwz8/xIcA2O822trK6tb2zmtvLbO7t7+/ZBoanDWFHWoKEIVdsnmgkuWQM4CNaOFCOBL1jLH19P/dYjU5qH8h4mEfMCMpR8wCkBI/XsQqmrHxQkOr2suhclfMOaPbvolJ0Z8DJxM1JEGeo9+6vbD2kcMAlUEK07rhOBlxAFnAqW5ruxZhGhYzJkHUMlCZj2ktntKT4xSh8PQmVKAp6pvycSEmg9CXzTGRAY6UVvKv7ndWIYnHsJl1EMTNL5okEsMIR4GgTuc8UoiIkhhCpubsV0RBShYOLKmxDcxZeXSbNSdqvlyl2lWLvK4sihI3SMTpGLzlAN3aI6aiCKntAzekVvVmq9WO/Wx7x1xcpmDtEfWJ8/Kr2TNg==</latexit>

e→←p

We use a trick whereby 
classifiers can be 

repurposed as reweighters

Albert Bursche (South China Normal University) MPI summaries October 15, 2021 3 / 11



Sergey Levonian - H1

leptoproduction of ρ mesons

10 Extracting ρ0 Cross Section

non-res term: Bnr =
(

mππ−2mπ

(mππ−2mπ)2+Λ2
nr

)δnr

χ2/ndof = 24.6/24

Fitted
parameters:

mρ0 = 770.8 ± 2.6 MeV

Γρ0 = 151.3 ± 3.2 MeV

mω = 777.9 ± 4.0 MeV
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π+

π−

Fµ

Plug

• Central Tracker: drift chambers and
two-layer silicon strip detector
(20◦ < θ < 160◦ used in VM analyses)

• EM+Had Calorimeters
(4◦ < θ < 178◦)

• Forward Detectors: Fµ,Plug,p-tag
(effective pseudorapidity coverage 3.5 < ηlab < 7.5)

Powerful fast track trigger (allows soft γp events to be collected)

Separation of EL and PD events using Fwd tagging

Albert Bursche (South China Normal University) MPI summaries October 15, 2021 4 / 11



Sergey Levonian - H1

leptoproduction of ρ mesons

13 Effective Pomeron trajectory
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Points: α(t) as measured separately in each t bin by fitting a simple power law ∝ W 4(αt−1)
γp with free fit parameters αt

Curves: The trajectories extracted from a simultaneous 2D-fit to the Wγp and t dependencies (see in the Appendix).

⇒ Clear non-linearity at large |t|
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Giulia Manca

ultra peripheral collisions - ALICE and LHCb

Results 
➜

13.10.2021 G.Manca, MPI@LHC2021 9

➜ pQCD calculation
[PRC 93 (2016) 055206]

➜ Color dipole models
[PRD 96 (2017) 094027]       
[PRC 97 (2018) 024901]
[PLB 772 (2017) 832]

➜ Integrated over y [2.0-4.5]:
𝜎!"#$%$&'
( = 4.45 ± 0.24 𝑠𝑡𝑎𝑡 ± 0.18 𝑠𝑦𝑠𝑡 ± 0.58 𝑙𝑢𝑚𝑖 𝑚𝑏

➜ Results	are	within	1.3s
|y|

➜ Extracted 
Rg=0.65±0.03 at 
Bjorken-x (0.3,1.4)×10)*

[Arxiv:2107.03223]

[Arxiv:2107.03223]

Prompt J/y production in peripheral 
PbPb collisions

➜ Peripheral: the nuclei barely touch each other 
with < 2 R Pb 
§ Possible to identify also hadronic component !

➜ Motivated by excess seen by Alice [Phys. Rev. Lett. 
116 (2016) 222301]]

➜ Selection similar to UPC analyses, at very low 
pT (< 0.3 GeV/c) 

13.10.2021 G.Manca, MPI@LHC2021 13

Use pT distribution of the J/y mesons
• Hadronic : mean pT 1-2 GeV/c, 
• Coherent : mean pT < 300 MeV/c

b<2R

12.                  150                1800            22x103

(MeV/c)  

ℒ = 228 ± 10 𝜇𝑏!"

[arXiv:2108.02681 ]
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Giulia Manca

light by light - CMS and Atlas

More UPC measurements ! 
➜ Exclusive dimuon production

§ ℒ = 0.48 𝑛𝑏,-

§ pT
µ > 4 GeV/c,

§ |hµ |< 2.4, 
§ Mµµ > 10 GeV/c2, pT

µµ < 2 GeV/c
§ Cross-section γ+γ→μ+μ−: σμμfid=34.1±0.3(stat.)±0.7(syst.) μb

➜ Two-particle azimuthal correlations [Talk H.Hamdaoui onThu@5pm ]
➜ Angular correlations in exclusive j-j photoproduction

§ ℒ = 0.38 𝑛𝑏,-

§ pT
j (pT

j’) > 30(20) GeV/c, hj,j’ < 2.4, φ = angle 
between QT=pTj+ pTj’ and PT=1/2(pTj -pTj’)

13.10.2021 G.Manca, MPI@LHC2021 11

[Phys.Rev.C 104(2021) 024906]

Acoplanarity 𝛼 = 1 − |Δ𝜙𝜇𝜇 |/𝜋

Acoplanarity 𝛼 = 1 − |Δ𝜙𝜇𝜇 |/𝜋

First step 
towards 

extraction 
of Wigner 
or Husimi

gluon 
PDFs

w/ LO 

20% larger in data than 

dimuon cross sections in the presence 

production is also studied and is found 

incoming photon spectrum, consistent 

[CMS-PAS-HIN-18-011]
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Light-by-light scattering
➜ Measurement of light-by-light scattering and search for 

axion-like particles
§ ℒ = 2.2 𝑛𝑏,- (ATLAS), 390 𝜇𝑏,-(CMS)
§ Two photons exclusively, ET

g > 2.5 GeV/c, |hg |< 2.37
§ Mµµ > 5 GeV/c2, small pT

gg & ag g

§ Cross-section γγ→ g g: σfid=122±46(stat.)±29(syst.)±4(th) μb [CMS]
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[JHEP 03(2021) 243, Phys.Lett.B 797 (2019) 134826]
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point five
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P5

CMS-TOTEM common data-taking have 
taken place during Run1 and Run2

FSQ-12-033 (8 TeV with 2012 data) 
SMP-19-006 (13 TeV with 2015 data)

p1

p2

p′ 1

p′ 2

γ, IP

γ, IP
X

∼μrad

∼μrad

η gap

η gap

Proton tagging
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Gustavo Gil da Silveira - CMS

single diffractive jets

Jet-gap-Jet
Diffrative dijet production has been measured via pseudorapidity gaps as experimental signature 

Important measurement for testing pQCD and the BFKL dynamics at energy of 13 TeV 

Soft rescattering corrections are accounted by a survival probability of  

Measurements in CMS+TOTEM common data-taking at 13 TeV (2015) of 0.66/pb + 0.40/pb (TOTEM) 

Special run with  where  and  pileup/event 

Intact proton largely reduces the soft interactions and improves survivability of the gaps

|𝒮 |2 = 1 − 10 %

β* = 90 m −4 < t < − 0.025 GeV2 0.05 − 0.10

6Results on diffraction and exclusive productionUERJ|UFRGS!Gustavo Gil da Silveira 12thMPI@LHC2021, 28 set 2021
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may not be 
entirely 

kinematic 
independent

decorrelations between jets in forward-backward dijet
configurations [8] and cross section measurements at large
values of the rapidity difference between the jets [9,10].
Exclusive vector meson production at the LHC [11–17] can
be treated within the BFKL framework, as discussed in
Refs. [18,19]. Measurements of inclusive jet or multijet
cross sections at different center-of-mass energies show
no significant deviations from predictions based on
the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP)
evolution equations [20–22], where parton emissions are
strongly ordered in transverse momentum (pT), distinct
from the BFKL ordering in rapidity, over a large region
of phase space [9,10,23–36]. State-of-the-art global PDF
fits highlight the importance of including resummation of
small x terms to all orders in αS to describe inclusive deep
inelastic scattering data collected by the DESY HERA
experiments [37]. A lesson from these studies is that BFKL
dynamical effects associated with multiple parton splittings
are very difficult to separate from other effects predicted by
higher-order corrections in pQCD. More restrictive final-
state studies, where other effects expected from pQCD
are suppressed, may provide clearer indications of BFKL
dynamics.
A study of events is presented in proton-proton (pp)

collisions with two jets separated by a large pseudorapidity
(η) interval devoid of particle activity. These are known as
Mueller–Tang jets [38] or jet-gap-jet events. The jet-gap-jet
events in this study are observed with the CMS detector.
Previous studies of jet-gap-jet events have been carried out
by the H1 and ZEUS Collaborations in dijet photoproduc-
tion in electron-proton collisions at the DESY HERA
[39,40], by the CDF and D0 Collaborations in pp colli-
sions at center-of-mass energies

ffiffiffi
s

p
¼ 0.63 and 1.8 TeV at

the Fermilab Tevatron [41–46], and by CMS at 7 TeV in pp
collisions at the CERN LHC [47]. The pseudorapidity gap
is indicative of an underlying t-channel hard color-singlet
exchange [48–51]. In the BFKL framework, hard color-
singlet exchange is described by t-channel two-gluon
ladder exchange between the interacting partons, as shown
in Fig. 1, where the color charge carried by the exchanged

gluons cancel, leading to a suppression of particle pro-
duction between the final-state jets. This is known as
perturbative pomeron exchange [3–5]. Color-singlet
exchange can occur in quark-quark, quark-gluon, and
gluon-gluon scattering. Of these, gluon-gluon scattering
is expected to be substantially favored as a result of the
larger color charge of gluons [49–51]. In contrast, in most
collisions that lead to dijet production, the net color charge
exchange between partons results in final-state particle
production over wide intervals of rapidity between the jets.
These color-exchange dijet events are referred to in this
paper as “background” events. Dynamical effects predicted
by the DGLAP evolution equations are largely suppressed
in events with pseudorapidity gaps, since the predicted dijet
production rate is strongly reduced by way of a Sudakov
form factor [48–51]. This factor, which accounts for the
probability of having no additional parton emissions
between the hard partons, is not necessary for BFKL
pomeron exchange [38]. The ratio of jet-gap-jet yields to
inclusive dijet yields is sensitive to dynamical effects
predicted by the BFKL evolution equations, as first
suggested in Ref. [38] and further studied in Refs. [52–56].
The presence of soft rescattering effects between partons

and the proton remnants modify the visible cross section of
jet-gap-jet events. These soft interactions can induce the
production of particles in the η interval that would other-
wise be devoid of particles. This results in a reduction of the
number of events identified as having a jet-gap-jet signa-
ture. This reduction is parametrized using a multiplicative
factor known as the rapidity gap survival probability, jSj2.
The survival probability is a process-dependent, nonper-
turbative quantity [48,57–61] that is expected to have
values of the order of jSj2 ¼ 1–10% at LHC energies.
This factor is often assumed to be largely independent of
the dijet event kinematics [48], although some nonpertur-
bative models, such as the soft color interactions (SCI)
model [53,56], suggest that this is not always the case. In
particular, multiple-parton interactions (MPI) can further
reduce the survival probability in dijet events with a central
gap, as discussed in Refs. [53,56,62].

FIG. 1. Left: schematic diagram of a jet-gap-jet event by hard color-singlet exchange in pp collisions. The lines following the protons
represent the proton breakup. Right: jet-gap-jet event signature in the η-ϕ plane. The filled circles represent final-state particles.
The shaded rectangular area between the jets denotes the interval jηj < 1 devoid of charged particles.
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decorrelations between jets in forward-backward dijet
configurations [8] and cross section measurements at large
values of the rapidity difference between the jets [9,10].
Exclusive vector meson production at the LHC [11–17] can
be treated within the BFKL framework, as discussed in
Refs. [18,19]. Measurements of inclusive jet or multijet
cross sections at different center-of-mass energies show
no significant deviations from predictions based on
the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP)
evolution equations [20–22], where parton emissions are
strongly ordered in transverse momentum (pT), distinct
from the BFKL ordering in rapidity, over a large region
of phase space [9,10,23–36]. State-of-the-art global PDF
fits highlight the importance of including resummation of
small x terms to all orders in αS to describe inclusive deep
inelastic scattering data collected by the DESY HERA
experiments [37]. A lesson from these studies is that BFKL
dynamical effects associated with multiple parton splittings
are very difficult to separate from other effects predicted by
higher-order corrections in pQCD. More restrictive final-
state studies, where other effects expected from pQCD
are suppressed, may provide clearer indications of BFKL
dynamics.
A study of events is presented in proton-proton (pp)

collisions with two jets separated by a large pseudorapidity
(η) interval devoid of particle activity. These are known as
Mueller–Tang jets [38] or jet-gap-jet events. The jet-gap-jet
events in this study are observed with the CMS detector.
Previous studies of jet-gap-jet events have been carried out
by the H1 and ZEUS Collaborations in dijet photoproduc-
tion in electron-proton collisions at the DESY HERA
[39,40], by the CDF and D0 Collaborations in pp colli-
sions at center-of-mass energies

ffiffiffi
s

p
¼ 0.63 and 1.8 TeV at

the Fermilab Tevatron [41–46], and by CMS at 7 TeV in pp
collisions at the CERN LHC [47]. The pseudorapidity gap
is indicative of an underlying t-channel hard color-singlet
exchange [48–51]. In the BFKL framework, hard color-
singlet exchange is described by t-channel two-gluon
ladder exchange between the interacting partons, as shown
in Fig. 1, where the color charge carried by the exchanged

gluons cancel, leading to a suppression of particle pro-
duction between the final-state jets. This is known as
perturbative pomeron exchange [3–5]. Color-singlet
exchange can occur in quark-quark, quark-gluon, and
gluon-gluon scattering. Of these, gluon-gluon scattering
is expected to be substantially favored as a result of the
larger color charge of gluons [49–51]. In contrast, in most
collisions that lead to dijet production, the net color charge
exchange between partons results in final-state particle
production over wide intervals of rapidity between the jets.
These color-exchange dijet events are referred to in this
paper as “background” events. Dynamical effects predicted
by the DGLAP evolution equations are largely suppressed
in events with pseudorapidity gaps, since the predicted dijet
production rate is strongly reduced by way of a Sudakov
form factor [48–51]. This factor, which accounts for the
probability of having no additional parton emissions
between the hard partons, is not necessary for BFKL
pomeron exchange [38]. The ratio of jet-gap-jet yields to
inclusive dijet yields is sensitive to dynamical effects
predicted by the BFKL evolution equations, as first
suggested in Ref. [38] and further studied in Refs. [52–56].
The presence of soft rescattering effects between partons

and the proton remnants modify the visible cross section of
jet-gap-jet events. These soft interactions can induce the
production of particles in the η interval that would other-
wise be devoid of particles. This results in a reduction of the
number of events identified as having a jet-gap-jet signa-
ture. This reduction is parametrized using a multiplicative
factor known as the rapidity gap survival probability, jSj2.
The survival probability is a process-dependent, nonper-
turbative quantity [48,57–61] that is expected to have
values of the order of jSj2 ¼ 1–10% at LHC energies.
This factor is often assumed to be largely independent of
the dijet event kinematics [48], although some nonpertur-
bative models, such as the soft color interactions (SCI)
model [53,56], suggest that this is not always the case. In
particular, multiple-parton interactions (MPI) can further
reduce the survival probability in dijet events with a central
gap, as discussed in Refs. [53,56,62].

FIG. 1. Left: schematic diagram of a jet-gap-jet event by hard color-singlet exchange in pp collisions. The lines following the protons
represent the proton breakup. Right: jet-gap-jet event signature in the η-ϕ plane. The filled circles represent final-state particles.
The shaded rectangular area between the jets denotes the interval jηj < 1 devoid of charged particles.
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exchange

Marquet et al 
PRD 87 (2013) 034010

MPI can 
further 

decrease it

Color-singlet exchange Fraction with CMS data
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paragraphs. Simulation studies that rely on hadron-level
particle distributions, based on the samples described in
Section VII A, indicate that the choice of the jet
reconstruction algorithm (cone or anti-kT algorithms) has
a negligible effect on the shape of the charged particle
multiplicity distribution between the jets. The value of the
distance parameter R influences the charged particle
multiplicity distribution shape of jet-gap-jet signal events.
For large values of R, it is less likely for charged particle
constituents of the jet to populate the central jηj < 1 region
since the jet axes are further away from the edges of the gap
region. This yields a sharper jet-gap-jet signal excess at
Ntracks ¼ 0 for large jet distance parameter. At small
distance parameter R, there is more spillage of charged

particles into the gap region, since the jet axes can approach
the edge of the jηj < 1 interval more closely. The shape of
the multiplicity distribution of color-exchange dijet events
remains mostly unaffected by the size of R. In these

TABLE II. Measured values of the fraction of color-singlet
exchange events fCSE in bins of the pseudorapidity difference
between the two leading jets Δηjj. The first column indicates the
Δηjj intervals and the last column represents the measured
fraction. The first and second uncertainties correspond to the
statistical and systematic components, respectively. The results
are integrated over the allowed pjet2

T and Δϕjj values. The mean
values of Δηjj in the bin are given in the middle column.

Δηjj hΔηjji fCSE [%]

3.0–3.5 3.24 0.41" 0.02þ0.11
−0.04

3.5–4.0 3.75 0.50" 0.02þ0.07
−0.07

4.0–4.5 4.25 0.68" 0.02þ0.07
−0.06

4.5–5.0 4.74 0.71" 0.03þ0.06
−0.06

5.0–5.5 5.24 0.86" 0.04þ0.06
−0.08

5.5–6.0 5.73 0.93" 0.04þ0.06
−0.09

6.0–6.5 6.22 0.92" 0.06þ0.11
−0.09

6.5–7.0 6.71 0.69" 0.07þ0.15
−0.05

7.0–7.5 7.22 0.99" 0.14þ0.07
−0.15

7.5–8.0 7.73 1.57" 0.27þ0.35
−0.56

TABLE III. Measured values of the fraction of color-singlet
exchange events fCSE in bins of the subleading jet transverse
momentum pjet2

T . The first column indicates the pjet2
T bin intervals

and the last column represents the measured fraction. The first
and second uncertainties correspond to the statistical and sys-
tematic components, respectively. The results are integrated over
the allowed Δηjj and Δϕjj values. The mean values of pjet2

T in the
bin are given in the middle column.

pjet2
T [GeV] hpjet2

T i [GeV] fCSE [%]

40–50 44.3 0.64" 0.01þ0.11
−0.12

50–60 54.5 0.67" 0.02þ0.08
−0.10

60–70 64.6 0.77" 0.04þ0.08
−0.10

70–80 74.5 0.88" 0.06þ0.09
−0.09

80–100 88.6 0.72" 0.05þ0.04
−0.11

100–200 128.8 0.77" 0.07þ0.09
−0.10

TABLE IV. Measured values of the fraction of color-singlet
exchange events fCSE in bins of the azimuthal angular difference
between the two leading jets Δϕjj. The first column indicates the
Δϕjj bin intervals and the last column represents the measured
fraction. The first and second uncertainties correspond to the
statistical and systematic components, respectively. The results
are integrated over the allowed pjet2

T and Δηjj values. The mean
values of Δϕjj in the bin are given in the middle column.

Δϕjj hΔϕjji fCSE [%]

0.00–1.00 0.60 0.54" 0.11þ0.09
−0.10

1.00–2.00 1.64 0.40" 0.04þ0.06
−0.06

2.00–2.25 2.14 0.41" 0.04þ0.08
−0.08

2.25–2.50 2.36 0.38" 0.03þ0.06
−0.07

2.50–2.75 2.62 0.40" 0.02þ0.05
−0.06

2.75–3.00 2.86 0.57" 0.02þ0.07
−0.09

3.00–π 3.06 1.03" 0.02þ0.14
−0.15
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FIG. 9. Fraction of color-singlet exchange dijet events, fCSE,
measured as a function of pjet2

T by the D0 and CDF Collaborations
[43,45,46] at

ffiffiffi
s

p
¼ 0.63 (red open symbols) and 1.8 TeV (green

open symbols), by the CMS Collaboration [47] at 7 TeV
(magenta open symbols), and the present results at 13 TeV
(filled circles). The vertical bars of the open symbols represent the
total experimental uncertainties. The vertical bars of the 13 TeV
measurement represent the statistical uncertainties, and boxes
represent the combination of statistical and systematic uncertain-
ties in quadrature. The central gap is defined by means of the
particle activity in the jηj < 1 interval in these measurements, as
described in the text. The jet pT and η requirements of the
previous measurements are specified in the legend of the plot. No
phase space extrapolations are made in plotting this figure.
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simulation studies, these effects are negligible provided that
fCSE is extracted over the first multiplicity bins Ntracks < 3,
as is done in this measurement.
The study by the D0 Collaboration [43] uses the

calorimeter tower multiplicity distribution in jηj < 1,
where each calorimeter tower has transverse energy
ET > 200 MeV. The 0.63 and 1.8 TeV studies consider
jets with ET

jet > 12 GeV and 1.9 < jηjetj < 4.1. The CDF
Collaboration measured jet-gap-jet events at 0.63 and
1.8 TeV [45,46]. The Ntracks value in the region jηj < 1
with ET > 300 MeV is used in the CDF analyses. Each of
the two leading jets has 1.8 < jηjetj < 3.5, with ET

jet >
8 GeV and > 20 GeV for the 0.63 and 1.8 TeV studies,
respectively. The jets are clustered using the cone algorithm
with R ¼ 0.7 for both CDF and D0 studies. The measure-
ment by CMS at 7 TeV is done in three bins of
pjet2
T ¼ 40–60, 60–100, and 100–200 GeV [47]. The jets

are clustered with the anti-kT algorithm with R ¼ 0.5 in the
previous CMS study. Each of the two leading jets has
1.5 < jηjetj < 4.7, and the signal extraction is based on the
Ntracks distribution with pT > 200 MeV in jηj < 1.
In Fig. 9, the D0 and CDF Collaborations find that fCSE

decreases by a factor of 2.5" 0.9 [43] and 3.4" 1.2 [46],
respectively, when

ffiffiffi
s

p
increases from 0.63 to 1.8 TeV.

Similarly, the results by the CMS experiment at 7 TeV show
a fCSE that decreases by a factor of around 2 with respect to
the 1.8 TeV results at the Tevatron [47]. The observed
energy dependence of the previous measurements is gen-
erally attributed to a larger number of soft parton inter-
actions with increasing

ffiffiffi
s

p
, which enhances the probability

of the gap being destroyed. The 13 TeV results show there
is no further decrease of the fCSE values relative to the
7 TeV results, within the uncertainties. This could be an
indication that the rapidity gap survival probability stops
decreasing at the center-of-mass energies probed at the
LHC for the jet-gap-jet process.
The present measurement of fCSE expands the reach in

Δηjj covered in the earlier 7 TeV CMS measurement [47],
as seen in Fig. 10. The measurement of fCSE as a function
of Δηjj at 7 TeV is carried out in three bins of Δηjj ¼ 3–4,
4–5, and 5–7 units for each bin of pjet2

T . The dependence of
fCSE as a function of Δηjj at 13 TeV confirms the trend
observed by CMS at 7 TeV and extends the range
previously explored toward large values of 6.5 < Δηjj < 8.

B. Results for jet-gap-jet events
with an intact proton

The fraction fCSE in events with intact protons is fCSE ¼
½1.92" 0.46ðstatÞþ0.69

−0.62ðsystÞ'%: Although the dijet events
with an intact proton cover the same phase space as those in
the inclusive dijet analysis, most of the events used in the
study populate the regions 3.0 < Δηjj < 6.5 and 40 <
pjet2
T < 100 GeV because of the limited sample size of

events with intact protons. The fraction fCSE in events with
an intact proton is 2.91" 0.70ðstatÞþ1.08

−1.01ðsystÞ times larger
than that extracted for inclusive dijet production, where the
two leading jets have similar kinematics to events with an
intact proton, i.e., 40 < pjet2

T < 100 GeV and 3.0 < Δηjj <
6.5 for jet-gap-jet events considered in the aforementioned
double ratio calculation. The fCSE ratio in the latter
jet-gap-jet subsample has a value of fCSE ¼ ½0.66"
0.01ðstatÞþ0.06

−0.09ðsystÞ'%: Correlations of systematic uncer-
tainties associated with jet reconstruction and central gap
definition are included when evaluating the uncertainties in
the double ratios. Statistical and systematic uncertainties in
the double ratio are largely dominated by the uncertainties
in the CMS-TOTEM fCSE measurement. The CMS-
TOTEM results, when compared with the CMS results
extracted in inclusive dijet production, suggest that the
relative abundance of dijet events with a central gap is
larger in events with an intact proton. This is illustrated in
Fig. 11, where the results for fCSE are presented as a
function of Δηjj and pjet2

T .
The larger fCSE value in events with an intact proton may

reflect a reduced spectator parton activity in reactions with
an intact proton in comparison to the soft parton activity
present in interactions where the proton breaks up. In the
latter, there can be soft parton exchanges between the
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FIG. 10. Fraction of color-singlet exchange dijet events, fCSE,
measured as a function of Δηjj by CMS at 7 TeV [47] and the
present measurement at 13 TeV. The 7 TeV measurement was
performed in three bins of pjet2

T ¼ 40–60, 60–100, and 100–
200 GeV, which are represented by the open circle, open square,
and open cross symbols, respectively. The present 13 TeV results
are represented by the filled circles. The vertical bars of the 7 TeV
measurement represent the total experimental uncertainties. The
vertical bars of the 13 TeV measurement represent the statistical
uncertainties, and boxes represent the combination of statistical
and systematic uncertainties in quadrature.
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Improvement compared to 
7-TeV analysis

Latest data confirm 
growing trend with Δηjj

PRD 104 (2021) 032009 
SMP-19-006

no suppression in comparison to 7 TeV 
results as expected by survival probability

~0.7%
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Gustavo Gil da Silveira - CMS

exclusive dilepton production with tagged protons

Matching CMS and PPS
Events with one proton observed in one of the PPS arms are related to the central system:
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Figure 11. Correlation between the fractional values of the proton momentum loss measured in
the central dilepton system, ξ("+"−), and in the RPs, ξ(RP), for both RPs in each arm combined.
The 45 (left) and 56 (right) arms are shown. The hatched region corresponds to the kinematical
region outside the acceptance of both the near and far RPs, while the shaded (pale blue) region
corresponds to the region outside the acceptance of the near RP. For the events in which a track
is detected in both, the ξ value measured at the near RP is plotted. The horizontal error bars
indicate the uncertainty of ξ(RP), and the vertical bars the uncertainty of ξ("+"−). The events
labeled “out of acceptance” are those in which ξ("+"−) corresponds to a signal proton outside the
RP acceptance; in these events a background proton is detected with nonmatching kinematics.

The correlation of ξ("+"−) versus ξ(RP) and the mass versus rapidity distributions,

for the combined dimuon and dielectron results, are shown in figures 11 and 12. The

combined signal significance is estimated by performing pseudo-experiments according to a

joint distribution, including systematic uncertainties, and corresponds to an excess of 5.1σ

over the background. In the calculation, the uncertainty on the integrated luminosity and

that on the rapidity gap survival probability are assumed to be fully correlated between the

two channels. All other sources are taken as independent. Of the 20 total events selected,

13 have a track in both the near and far RPs. In these events, the two independent ξ

measurements agree within 4%.

The fractions of the exclusive and single proton dissociative contributions in the final

sample of matching events are estimated by comparing their acoplanarity distribution to

those expected for the two classes of events in lpair. This results in a contribution of

approximately 70% from single proton dissociation, consistent within large uncertainties

with the predictions of lpair weighted by the rapidity gap survival probabilities. The

dominance of single dissociation is also consistent with the lack of a second observed proton

in the two high-mass e+e− events.

The observed yields are consistent with those predicted by lpair modified by the

rapidity gap survival probabilities, assuming the fraction of single proton dissociation events

from the acoplanarity comparison just discussed. The full simulation of the CMS central

apparatus (section 5) is used. For the scattered protons, the prediction includes the effect

of the CT-PPS acceptance, that of radiation damage in the silicon strip sensors, and the
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region outside the acceptance of both the near and far RPs, while the shaded (pale blue) region
corresponds to the region outside the acceptance of the near RP. For the events in which a track
is detected in both, the ξ value measured at the near RP is plotted. The horizontal error bars
indicate the uncertainty of ξ(RP), and the vertical bars the uncertainty of ξ("+"−). The events
labeled “out of acceptance” are those in which ξ("+"−) corresponds to a signal proton outside the
RP acceptance; in these events a background proton is detected with nonmatching kinematics.

The correlation of ξ("+"−) versus ξ(RP) and the mass versus rapidity distributions,

for the combined dimuon and dielectron results, are shown in figures 11 and 12. The

combined signal significance is estimated by performing pseudo-experiments according to a

joint distribution, including systematic uncertainties, and corresponds to an excess of 5.1σ

over the background. In the calculation, the uncertainty on the integrated luminosity and

that on the rapidity gap survival probability are assumed to be fully correlated between the

two channels. All other sources are taken as independent. Of the 20 total events selected,

13 have a track in both the near and far RPs. In these events, the two independent ξ

measurements agree within 4%.

The fractions of the exclusive and single proton dissociative contributions in the final

sample of matching events are estimated by comparing their acoplanarity distribution to

those expected for the two classes of events in lpair. This results in a contribution of

approximately 70% from single proton dissociation, consistent within large uncertainties

with the predictions of lpair weighted by the rapidity gap survival probabilities. The

dominance of single dissociation is also consistent with the lack of a second observed proton

in the two high-mass e+e− events.

The observed yields are consistent with those predicted by lpair modified by the

rapidity gap survival probabilities, assuming the fraction of single proton dissociation events

from the acoplanarity comparison just discussed. The full simulation of the CMS central

apparatus (section 5) is used. For the scattered protons, the prediction includes the effect

of the CT-PPS acceptance, that of radiation damage in the silicon strip sensors, and the
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ξ(ℓ+ℓ−) = 1
s [pT(ℓ+)e±η(ξ+) + pT(ℓ−)e±η(ξ−)]
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Measurable kinematic variables of the leading protons: 
 
•  Fractional momentum losses (x1, x2) via proton tracking 
      , Reconstruction of mass and rapidity of central system 
 
 
 
•  Transverse momenta (pT,1, pT,2) via proton tracking 
, momentum balance with central system useful for event selection: 
 
 
•  Longitudinal vertex position via proton time of flight (ToF) 
, important for resolving pileup (up to m = 200 at the HL-LHC) 
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Figure 12. Expected acceptance regions in the rapidity vs. invariant mass plane overlaid with
the observed dimuon (closed circles) and dielectron (open circles) signal candidate events. The
“double-arm acceptance” refers to exclusive events, pp → p!+!−p. Following the CMS convention,
the positive (negative) rapidity region corresponds to the 45 (56) LHC sector.

inefficiency due to multiple proton tracks. The comparison is performed in the region where

radiation damage is less severe, corresponding to ξ(RP) ≥ 0.05.

9 Summary

We have studied γγ → µ+µ− and γγ → e+e− production together with forward protons re-

constructed in the CMS-TOTEM precision proton spectrometer (CT-PPS), using a sample

of 9.4 fb−1 collected in proton-proton collisions at
√
s = 13TeV. The Roman Pot alignment

and LHC optics corrections have been determined using a high statistics sample of forward

protons. A total of 12 γγ → µ+µ− and 8 γγ → e+e− events are observed with dilep-

ton invariant mass larger than 110GeV, and a forward proton with consistent kinematics.

This corresponds to an excess larger than five standard deviations over the expected back-

ground from double-dissociative and Drell-Yan dilepton processes. The result represents

the first observation of proton-tagged γγ collisions at the electroweak scale. The present

data demonstrate the excellent performance of CT-PPS and its potential for high-mass

exclusive (proton-tagged) measurements. With its 2016 operation, CT-PPS has proven for

the first time the feasibility of continuously operating a near-beam proton spectrometer at

a high-luminosity hadron collider.
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12 events γγ → μ+μ− 8 events γγ → e+e−
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Figure 1. Production of lepton pairs by γγ fusion. The exclusive (left), single proton dissociation
or semiexclusive (middle), and double proton dissociation (right) topologies are shown. The left
and middle processes result in at least one intact final-state proton, and are considered signal in
this analysis. The rightmost diagram is considered to be a background process.

a low-mass state, indicated by the symbol p∗, and escapes undetected. Such a final state

receives contributions from exclusive, pp → p"+"−p, and semiexclusive, pp → p"+"−p∗,

processes (figure 1 left, and center). Central exclusive dilepton production is interesting

because deviations from the theoretically well-known cross section may be an indication of

new physics [6–8], whereas central semiexclusive processes constitute a background to the

exclusive reaction when the final-state protons are not measured.

(Semi)exclusive dilepton production has been previously studied at the Fermilab Teva-

tron and at the CERN LHC, but at lower masses and never with a proton tag [9–14]. In this

paper, forward protons are reconstructed in CT-PPS, a near-beam magnetic spectrometer

that uses the LHC magnets between the CMS interaction point (IP) and detectors in the

TOTEM area about 210 m away on both sides of the IP [15]. Protons that have lost a

small fraction of their momentum are bent out of the beam envelope, and their trajectories

are measured.

Central dilepton production is dominated by the diagrams shown in figure 1, in which

both protons radiate quasi-real photons that interact and produce the two leptons in a

t-channel process. The left and center diagrams result in at least one intact final-state

proton, and are considered as signal in this analysis. The CT-PPS acceptance for detect-

ing both protons in “exclusive” pp → p"+"−p events (the left diagram) starts only above

m("+"−) ≈ 400GeV, where the standard model cross section is small. By selecting events

with only a single tagged proton, the sample contains a mixture of lower mass exclusive

and single-dissociation (pp → p"+"−p∗, “semiexclusive”) processes with higher cross sec-

tions. The right diagram of figure 1 is considered background, and contributes if a proton

from the diffractive dissociation is detected, or if a particle detected in CT-PPS from an-

other interaction in the same bunch crossing (pileup), or from beam-induced background

is wrongly associated with the dilepton system. A pair of leptons from a Drell-Yan process

can also mimic a signal event if detected in combination with a pileup proton.

In central (semi)exclusive events, the kinematics of the dilepton system can be used

to determine the momentum of the proton, and hence its fractional momentum loss ξ.

Comparison of this indirect measurement of ξ with the direct one obtained with CT-PPS

can be used to suppress backgrounds, as well as to provide proof of the correct functioning

of the spectrometer.
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pp → pℓ+ℓ−p pp → pℓ+ℓ−p*
|𝒮 |2 = 0.89 |𝒮 |2 = 0.76

13 events with a track in both near/far RPs
two independent ξ measurements agree within 4%
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Maria Vittoria Garzelli - FASER

long lived particles

from M. Lamont, PBC presentation @ MITP, november 2020

∗ 11 models for light, weakly-interacting particles (LLPs, FIPs)

∗ BC1, BC4-11 covered by FASER, FASER2; BC2 and BC3: FPF.
M.V. Garzelli Very forward particle production and searches (FPF, etc.)May 25th, 2021 17 / 21

BCs 1, 4-11: LLPs at FASER and FASER2
∗ Run-3 integrated luminosity is enough for FASER to discover new physics for
some of the Benchmark Cases.

∗ FPF will provide space to upgrade FASER (R = 10 cm, L = 1.5 m) to FASER2
(R = 1.0 m, L = 5 m), either greatly enhancing sensitivity (e.g. for A′ - visible
mode) or by providing new prospects (e.g. for S), complementary to other ex-
periments.

from FASER Collaboration, [arXiv:1811.12522]

M.V. Garzelli Very forward particle production and searches (FPF, etc.)May 25th, 2021 18 / 21
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Maria Vittoria Garzelli - FASER

long lived particles

30 Apr 2021 Feng  9

FPF LOCATION

Possibilities under active investigation: 

(1) enlarge existing cavern UJ12 with alcoves for each experiment

(2) create a new shaft and cavern ~612 m from ATLAS past UJ18 

CERN GIS

UJ12

SPSATLAS

UJ18

LHC

LOS

 John Osborne, Kincso Balazs, Jonathan Gall
see John Osborne’s talk, PBC Workshop 3/3/21

M.V. Garzelli Very forward particle production and searches (FPF, etc.)May 25th, 2021 6 / 21

The Forward Physics Facility @ HL-LHC

A new large infrastructure, capable of simultaneously hosting a suite of
experiments dealing with forward ν and BSM particles.

- Access possible during LHC operation
- Easier access than in LHC side caverns.
- It might be designed around the need of the experiments.

M.V. Garzelli Very forward particle production and searches (FPF, etc.)May 25th, 2021 7 / 21
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With a tendency towards EIC



• Exclusive Vector Mesons at HERA and EIC 

• SuperChic and photon-photon process 

• Parton Distribution Functions 

• Future - MPI at the Electron Ion Collider (and Color 
Glass Condensate)



Franceso G. Celiberto: Accessing the proton UGD via exclusive polarized 
-meson leptoproduction at HERA and the EIC
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Lucian Harland-Lang: Elastic photon-initiated production 
at the LHC: the role of hadron-hadron interactions

4

Data/theory discrepancy in dilepton channel (pp & 
PbPb)

Theory vs. Data?
• This issue discussed in detail in recent paper: arXiv:2104.13392.

• Discrepancy seen in case of elastic production: will consider only this.

• First question: appears that other approaches describe data better/differently

LHL, V.A Khoze, M.G. Ryskin,  SciPost 
Phys. 11 (2021) 064, arXiv:2104.13392 

Uncorrelated Correlated
mµ+µ� Ni

excl. Ci d�/dmµ+µ� �stat. �syst. �
trig.
stat. �reco.

stat. �
trig.
syst. �reco.

syst. �sc./res. �veto �PU �bkg. �shapes �lumi.

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
12–17 1290± 60 0.333±0.007 0.243 ± 0.013 3.4 4.3 0.3 0.1 0.9 0.9 -0.4 -1.2 -0.5 0.8 3.0 2.1
17–22 1040± 50 0.398±0.008 0.164 ± 0.010 3.7 4.5 0.3 0.1 0.9 1.0 -0.4 -1.2 -0.5 0.8 3.3 2.1
22–30 830± 40 0.428±0.009 0.076 ± 0.005 3.9 4.6 0.2 0.1 0.9 1.0 -0.2 -1.2 -0.5 0.6 3.5 2.1
30–70 690± 40 0.416±0.008 0.013 ± 0.001 4.9 4.9 0.3 0.1 1.0 1.1 -0.3 -1.2 -0.5 0.4 4.0 2.1
12–70 3850±160 0.387±0.008 0.054 ± 0.003 2.1 4.5 0.3 0.1 0.9 1.0 -0.3 -1.2 -0.5 0.8 3.3 2.1

Table 3: The measured exclusive �� ! µ+µ� di↵erential fiducial cross-sections, d�/dmµ+µ� . The extracted number
of signal events (Ni

excl.) and correction factors (Ci) are also shown. The measurements are listed together with
the statistical (�stat.), and total systematic (�syst.) uncertainties. In addition, the contributions from the individual
correlated and uncorrelated systematic error sources are provided. The last row lists d�/dmµ+µ� in the total fiducial
region. The uncertainties in Ni

excl. correspond to the combined statistical and systematic uncertainties. These are
correlated across mµ+µ� bins.
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Figure 5: (a) The exclusive �� ! µ+µ� di↵erential fiducial cross-section measurements as a function of dimuon
invariant mass mµ+µ� . (b) Comparison of the ratios of measured and predicted cross-sections to the bare EPA
calculations as a function of the average dimuon invariant mass scaled to the pp centre-of-mass energy used.
Data (markers) are compared to various predictions (lines). Full circle markers represent the four mass points
presented in this paper, while open circle, up-triangle and down-triangle depict the previous results obtained with
mµ+µ� > 11.5 GeV [2], mµ+µ� > 20 GeV [3] and mµ+µ� > 45 GeV [7] requirements on the dimuon invariant mass.
The inner error bars represent the statistical uncertainties, and the outer bars represent the total uncertainty in each
measurement. The yellow bands represent the theoretical uncertainty in the predictions. The bottom panel in (a)
shows the ratio of the predictions to the data.

since at mid-rapidity (yµ+µ� ⇡ 0) one has x1 ⇡ x2.

Figure 5 (b) shows the evolution of the survival factor as a function of the average dimuon invariant mass
scaled by a given pp centre-of-mass energy. Exclusive two-photon production of muon pairs in pp col-
lisions at the LHC has been studied by the CMS experiment at

p
s = 7 TeV for mµ+µ� > 11.5 GeV [2].

The ATLAS experiment measured exclusive production of muons at
p

s = 7 TeV in the region mµ+µ� >
20 GeV [3]. Recently the production of exclusive �� ! µ+µ� at

p
s = 8 TeV was also studied by

ATLAS in the context of exclusive �� ! W+W� measurement [7]. The probed invariant mass region
in this case is mµ+µ� > 45 GeV. The hmµ+µ�i for di↵erent measurements is calculated using the Her-
wig generator and corresponding fiducial region definitions. The deviations from unity of the ratios of

13

ATLAS data [24] Pure EPA bi? > RA bi? > RA, inc. S2 inc. S2 inc. S2 + FSR
� [µb] 34.1 ± 0.8 52.2 37.1 29.9 38.9 37.3

Table 1: Comparison of predictions for exclusive dimuon production in ultraperipheral PbPb collisions, with the

ATLAS data [24] at
p
sNN = 5.02 TeV. The muons are required to have pµ? > 4 GeV, |⌘µ| < 2.4, mµµ > 10 GeV,

pµµ? < 2 GeV. The data uncertainties correspond to the sum in quadrature of the statistical and systematic.

from the leptons the prediction drops further to 30.8 µb; given such FSR e↵ects are certainly
present this is therefore the more appropriate number for comparison.

We recall from the discussion above, that STARlight imposes precisely the bi? > RA cut
described in Section 2.2. It is therefore interesting to investigate the impact of this cut on
the predicted cross section. In Table 1 we show results for this, as given by SuperChic 4 [1],
suitably modified to include the bi? > RA cut when required. Excluding survival e↵ects, we
can see that the impact of this cut is rather significant, reducing the cross section by ⇠ 30%.
A further reduction of a little over ⇠ 10% is then introduced by including the physical e↵ect
of the survival factor. The final result of 29.9 µb is a little lower than, but comparable to, the
STARlight prediction of 32.1 µb. We note that we do not expect the results to coincide precisely,
as e.g. our treatment of survival e↵ects is more complete. In particular, as discussed above we
fully account for the impact parameter dependence of the �� ! µ+µ� amplitude, which is not
included in [39]. Nonetheless, we can see that the agreement is significantly improved once the
bi? > RA cut is imposed in the SuperChic results.

If we exclude this cut, then the survival factor reduces the cross section by ⇠ 25%, and the
resulting cross section is 38.9 µb, i.e. is as expected higher. Thus, we can indeed confirm the
fact that it is only by including this unphysical cut that consistency with STARlight is found.
Now, our baseline prediction of 38.9 µb lies above the data, though we should bear in mind that
the impact of QED FSR is found in the analysis to reduce the STARlight prediction by ⇠ 4%,
and so will be expected to reduce our prediction to ⇠ 37.3 µb; this is given in the last column
of Table 1 for comparison. This is still in rather poor agreement with the data, lying above it,
though the STARlight predictions undershoot the data by a similar amount.

We now consider the impact on the di↵erential predictions. It was in particular observed
in [24] that the STARlight predictions tend to undershoot the data as the dimuon rapidity, |yµµ|,
is increased. Given the discussion above, it is interesting to examine whether the imposition
of the bi? > RA cut, as well as modifying the total cross section, might modify the resulting
rapidity distribution in such a way as to explain this discrepancy. We therefore plot in Fig. 2
(top left) the ratio of the normalized distribution using our default (‘full’) prediction to that
found by imposing the bi? > RA cut. We consider the normalized case in order to isolate the
impact on the shape alone. We can clearly see that the e↵ect is rather large, with the cut leading
to a decrease in the normalized distribution at higher rapidities by ⇠ 15%. Crucially, we can see
from Fig. 6 of [24] that the shape and magnitude of the trend closely follows that observed when
plotting the ratio of the data to the STARlight prediction. That is, this is undershooting the
data by precisely the level we would expect from Fig. 2 (top left), given that the bi? > RA cut
is being imposed. Removing this artificial cut will therefore clearly lead to a better description
of the rapidity distribution.

In [24] a related e↵ect is also seen with respect to the minimum and maximum photon
energies, defined via the minimum/maximum value of k1,2 =

p
sx1,2/2, where x1,2 are the

photon momentum fractions. Here, the STARlight predictions are observed to undershoot the
data at both lower and higher values of kmin and kmax. In Fig. 2 (top right) we plot the same
ratio of normalized distributions as before, but now with respect to these variables. Remarkably,
comparing with Fig. 10 of [24] we can see that precisely this trend is reproduced by our results,
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30.8µb

Starlight MC

ATLAS, M. Aaboud et al., Phys. Lett. B777, 303 (2018) 

• Why is this? Differing approach to e.g. survival factor? Genuine model 
dependence?

“Finite size” correction

A. J. Baltz et al. Phys. Rev. C 80, 044902 (2009) 

M. Dyndal and L. Schoeffel, Phys. Lett. B 741, 66 
(2015), 1410.2983 

( SC: 37.3 )

13

- Natural candidate (at first): model for survival 
factor 

- Careful study: seems not to be the case 
- Problem to be sorted out



5 10

Exclusive forward -meson production at HERAρ

! [A.D. Bolognino, F.G.C., D.Yu. Ivanov, A. Papa (2018)] 
(extension to -meson emissions)  !  [A.D. Bolognino, A. Szczurek, W. Schäfer (2020)] 

!  [A.D. Bolognino, PhD Thesis (2021)] 
(in this slide)  !  [A.D. Bolognino, F.G.C., D.Yu. Ivanov, A. Papa, W. Schäfer, A. Szczurek (2021)]
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Chris A. Flett: Small x gluon PDF from LHCb exclusive J/Psi data

6

CAF, S.P.Jones, A.D.Martin, 
M.G.Ryskin, T.Teubner,  
1907.06471 & 1908.08398

Repeat Disclaimer: 
Convoluting with existing 

global partons. Here, MMHT14, 
NNPDF3.0 & CT14

Plot demonstrates good scale stability of our NLO predictions in LHCb regime

Predictions at optimal scale (solid) agree better with HERA data

Towards the bigger picture

7

Diversity between 
predictions based on 

current global PDFs in 
unconstrained phase 
space -> important 

message

- NLO accuracy 
- Huge differences 

between different PDF 
sets in the LHCb region
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Extraction of low x gluon PDF via exclusive J/psi

Approach 1: Fit a low x gluon PDF ansatz to the data

x x

Approach 2: Bayesian reweight current global PDF analyses

Left

Right

Power fit

CAF, A.D.Martin, M.G.Ryskin, T.Teubner, 2006.13857 

9

lambda = 0.136 +/- 0.006
n = 0.966 +/- 0.025

 x
g(

x,
 µ

2  =
 2

.4
 G

eV
2 )

x

NNPDF3.0 NLO
NNPDF3.0 + D-meson Reweight

NNPDF3.1 + D-meson + small x resum. Reweight
NNPDF3.0 + J/ψ Power Fit (this work)
NNPDF3.0 + J/ψ Reweight (this work)

 1

 2

 3

 4

 5

 6

10-5 10-4 10-3

Error budgets: errors due to parameter variations in global fits >> experimental 
uncertainty and scale variations in the theoretical result

…… exclusive data now in a position to readily improve global analyses

Exclusive LHCb data will 

constrain small x growth 
whilst exclusive HERA data 
will improve determination 
of partons in regime with 
data constraints already 

from diffractive DIS HERA 
data   

CAF, S.P.Jones, A.D.Martin, M.G.Ryskin, T.Teubner,  
1907.06471, 1908.083988

Strategy: 
- combine HERA data and LHCb data



Mark Sutton: Parton Distribution functions: 
measurements and interpretations

8

PDF uncertainty important element 
of LHC uncertainties 

• Strange quark density poorly known

• Often assumed sbar ~ 0.5 dbar  from s⟶Wc in NuTeV, CCFR data

• Large c fragmentation and nuclear corrections uncertainties 

• Early ATLAS epWZ12 fit to 2010 inclusive Z and W± data found an 
unsuppressed strangeness contribution

• Subsequent data and fits to ATLAS and CMS data still suggest 
unsuppressed strange at low-x

2016 analysis
after profiling

2016 analysis
before profiling

EPJ C77 (2017) 367        12M Sutton - The proton PDF including W+jet data at ATLAS
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Figure 9: The strangeness suppression factor as a function of x at the factorization scale of 1.9
GeV2 (left) and m

2
W (right). The results of the current analysis (hatched band) are compared to

ABMP16nlo (dark shaded band) and ATLASepWZ16nnlo (light shaded band) PDFs.

global PDF fitting group is using their own assumptions on the values of heavy quark masses
and cutoffs on the DIS data, these model variations are not quantified further.

To be able to compare the results of the present PDF fit with the earlier determination of the
strange quark content in the proton at CMS [11], the ”free-s” parametrization of Ref. [11] is
used. In this parametrization, a flexible form [63, 64] for the gluon distribution is adopted,
allowing the gluon to be negative. The condition Bu = Bd = Bs is applied in the central
parametrization, while Bd 6= Bs was used to estimate the parametrization uncertainty. A com-
plete release of the condition Bu = Bd = Bs was not possible, due to limited data input, as com-
pared to the current analysis. The same PDF parametrization was used in the ATLASepWZ16
analysis [14]. The results are presented in Figure 10. The resulting central value of the s quark
distribution is well within the experimental uncertainty of the results obtained at

p
s= 7 TeV,

while the PDF uncertainty is reduced.
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Figure 10: The distributions of s quark (upper panel) in the proton and its relative uncertainty
(lower panel) as a functions of x at the factorization scale of 1.9 GeV2 (left) and m

2
W (right). The

result of the current analysis (filled band) is compared to the result of Ref.[11] (dashed band).
The PDF uncertainties resulting from the fit are shown.

NLO fit

rs=1.00± 0.07(exp)

±0.03(mod)+0.04
�0.06(par)± 0.02(↵S)± 0.03(th)

rs =
1

2
(s+ s̄)/d̄

rs=1.00± 0.07(exp)

±0.03(mod)+0.04
�0.06(par)± 0.02(↵S)± 0.03(th)

The proton is more strange 
than we imagined …

Inclusive W, Z data

NLO fit
W+c data W+c data

  The 12th International Workshop on Multi-Parton Interactions, Lisbon, 2021
EPJ C79 (2019) 269 

Rs =
s(x) + s̄(x)

ū(x) + d̄(x)

Rs =
s(x) + s̄(x)

ū(x) + d̄(x)
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• Proton charm content:

• Extrinsic charm, from perturbative gluon radiation (g → ccbar). 

• Intrinsic charm (IC), valence-like c-content, proton: 

• |uudcc⟩. 

• Predicted by Light Front QCD (LFQCD). 

• Previous measurements hampered by nuclear effects

• Intrinsic charm only excluded for contributions above ~ 1%

• Full Run 2 pp dataset

• Z→ μμ  events + one jet with pT > 20 GeV

• Charm jets identified using a displaced  vertex tagger

• Investigate possibility of Intrinsic Charm in the proton

• Intrinsic charm suggests increased charm production in the very forward 
region

• Very forward region not accessible at either ATLAS or CMS

• Ideally suited for the LHCb forward detector configuration

17M Sutton - The proton PDF including W+jet data at ATLAS
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Figure 2: NLO SM predictions [28] for Rc
j without IC [41], allowing for potential IC [38], and

with the valence-like IC predicted by LFQCD with a mean momentum fraction of 1% [37]. The
fiducial region from Ref. [40] is used for y(Z) < 2; otherwise the fiducial region of this analysis is
employed. The broadening of the error band that arises in the forward region, when allowing for
IC, is due to the lack of sensitivity to valence-like IC from previous experiments. More details
on these calculations are provided in the Supplemental Material [42].

Table 1: Definition of the fiducial region.

Z bosons pT(µ) > 20GeV, 2.0 < ⌘(µ) < 4.5, 60 < m(µ+µ�) < 120GeV
Jets 20 < pT(j) < 100GeV, 2.2 < ⌘(j) < 4.2

Charm jets pT(c hadron) > 5GeV, �R(j, c hadron) < 0.5
Events �R(µ, j) > 0.5

This Letter presents the first measurement of Rc
j in the forward region of pp collisions.

The data sample used corresponds to an integrated luminosity of 6 fb�1 collected at
a center-of-mass energy of

p
s = 13TeV with the LHCb detector. The Z bosons are

reconstructed using the Z!µ+µ� decay, where henceforth all Z/�⇤ ! µ+µ� production in
the mass range 60 < m(µ+µ�) < 120GeV is labeled Z!µ+µ�. The analysis is performed
using jets clustered with the anti-kT algorithm [43] using a distance parameter R = 0.5.
The fiducial region is defined in terms of the transverse momentum, pT, pseudorapidity,
⌘, and azimutal angle, �, of the muon and jet momenta, and includes a requirement on
�R(µ, j) ⌘

p
�⌘(µ, j)2 +��(µ, j)2 to ensure that the muons and jet are well separated,

which suppresses backgrounds from QCD multijet events and electroweak processes like
W+jet production. Charm jets are the subset for which there is a promptly produced
and weakly decaying c hadron within the jet. The fiducial region is defined in Table 1. If
multiple jets satisfy these criteria, the one with the highest pT is selected.

The quantity Rc
j is measured in intervals of y(Z) as Rc

j = N(c-tag)/["(c-tag)N(j)],
where N(c-tag) is the observed Zc yield, "(c-tag) is the c-tagging e�ciency, and N(j) is
the total Zj yield. The integrated luminosity does not enter this expression because Rc

j

2

The possibility that the proton wave function may contain a |uudcc̄i component,
referred to as intrinsic charm (IC), in addition to the charm content that arises due to
perturbative gluon radiation, i.e. g!cc̄ splitting, has been debated for decades (for a recent
review, see Ref. [1]). Light front QCD (LFQCD) calculations predict that non-perturbative
IC manifests as valence-like charm content in the parton distribution functions (PDFs)
of the proton [2, 3]; whereas, if the c-quark content is entirely perturbative in nature,
the charm PDF resembles that of the gluon and sharply decreases at large momentum
fractions, x. Understanding the role that non-perturbative dynamics play inside the
nucleon is a fundamental goal of nuclear physics [4–14]. Furthermore, the existence of
IC would have many phenomenological consequences. For example, IC would alter both
the rate and kinematics of c hadrons produced by cosmic-ray proton interactions in the
atmosphere; the subsequent semileptonic decays of such c hadrons are an important source
of background in studies of astrophysical neutrinos [15–20]. The cross sections of many
processes at the LHC and other accelerators would also be a↵ected [21–31].

Measurements of c-hadron production in deep inelastic scattering [32] and in fixed-
target experiments [33], where the typical momentum transfers were Q . 10GeV (natural
units are used throughout this Letter), have been interpreted both as evidence for [34, 35]
and against [36] the percent-level IC content predicted by LFQCD. Even though such
experiments are in principle sensitive to valence-like c-quark content, interpreting these
low-Q data is challenging since it requires careful theoretical treatment of hadronic and
nuclear e↵ects. Recent global PDF analyses, which also include measurements from the
LHC, are inconclusive and can only exclude IC carrying more than a few percent of the
momentum of the proton [37,38].

Reference [28] proposed studying IC by measuring the fraction of Z-boson+jet events
that contain a charm jet, Rc

j ⌘ �(Zc)/�(Zj), in the forward region of proton-proton (pp)
collisions at the LHC. The ratio Rc

j was chosen because it is less sensitive than �(Zc) to
experimental and theoretical uncertainties. Since Zc production is inherently at large Q,
above the electroweak scale, hadronic e↵ects are small. A leading-order Zc production
mechanism is gc! Zc scattering (see Fig. 1), where in the forward region one of the
initial partons must have large x, hence Zc production probes the valence-like region.
Using next-to-leading-order (NLO) Standard Model (SM) calculations, Fig. 2 illustrates
that a percent-level valence-like IC contribution would produce a clear enhancement in
Rc

j for large (more forward) values of Z rapidity, y(Z); whereas only small e↵ects are
expected in the central region where all previous measurements of Rc

j were made [39, 40].

g

c

c

Z

g

c

c

Z

Figure 1: Leading-order Feynman diagrams for gc! Zc production.

1

Forward Z+charm from LHCb

jet

arxiv:2109.08084

Evidence for intrinsic charm?
✴ Comparison to predictions with no IC, IC allowed and IC with mean momentum fraction 

of 1%. 
✴ First two  bins consistent with both no IC and IC allowed. 
✴ Data consistent with IC models in the highest  bin! 

‣  away from no IC theory. 

✴ Results need to be added to global PDF analyses to draw conclusions.

y(Z )
y(Z )

∼ 3σ
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INTRINSIC CHARM (IC) WITH                                        [LHCB-PAPER-2021-029] Z + c-jet

Low-  — 27 September 2021x

✴ Full Run 2  dataset corresponding to 6 fb-1 of integrated 
luminosity. 

✴ Measure  

✴ Select events with  and at least one jet with 
.  

✴ Identify -jets using displaced-vertex (DV) tagger in bins 
of  and : 
‣ Perform 2D fit to corrected DV-mass and number of tracks in 

DV (templates obtained from calibration samples). 

‣ Unfold  distributions of  and  yields in each  bin.

pp

ℛc
j = N(c-tag)/[ϵ(c-tag) ⋅ N( j)]

Z → μ+μ−

pT > 20 GeV/c
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Forward Z+charm from LHCb

• With the NLO analysis, suggestion of consistency with NO intrinsic charm at less forward 
rapidities …

• But greater than 3σ excess observed over non-intrinsic charm contribution in the most 
forward rapidity bin, consistent with Intrinsic charm 

• Interesting to see the effect of these data with the global fits
18M Sutton - The proton PDF including W+jet data at ATLAS
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✴ Comparison to predictions with no IC, IC allowed and IC with mean momentum fraction 
of 1%. 

✴ First two  bins consistent with both no IC and IC allowed. 
✴ Data consistent with IC models in the highest  bin! 

‣  away from no IC theory. 

✴ Results need to be added to global PDF analyses to draw conclusions.

y(Z )
y(Z )

∼ 3σ

17Cristina Sánchez Gras
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Table 2: Relative systematic uncertainties on Rc
j, where ranges indicate that the value depends

on the y(Z) intervals.

Source Relative Uncertainty

c tagging 6–7%
DV-fit templates 3–4%
Jet reconstruction 1%
Jet pT scale & resolution 1%

Total 8%

Table 3: Numerical results for the Rc
j measurements, where the first uncertainty is statistical

and the second is systematic.

y(Z) Rc
j (%)

2.00–2.75 6.84± 0.54± 0.51
2.75–3.50 4.05± 0.32± 0.31
3.50–4.50 4.80± 0.50± 0.39

2.00–4.50 4.98± 0.25± 0.35

of the mcor(DV) and Ntrk(DV) templates are studied, which arise from using di↵erent
strategies to model the backgrounds in the highly enriched calibration data samples.
However, the shifts observed in the Zc yields largely cancel with the corresponding shifts
seen in "(c-tag). The residual di↵erences of 3–4% in each y(Z) interval are assigned as
systematic uncertainties. The ratio of the jet-reconstruction e�ciency for c and inclusive
jets is consistent with unity in all kinematic intervals in simulation, with a 1% systematic
uncertainty assigned due to the limited sample sizes. Finally, the statistical precision of
the back-to-back Zj sample used to determine the pT(j) scale and resolution is propagated
through the unfolding procedure resulting in a 1% relative systematic uncertainty on Rc

j.
The systematic uncertainties are summarized in Table 2.

Figure 5 shows the measured Rc
j distribution in intervals of y(Z); the numerical

results are provided in Table 3, and additional results are reported in the Supplemental
Material [42]. The measured Rc

j values are compared to NLO SM calculations [28] based on
Refs. [66–72], which are validated against additional predictions [69,70,73,74] and updated
here to use more recent PDFs [37,38,41,75,76]. The NNPDF analysis provides results
where the charm PDF is allowed to vary, both in size and in shape [38]. Reference [37]
updated the CT14 analysis [77] to include the IC content predicted by LFQCD [2, 3],
which results in the enhancement at forward y(Z) shown previously in Fig. 2. More details
on the theory calculations are provided in the Supplemental Material [42].

The observed Rc
j values are consistent with both the no-IC and IC hypotheses in the

first two y(Z) intervals; however, this is not the case in the forward-most interval where
the ratio of the observed to no-IC-expected values is 1.85± 0.25. As illustrated in Fig. 2,
this is precisely the y(Z) region where valence-like IC would cause a large enhancement.
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Figure 2: NLO SM predictions [28] for Rc
j without IC [41], allowing for potential IC [38], and

with the valence-like IC predicted by LFQCD with a mean momentum fraction of 1% [37]. The
fiducial region from Ref. [40] is used for y(Z) < 2; otherwise the fiducial region of this analysis is
employed. The broadening of the error band that arises in the forward region, when allowing for
IC, is due to the lack of sensitivity to valence-like IC from previous experiments. More details
on these calculations are provided in the Supplemental Material [42].

Table 1: Definition of the fiducial region.

Z bosons pT(µ) > 20GeV, 2.0 < ⌘(µ) < 4.5, 60 < m(µ+µ�) < 120GeV
Jets 20 < pT(j) < 100GeV, 2.2 < ⌘(j) < 4.2

Charm jets pT(c hadron) > 5GeV, �R(j, c hadron) < 0.5
Events �R(µ, j) > 0.5

This Letter presents the first measurement of Rc
j in the forward region of pp collisions.

The data sample used corresponds to an integrated luminosity of 6 fb�1 collected at
a center-of-mass energy of

p
s = 13TeV with the LHCb detector. The Z bosons are

reconstructed using the Z!µ+µ� decay, where henceforth all Z/�⇤ ! µ+µ� production in
the mass range 60 < m(µ+µ�) < 120GeV is labeled Z!µ+µ�. The analysis is performed
using jets clustered with the anti-kT algorithm [43] using a distance parameter R = 0.5.
The fiducial region is defined in terms of the transverse momentum, pT, pseudorapidity,
⌘, and azimutal angle, �, of the muon and jet momenta, and includes a requirement on
�R(µ, j) ⌘

p
�⌘(µ, j)2 +��(µ, j)2 to ensure that the muons and jet are well separated,

which suppresses backgrounds from QCD multijet events and electroweak processes like
W+jet production. Charm jets are the subset for which there is a promptly produced
and weakly decaying c hadron within the jet. The fiducial region is defined in Table 1. If
multiple jets satisfy these criteria, the one with the highest pT is selected.

The quantity Rc
j is measured in intervals of y(Z) as Rc

j = N(c-tag)/["(c-tag)N(j)],
where N(c-tag) is the observed Zc yield, "(c-tag) is the c-tagging e�ciency, and N(j) is
the total Zj yield. The integrated luminosity does not enter this expression because Rc

j

2

The possibility that the proton wave function may contain a |uudcc̄i component,
referred to as intrinsic charm (IC), in addition to the charm content that arises due to
perturbative gluon radiation, i.e. g!cc̄ splitting, has been debated for decades (for a recent
review, see Ref. [1]). Light front QCD (LFQCD) calculations predict that non-perturbative
IC manifests as valence-like charm content in the parton distribution functions (PDFs)
of the proton [2, 3]; whereas, if the c-quark content is entirely perturbative in nature,
the charm PDF resembles that of the gluon and sharply decreases at large momentum
fractions, x. Understanding the role that non-perturbative dynamics play inside the
nucleon is a fundamental goal of nuclear physics [4–14]. Furthermore, the existence of
IC would have many phenomenological consequences. For example, IC would alter both
the rate and kinematics of c hadrons produced by cosmic-ray proton interactions in the
atmosphere; the subsequent semileptonic decays of such c hadrons are an important source
of background in studies of astrophysical neutrinos [15–20]. The cross sections of many
processes at the LHC and other accelerators would also be a↵ected [21–31].

Measurements of c-hadron production in deep inelastic scattering [32] and in fixed-
target experiments [33], where the typical momentum transfers were Q . 10GeV (natural
units are used throughout this Letter), have been interpreted both as evidence for [34, 35]
and against [36] the percent-level IC content predicted by LFQCD. Even though such
experiments are in principle sensitive to valence-like c-quark content, interpreting these
low-Q data is challenging since it requires careful theoretical treatment of hadronic and
nuclear e↵ects. Recent global PDF analyses, which also include measurements from the
LHC, are inconclusive and can only exclude IC carrying more than a few percent of the
momentum of the proton [37,38].

Reference [28] proposed studying IC by measuring the fraction of Z-boson+jet events
that contain a charm jet, Rc

j ⌘ �(Zc)/�(Zj), in the forward region of proton-proton (pp)
collisions at the LHC. The ratio Rc

j was chosen because it is less sensitive than �(Zc) to
experimental and theoretical uncertainties. Since Zc production is inherently at large Q,
above the electroweak scale, hadronic e↵ects are small. A leading-order Zc production
mechanism is gc! Zc scattering (see Fig. 1), where in the forward region one of the
initial partons must have large x, hence Zc production probes the valence-like region.
Using next-to-leading-order (NLO) Standard Model (SM) calculations, Fig. 2 illustrates
that a percent-level valence-like IC contribution would produce a clear enhancement in
Rc

j for large (more forward) values of Z rapidity, y(Z); whereas only small e↵ects are
expected in the central region where all previous measurements of Rc

j were made [39, 40].

g

c

c

Z

g

c

c

Z

Figure 1: Leading-order Feynman diagrams for gc! Zc production.
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Heikki Mäntysaari: The Electron Ion Collider and 
Gluon imaging using azimuthal correlations at EIC
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Deeply Virtual Compton Scattering*
At leading order in the CGC EFT
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Two sources of correlations between r (which knows about the electron in DIS) and �

Intrinsic: correlation between r and b in the dipole D(r,b)
Related to elliptic gluon GPD Hatta, Yuan, Xiao, 1703.02085

Kinematic: o↵-forward phase e
�i�·r

with � = (z � z̄)�/2
Di↵erent propagation axis, mixes polarizations

  

Azimuthal anisotropy of dipole sca%. amplitude

If the color charge correlator is simply proportional to the 

“proton shape function”

then
at small r, b;  with c > 0 !

e.g. A. Rezaeian & E. Iancu, 1702.03943

Kovner & Lublinsky, 1211.1928

E. Levin & A. Rezaeian,  1105.3275

● Recall that ”cat’s ears” diagram 

involves 2-body correlations and 

breaks <[[> ~ T
p
(b)

● v2 from            is negative
● magnitude of v2 is not 

proportional to r2

!"
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Azimuthal correlations in DVCS in DIS

Full calculation at Q
02
= 0 including the photon flux f (y) in 2011.02464

In agreement with hatta, Yuan, Xiao, 1703.02085

d�ep!e�p

dtd�e�
⇠ fTT (y)[M2

±1,±1 + M2
±1,⌥1] + fTT ,flip(y)M2

0,±1

� fLT (y)M0,±1[M±1,±1 + M±1,⌥1]cos(�e�)

+ fTT ,flip(y)M±1,±1M±1,⌥1cos(2�e�)

Figure: CLAS

The cos(2�e�) modulation in ep ! e�p:
Access to r,b correlations in the dipole D

via M±1,⌥1

) elliptic gluon GPD / Wigner distribution

y is the inelasticity in DIS
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Farid Salazar: Forward dijets at the EIC beyond 
TMDs
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Dijet cross-section in the CGC will 
contain dipoles and quadrupole:

Computation in the CGC: Wilson Lines

7

perturbatively 
computable non-perturbative

Amplitude (modulo leptonic part):
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Dense gluon field  needs resummation of 
multiple gluon interactions

Acl ∼ 1/g

Dijet production beyond TMDs
For more on CGC see Alex’s talk on 

Tuesday.

 and  dependence of genuine saturationQ2 P⊥
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At exactly back-to-back  the ratio of CGC/TMD is sensitive to genuine twistsk⊥ ≈ 0
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Matteo Rinaldi: Double parton scattering via photon-
proton interactions and the transverse proton structure

12

Matteo Rinaldi

New Idea: DPS via  γ-p interaction

29

6
We consider the possibility offered by a DPS process involving a photon FLACTUATING in a 

quark-antiquark pair interacting with a proton:

𝛾∗(𝑞)

𝑒(𝑘)

Through 4 jet 
production at HERA

Matteo Rinaldi

New Idea: DPS via  γ-p interaction

32

6

For this first investigation, we make use of the 
POCKET FORMULA:

Flux Factor
P. Nason et al,PLB319
339 (1993)

p-PDF       γ-PDF (M. Gluck et al. PRD46, 1973 (1992))
(J. Pumplin et al. JHEP 07, 012 (2002) )

SPS*

x

SPS

*Single Parton Scattering (SPS)

In order to study the impact of the DPS contribution to a process initiated via photon-proton interactions 
we evaluated the  4-JET photoproduction at  HERA (S. Checkanov et al. (ZEUS), Nucl. Phys B792, 1 (2008))

𝛾∗

Matteo Rinaldi 59

6 The effective cross section: a key for the proton structure
The effective cross section can be also written in terms of 

Fourier Transform of the EFF:

If we can measure
the dependence of the
effective-cross section

on the photon VIRTUALITY

We could access
for the first time

the mean transverse
distance between partons in

the proton

This coefficient can be determined from the
structure of the photon described in a given approach

M. R. and F. A. Ceccopieri, arXiv:2103.13480

Dependence of  on  can unveil the mean distance of 
pardons in the proton

σγp
eff(Q

2) Q2
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