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Overview

∙ Almost final version (>20 pages)
∙ Topics:

– Single diffractive jet production (ATLAS AFP/ALFA)
– Single diffractive W, Z production (CMS-TOTEM and ATLAS AFP/ALFA)
– Single diffractive J/psi production (CMS-TOTEM)
– Double Pomeron exchange jet production (ATLAS AFP/ALFA)
– Double Pomeron exchange photon+jet production (ATLAS AFP/ALFA)
– Double Pomeron exchange jet-gap-jet production (ATLAS AFP/ALFA)
– Single diffractive Drell-Yan production (theory)
– Theory contributions by Roman Pasechnik et al. and Samuel Wallon et al.

I Different running conditions investigated
I Physics and beam background treatment addressed
I Monte Carlo studies performed for 13/14 TeV in all cases
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General issues in results on
extrapolated yields

at
√
s = 13/14TeV
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Background

Non-diffractive backgrounds will largely be suppressed by proton tagging,
but
∙ soft pileup goes forward
∙ beam halo background also fakes proton signal

Example: non-diffractive event overlaid with minimum-bias protons

1 Introduction

Despite many years of research there is still no clear definition of diffraction. Usually the definition is
connected to the exchange of the colourless object. Such exchange does not only leave the interacting
proton intact, but also creates a region in rapidity devoid of particles – a large rapidity gap (LRG).
Such signature is often a requirement in the diffractive event selection. However, as the gap is created
between the scattered proton and the Pomeron remnants, i.e. in the very forward direction, it is
sometimes beyond the detector acceptance. Moreover, a gap could be created also in non-diffractive
events as a result of a fluctuation of the final state particles. Alternatively to requiring the LRG, the
intact proton can be directly tagged, provided the adequate instrumentation is available.

This chapter describes the foreseen hard diffractive programme of the ATLAS and CMS experi-
ments, with special attention paid to measurements utilising forward proton tagging techniques (see
Chapter ?? for details on the instrumentation). These results include experimental motivation as
well as an estimation of the obtainable significances along with the technical requirements for the
collection of suitable datasets. In particular, the possibilities of measuring single diffractive jets, Z,
W, J/Ψ and double Pomeron exchange jets will be discussed.

2 Backgrounds

In measurements using a forward tagging technique in the non-zero pile-up environment, backgrounds
may originate from events in which a non-diffractive system is produced together with a forward
proton coming from a different interaction in the same bunch crossing. For example, a hard single
diffractive production might be mimicked by a hard non-diffractive interaction overlaid with intact
proton coming from minimum bias events. In case of DPE production the background may come
from non-diffractive or single diffractive events (see Fig. 1).

DPE Jet Production
intact protonintact proton

Non−Diffractive Jet Production

intact proton

intact proton

Figure 1: An example of diffractive signal (left) and non-diffractive background (right) in non-zero
pile-up environment. The non-diffractive event is overlaid with minimum-bias protons visible in the
forward detectors.

Since such backgrounds are similar for all measurements described in this Chapter, their treatment
is discussed commonly in this Section.

2.1 Proton Tag

The probability of having intact protons originating from soft events depends on various factors, such
as the LHC optics settings and the acceptance of forward detectors. These issues are discussed in
details in Section ??.

2.2 One Vertex Requirement

Another constraint comes from the single vertex requirement. As can be seen in Fig. 1, this may
suppress backgrounds due to the pile-up. Unfortunately, this rejection is not 100% effective due to:

1
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CMS-TOTEM background suppression

Background rejection procedure developed on CMS-TOTEM 2012 data
at

√
s= 8 TeV, 𝛽* = 90m.

∙ data driven approach
∙ based on the correlations between the central system and the forward protons

Proton longitudinal momentum loss, 𝜉
∙ Measured by TOTEM Roman Pots

∙ Reconstructed in CMS from PF objects: 𝜉 = Σ(E i±piz )√
s

⇒ For energy/momentum conservation: 𝜉CMS − 𝜉TOTEM ≤ 0

Proven feasible on 2012 diffractive dijet and J/𝜓 data (next slide)
Will be applicable to Run II data
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Background rejection: SD dijet analysis example
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Beam halo and soft PU background
estimate:

MC events (no PU simulation) were
associated with randomly taken
data ZB events (PU included)
mix passed through selection
→ if proton in RP originted from
MC ⇒ white hist.
→ if proton in RP originted from
ZB ⇒ yellow hist.
background (ZB) populates region
𝜉CMS − 𝜉TOTEM > 0
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ATLAS background suppression

∙ Soft pileup background can be largely suppressed placing single vertex
requirement
∙ However, suppression is not 100% efficient:

– finite resolution of the central trackers — merging of nearby vertices
– too few tracks originating from the soft pile-up vertex

In the ATLAS feasibility studies presented in this Chapter:
∙ 4 charged particles required in ATLAS tracker
∙ vertices merged when distance below 1.5 mm
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CMS-TOTEM studies [CMS PAS FSQ-14-001]

[TOTEM-NOTE-2014-002]

Low luminosity-low pileup ⇒ potential of physics measurements at the
beginning of Run II
Two weeks of common running would mean

10 pb−1 with a large number of bunches and crossing angle and 𝜇 of about 0.1
10 pb−1 with few bunches, no crossing angle and 𝜇 of about 0.5
100 pb−1 with a large number of bunches, crossing angle and 𝜇 of about 0.5

CMS and TOTEM are used jointly. Event yields derived from visible cross

section: 𝜎visible = 𝜎MC · Nsel

Ntot

Not meant as full feasibility studies (physics and beam backgrounds,
trigger selection and systematic uncertainties not covered in full detail)
Trained on 2012 data
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CMS-TOTEM studies

∙ proton taggers not simulated
∙ acceptance matrix used instead
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ATLAS studies

∙ Feasibility studies for ALFA and AFP detectors
∙ Considered optics configurations: 𝛽* = 0.55 or 90m
∙ FPTrack used for the proton transport
∙ Protons required to be within detector acceptance for a given distance
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Monte Carlo based
feasibility studies
at

√
s = 13/14TeV
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Single diffractive jet production
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Figure 2: Left: single diffractive jet production – one interacting proton stays intact, the second
one is destroyed and two jets are produced. Right: non-diffractive jet production – the interacting
protons are destroyed and two jets are produced.

By studying single diffractive jet production, the universality of the Pomeron in ep and pp collision
can be probed [25]. Moreover, the gap survival probability can be quantified: a good experimental
precision will allow for comparison to theoretical predictions and differential measurements of the
dependence of the survival factor on (for example) the mass of the central system. Finally, the QCD
evolution of the gluon and quark densities in the Pomeron can be tested and compared with the
HERA measurements.

3.1 ATLAS feasibility studies for
√

s = 13 TeV

In the following studies the FPMC generator [8] was used to generate diffractive jet samples. Non-
diffractive jets were generated by Pythia8 [7]. Pile-up was generated using Pythia8 with the MBR
tune [11] and the following processes included: non-diffractive production, elastic scattering, single
diffraction, double diffraction and central diffraction. The vertex position was smeared according to
values from tables in Section ??.

In order to calculate the proton transport through the LHC structures between the ATLAS
Interaction Point (IP) and the forward detectors, the FPTrack [10] program was used. For a
given distance between the forward detector and the proton beam diffractive protons were checked
to be within the detector acceptance. The proton energy was reconstructed basing on the procedure
described in [?].

Jets were reconstructed using the FastJet package with the anti-kT (R = 0.4) algorithm [9].
A particle was considered visible in the tracker if the criteria described in Section 2 were fulfilled.
Three thresholds for the transverse momentum of the leading jet were considered pjet1

T of 20 GeV,

50 GeV and 100 GeV. The sub-leading jet was required to have pjet2
T > 20 GeV. In order to assure

reconstruction of a hard vertex, both leading jets were required to be inside the acceptance of the
ATLAS tracker (|η| < 2.5).

The results for the AFP detector and β∗ = 0.55 m optics are shown in Fig. 3. In the left plot
the purity, hereafter defined as the ratio of the signal to the sum of signal and background events, is
presented as a function of the mean pile-up, µ. In this figure, the black solid line is for events with
proton tag in the AFP detector whereas the red dashed line is for those with a tag and exactly one
reconstructed vertex. Purity greater that 50% was obtained for µ ∼ 0.5. Moreover, it grows rapidly
to values greater than 80% for µ < 0.1. Purity shown in this plot is for the jets with pT > 50 GeV.
However, it is not significantly different for the other considered pT thresholds (cf. Tab. 1).

3

Motivation:
Gap survival probability
Pomeron structure
Correlation between gap size and 𝜉
of the scattered proton

Feasibility studies:
∙AFP and ALFA with 𝛽*= 0.55 m and 90 m

Monte Carlo sample:
FPMC (signal) + PYTHIA 8 (non-diff) + PYTHIA8 tune MBR (pileup)
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Single diffractive jet production ATLAS AFP

PURITY@𝛽* = 0.55m PURITY@𝛽* = 90m

In Fig. 3 (right) the statistical significance, hereafter defined as the number of collected signal
events over the square root of the sum of the accepted signal and background events, is presented as
a function of the mean pile-up for jets with pT > 50 GeV. To compute the statistical significance, a
certain integrated luminosity must be assumed. For the presented results this was done by setting the
number of bunches (nb) multiplied by the data collecting time (tdata, in hours) to be nb · tdata = 1000.
This can be interpreted as one hour of data-taking with 1000 bunches, or 10 hours with 100 bunches,
etc.
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Figure 3: Single diffractive jet production with protons tagged in the AFP detectors for
√

s = 13
TeV and β∗ = 0.55 m: purity (left) and significance (right) for jets with pT > 50 GeV as a function
of average pile-up. The number of bunches multiplied by data collecting time (in hours) was assumed
to be 1000. In the analysis the following cuts were considered: proton tag in the AFP (black solid
line) and tag + exactly one reconstructed vertex (red dashed line).

Studies for the AFP detector and β∗ = 90 m optics are shown in Fig. 4. For such an optics
configuration and for a 10 σ distance from the beam, the purity and significance are similar to the
case discussed above. The same conclusions were obtained in the case of the ALFA detector and
β∗ = 0.55 m optics (cf. Fig. 5).
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Figure 4: Single diffractive jet production with protons tagged in the AFP detectors for
√

s = 13
TeV and β∗ = 90 m: purity (left) and significance (right) for jets with pT > 50 GeV as a function
of average pile-up. The number of bunches multiplied by the data collecting time (in hours) was
assumed to be 1000. In the analysis the following cuts were considered: proton tag in the AFP
(black solid line) and tag + exactly one reconstructed vertex (red dashed line).
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In Fig. 3 (right) the statistical significance, hereafter defined as the number of collected signal
events over the square root of the sum of the accepted signal and background events, is presented as
a function of the mean pile-up for jets with pT > 50 GeV. To compute the statistical significance, a
certain integrated luminosity must be assumed. For the presented results this was done by setting the
number of bunches (nb) multiplied by the data collecting time (tdata, in hours) to be nb · tdata = 1000.
This can be interpreted as one hour of data-taking with 1000 bunches, or 10 hours with 100 bunches,
etc.
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Figure 3: Single diffractive jet production with protons tagged in the AFP detectors for
√

s = 13
TeV and β∗ = 0.55 m: purity (left) and significance (right) for jets with pT > 50 GeV as a function
of average pile-up. The number of bunches multiplied by data collecting time (in hours) was assumed
to be 1000. In the analysis the following cuts were considered: proton tag in the AFP (black solid
line) and tag + exactly one reconstructed vertex (red dashed line).

Studies for the AFP detector and β∗ = 90 m optics are shown in Fig. 4. For such an optics
configuration and for a 10 σ distance from the beam, the purity and significance are similar to the
case discussed above. The same conclusions were obtained in the case of the ALFA detector and
β∗ = 0.55 m optics (cf. Fig. 5).
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Figure 4: Single diffractive jet production with protons tagged in the AFP detectors for
√

s = 13
TeV and β∗ = 90 m: purity (left) and significance (right) for jets with pT > 50 GeV as a function
of average pile-up. The number of bunches multiplied by the data collecting time (in hours) was
assumed to be 1000. In the analysis the following cuts were considered: proton tag in the AFP
(black solid line) and tag + exactly one reconstructed vertex (red dashed line).

4

Purity greater than 50% for 𝜇 ≈ 0.5
Purity grows above 80% for 𝜇 < 0.1
No significant dependence on pJET1

T cut
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Single diffractive jet production ATLAS ALFA

PURITY@𝛽* = 0.55m PURITY@𝛽* = 90m
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Figure 5: Single diffractive jet production with protons tagged in the ALFA detectors for
√

s = 13
TeV and β∗ = 0.55 m: purity (left) and significance (right) for jets with pT > 50 GeV as a function
of average pile-up. The number of bunches multiplied by the data collecting time (in hours) was
assumed to be 1000. In the analysis the following cuts were considered: proton tag in the ALFA
(black solid line) and tag + exactly one reconstructed vertex (red dashed line).

The situation changes dramatically when ALFA detectors and β∗ = 90 m are considered (see
Fig. 6). Due to the acceptance for elastic scattering, the purity is only higher than 50% for the mean
pile-up smaller than 0.02. Filtering out the elastic events (blue dotted line) increases the purity.
However, an average pile-up of less than 0.05 is still needed. In conclusion, the optimal data taking
conditions for such configuration are for µ ∼ 0.01.
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Figure 6: Single diffractive jet production with protons tagged in the ALFA detectors for
√

s = 13
TeV and β∗ = 90 m: purity (left) and significance (right) for jets with pT > 50 GeV as a function
of average pile-up. The number of bunches multiplied by the data collecting time (in hours) was
assumed to be 1000. In the analysis the following cuts were considered: proton tag in the ALFA
(black solid line), tag + exactly one reconstructed vertex (red dashed line) and tag + one vertex +
elastic veto (blue dotted line).

The summary of these feasibility studies is presented in Table 1. The rate was calculated for 100
bunches.
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Figure 5: Single diffractive jet production with protons tagged in the ALFA detectors for
√

s = 13
TeV and β∗ = 0.55 m: purity (left) and significance (right) for jets with pT > 50 GeV as a function
of average pile-up. The number of bunches multiplied by the data collecting time (in hours) was
assumed to be 1000. In the analysis the following cuts were considered: proton tag in the ALFA
(black solid line) and tag + exactly one reconstructed vertex (red dashed line).

The situation changes dramatically when ALFA detectors and β∗ = 90 m are considered (see
Fig. 6). Due to the acceptance for elastic scattering, the purity is only higher than 50% for the mean
pile-up smaller than 0.02. Filtering out the elastic events (blue dotted line) increases the purity.
However, an average pile-up of less than 0.05 is still needed. In conclusion, the optimal data taking
conditions for such configuration are for µ ∼ 0.01.
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Figure 6: Single diffractive jet production with protons tagged in the ALFA detectors for
√

s = 13
TeV and β∗ = 90 m: purity (left) and significance (right) for jets with pT > 50 GeV as a function
of average pile-up. The number of bunches multiplied by the data collecting time (in hours) was
assumed to be 1000. In the analysis the following cuts were considered: proton tag in the ALFA
(black solid line), tag + exactly one reconstructed vertex (red dashed line) and tag + one vertex +
elastic veto (blue dotted line).

The summary of these feasibility studies is presented in Table 1. The rate was calculated for 100
bunches.
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@𝛽* = 0.55: conclusions similar to AFP
@𝛽* = 90: dramatic difference.
→Purity above 50% only for 𝜇 < 0.02
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Single diffractive W/Z production
4 Single Diffractive Z, W and J/Ψ Production

The leading order diagram for single-diffractive Z, W boson, or J/ψ meson production is shown in
Fig. 7. The two final-state particles originating on either side of the colour-singlet are, in general,
well separated by a rapidity gap.

Figure 7: Single diffractive Z, W and J/ψ production.

The single-diffractive production of W/Z bosons and J/ψ meson is sensitive to the diffractive
structure function of the proton, notably to its quark component, since many of the observed pro-
duction modes can originate from quark fusion.

Please expand – anything else? Gap survival? Theory tests?

4.1 CMS-TOTEM feasibility studies for
√

s = 13 TeV

Results presented in this Section are based on a Monte Carlo study presented in Ref. [12]. These
studies were done for the low-luminosity, low-pile-up LHC runs and illustrate the potential for physics
measurements with the CMS and TOTEM experiments at the beginning of Run II.

4.1.1 Signal and Background Simulation

Single-diffractive Z and W boson production was simulated with Pomwig [13] in the electron and
muon decay channels. Single-diffractive J/ψ production was generated with Pompyt [16]. Pile-up
events were simulated using the Pythia8 Monte Carlo event generator [18] using tune A2 Refer to.
Pile-up events were added to the signal event with probability p(n;µ), where n is the number of
pile-up events given by a Poisson distribution with an average of µ = 1.

The presented predictions include a rapidity gap survival probability of 0.1, which provides a
good description of CMS diffractive dijet data [19]. According to Pomwig, the cross-section for the
lepton decay of the Z boson is 12.1 pb. For the W boson decaying into lepton and (anti)neutrino
the predicted cross-section is of about 131 pb. The Pompyt cross-section for diffractive J/ψ → µµ
production is 2.5 nb.

4.1.2 Trigger Strategy

The trigger strategy in Run II will be similar to the one in Run I: the signal accepted by CMS
(TOTEM) will be sent to TOTEM (CMS) to trigger the readout. In Run I, with 112 bunches and a
pile-up of µ ∼ 0.07, the detector trigger selections and corresponding rates were:

• for SD Z or W selection:

– at least one muon (electron) with pT > 7 GeV (57 Hz),

– at least two muons (electrons) with pT > 3 GeV (22 Hz),

• for SD J/ψ selection at least two muons with non-zero pT and |η| < 2.45 (45 Hz) were required.

7

Motivation:
Gap survival probability
Probe of the quark content of the
diffractive exchange

Feasibility studies:
∙ CMS-TOTEM with 𝛽* = 90 m
∙ ATLAS AFP and ALFA with 𝛽*= 0.55 m and 90 m
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Single diffractive W/Z production CMS-TOTEM

CMS PAS FSQ-14-001

TOTEM-NOTE-2014-002

Monte Carlo sample:
POMWIG (signal) + PYTHIA8 tune A2 (pileup)
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Single diffractive W/Z production ATLAS AFP/ALFA

AFP, both optics,
ALFA with 𝛽* = 0.55 m:
∙ purity greater than 50% for 𝜇 ≈ 0.2
∙ purity above 80% for 𝜇 < 0.06
ALFA with 𝛽* = 90 m:
∙ purity above 50% only for 𝜇 < 0.02

Monte Carlo sample used:
FPMC (SD and DPE events) + PYTHIA8 (non-diff)
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Single diffractive J/𝜓 production4 Single Diffractive Z, W and J/Ψ Production

The leading order diagram for single-diffractive Z, W boson, or J/ψ meson production is shown in
Fig. 7. The two final-state particles originating on either side of the colour-singlet are, in general,
well separated by a rapidity gap.

Figure 7: Single diffractive Z, W and J/ψ production.

The single-diffractive production of W/Z bosons and J/ψ meson is sensitive to the diffractive
structure function of the proton, notably to its quark component, since many of the observed pro-
duction modes can originate from quark fusion.

Please expand – anything else? Gap survival? Theory tests?

4.1 CMS-TOTEM feasibility studies for
√

s = 13 TeV

Results presented in this Section are based on a Monte Carlo study presented in Ref. [12]. These
studies were done for the low-luminosity, low-pile-up LHC runs and illustrate the potential for physics
measurements with the CMS and TOTEM experiments at the beginning of Run II.

4.1.1 Signal and Background Simulation

Single-diffractive Z and W boson production was simulated with Pomwig [13] in the electron and
muon decay channels. Single-diffractive J/ψ production was generated with Pompyt [16]. Pile-up
events were simulated using the Pythia8 Monte Carlo event generator [18] using tune A2 Refer to.
Pile-up events were added to the signal event with probability p(n;µ), where n is the number of
pile-up events given by a Poisson distribution with an average of µ = 1.

The presented predictions include a rapidity gap survival probability of 0.1, which provides a
good description of CMS diffractive dijet data [19]. According to Pomwig, the cross-section for the
lepton decay of the Z boson is 12.1 pb. For the W boson decaying into lepton and (anti)neutrino
the predicted cross-section is of about 131 pb. The Pompyt cross-section for diffractive J/ψ → µµ
production is 2.5 nb.

4.1.2 Trigger Strategy

The trigger strategy in Run II will be similar to the one in Run I: the signal accepted by CMS
(TOTEM) will be sent to TOTEM (CMS) to trigger the readout. In Run I, with 112 bunches and a
pile-up of µ ∼ 0.07, the detector trigger selections and corresponding rates were:

• for SD Z or W selection:

– at least one muon (electron) with pT > 7 GeV (57 Hz),

– at least two muons (electrons) with pT > 3 GeV (22 Hz),

• for SD J/ψ selection at least two muons with non-zero pT and |η| < 2.45 (45 Hz) were required.

7

Motivation:
Gap survival probability
Probe of the quark content of the
diffractive exchange

Feasibility studies:
∙ CMS-TOTEM with 𝛽* = 90 m
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Single diffractive J/𝜓 production CMS-TOTEM

CMS PAS FSQ-14-001

TOTEM-NOTE-2014-002

Monte Carlo sample:
POMPYT v2.6 (signal) + PYTHIA8 tune A2 (pileup)
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DPE jet production

5 Double Pomeron Exchange Jet Production

In double Pomeron exchange (DPE) jet production, shown in Fig. 13, two jets are created and a
colourless object is emitted from both interacting protons. As discussed in Section 3, additional soft
interactions can break the two protons. At

√
s = 13 TeV the rapidity gap survival probability is

estimated to be 0.03 [?].

proton

Pomeron
je t

remnants

Pomeron

proton

je t
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proton

proton

Pomeron

Pomeron

Figure 13: Double Pomeron exchange jet production – both interacting protons stays intact and two
jets are produced centrally.

The DPE jet production is sensitive to the gluon density in the Pomeron [25]. This is shown
in Fig. 14, where the gluon density is modified by (1 − x)ν . The central black line displays the
cross-section value for the gluon density of the Pomeron as measured at HERA and including an
additional survival probability of 0.03. The yellow band shows the effect of a 20% error on the gluon
density, taking into account the normalisation uncertainties. The dashed curves display the expected
cross-section sensitivities at the LHC to the gluon density distribution.
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Figure 14: Cross-section of DPE jet production as a function of leading jet pT (left) and mass
fraction (right). The different curves correspond to different modifications of the Pomeron gluon
density extracted from HERA data (see text).

Unfortunately, due to the constant ratio between the curves for various gluons densities, it will
be difficult to distinguish if observed changes in the absolute gluonic parton cross-section are due to
the gluon density or to the survival probability. Hence the so-called mass fraction, defined as the
ratio of the dijet mass to the total diffractive mass2, is introduced. As can be observed in Fig. 14
(right), the curves corresponding to the different values of ν diverge faster at high values of the dijet
mass fraction.

2Diffractive mass was computed as
√

sξ1ξ2, where ξ1,2 are the proton fractional momentum carried by each Pomeron
and

√
s the center-of-mass energy.
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Motivation:
Gap survival probability
Pomeron structure
Correlation between a gap size and
𝜉 of the scattered proton

Feasibility studies:
∙ ATLAS AFP and ALFA with
𝛽*= 0.55 m and 90 m

(Rapidity gap survival probability set to 3%)

5 Double Pomeron Exchange Jet Production

In double Pomeron exchange (DPE) jet production, shown in Fig. 13, two jets are created and a
colourless object is emitted from both interacting protons. As discussed in Section 3, additional soft
interactions can break the two protons. At

√
s = 13 TeV the rapidity gap survival probability is

estimated to be 0.03 [?].
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Figure 13: Double Pomeron exchange jet production – both interacting protons stays intact and two
jets are produced centrally.

The DPE jet production is sensitive to the gluon density in the Pomeron [25]. This is shown
in Fig. 14, where the gluon density is modified by (1 − x)ν . The central black line displays the
cross-section value for the gluon density of the Pomeron as measured at HERA and including an
additional survival probability of 0.03. The yellow band shows the effect of a 20% error on the gluon
density, taking into account the normalisation uncertainties. The dashed curves display the expected
cross-section sensitivities at the LHC to the gluon density distribution.
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Figure 14: Cross-section of DPE jet production as a function of leading jet pT (left) and mass
fraction (right). The different curves correspond to different modifications of the Pomeron gluon
density extracted from HERA data (see text).

Unfortunately, due to the constant ratio between the curves for various gluons densities, it will
be difficult to distinguish if observed changes in the absolute gluonic parton cross-section are due to
the gluon density or to the survival probability. Hence the so-called mass fraction, defined as the
ratio of the dijet mass to the total diffractive mass2, is introduced. As can be observed in Fig. 14
(right), the curves corresponding to the different values of ν diverge faster at high values of the dijet
mass fraction.

2Diffractive mass was computed as
√

sξ1ξ2, where ξ1,2 are the proton fractional momentum carried by each Pomeron
and

√
s the center-of-mass energy.
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DPE jet production ATLAS AFP

PURITY@𝛽* = 0.55m SIGNIFICANCE@𝛽* = 0.55m

5.1 ATLAS feasibility studies for
√

s = 13 TeV

The results presented in this Section were obtained analogously as the ones in Section 3: after
the event generation the protons were transported to the forward detector location, their energy
was reconstructed taking into account various experimental effects, the jets were obtained using the
anti-kt algorithm and tracks were required to fulfil the reconstruction criteria.

The results for the the AFP detector and β∗ = 0.55 m optics are shown in Fig. 15. In these
figures, the red line shows events with a double proton tag in the AFP detectors, the green line –
events with a double tag and exactly one reconstructed vertex, the blue line – events with a double
tag which also fulfil the AFP timing constraint3 and finally the black line represents all these cuts.
The statistical significance is maximised for µ ∼ 1. For such pile-up values the purity is ∼ 80%. Data
taken at smaller pile-up result in a smaller statistical significance, however with a very high purity
(> 95%). Assuming the number of bunches multiplied by the data collecting time of 1000 and µ ∼ 1,
jets with pT up to 100 GeV could be measured. Similar conclusions are drawn in case of the AFP
detector and β∗ = 90 m optics (see Fig 16).
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Figure 15: Double Pomeron exchange jet production with both protons tagged in the AFP detectors
for

√
s = 13 TeV and β∗ = 0.55 m: purity (left) and significance for jets with pT > 50 GeV (right)

as a function of average pile-up. The number of bunches multiplied by the data collecting time (in
hours) was assumed to be 1000. In the analysis the following cuts were considered: double proton tag
in the AFP (red line), tag + exactly one reconstructed vertex (green line), tag + timing requirement
(20 ps, blue line) and all cuts (black line).

The results for the ALFA detector and β∗ = 0.55 m optics are shown in Fig. 17. Since there is
no plan to install timing detectors in ALFA, only two constrains were considered: double proton tag
(red line) and, in addition, exactly one reconstructed vertex (green line). At the maximal significance
(µ ∼ 1) the purity is ∼ 60%. Going to smaller pile-up values increases the purity, but reduces the
statistical significance.

Similarly as in the case of SD jet production, the measurement worsens dramatically when β∗ =
90 m optics are considered (see Fig. 18). This is due to the fact that this optics was designed to
measure elastic scattering with ALFA, thus such events are well within the acceptance. Fortunately,
the elastic signature is relatively easy to filter out by using kinematic constraints. In the following
studies, the filtering efficiency was assumed to be 100%, i.e. all generated elastic events were removed.
Unfortunately, even after such selection the purity is greater than 60% only for µ < 0.02. This is
due to the high acceptance for the soft central exclusive processes. This means that even for jets
with pT ∼ 50 GeV a significant measurement is possible only in long runs (∼ 100 h) with hundreds

3In these studies, the resolution of AFP timing detectors was assumed to be 20 ps and the cut was done at 2σ.

13

High purity for low low 𝜇 but small significance
Significance maximized for 𝜇 ≈ 1
Similar results for 90m optics
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DPE jet production ATLAS ALFA

PURITY@𝛽* = 0.55m SIGNIFICANCE@𝛽* = 0.55mof bunches.
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Figure 18: Double Pomeron exchange jet production with both protons tagged in the ALFA detectors
for

√
s = 13 TeV and β∗ = 90 m: purity (left) and significance for jets with pT > 50 GeV (right)

as a function of average pile-up. The number of bunches multiplied by the data collecting time (in
hours) was assumed to be 1000. In the analysis the following cuts were considered: double proton
tag in the ALFA (red line), tag + elastic veto (green line) and tag + elastic veto + exactly one
reconstructed vertex (blue line).

The summary of studies presented above is done in Tab. 4. Moreover, in this table the purity
and statistical significance for other considered jet pT thresholds are given. The rate was calculated
assuming 100 colliding bunches.

6 Double Pomeron Exchange Photon+Jet Production

In double Pomeron exchange mode also events containing a (quark) jet and a photon could be
produced. In such case one Pomeron emits a gluon, whereas from the other one a quark is taken. A
diagram for such production is presented in Fig. 19.

Figure 19: Double Pomeron exchange photon+jet production – both interacting protons stays intact
and a (quark) jet and a photon are produced centrally.

A measurement of photon+jet production in DPE mode can be used to test the Pomeron uni-
versality between HERA and LHC. Moreover, the Pomeron quark content can be probed: the QCD
diffractive fits performed at HERA assumed that u = d = s = ū = d̄ = s̄, since data were not

15

Purity > 60% only for 𝜇 < 0.02
High acceptance for soft central exclusive processes (background)
Significant measurement only possible with long runs O(100h)
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DPE 𝛾+jet production

of bunches.
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Figure 18: Double Pomeron exchange jet production with both protons tagged in the ALFA detectors
for

√
s = 13 TeV and β∗ = 90 m: purity (left) and significance for jets with pT > 50 GeV (right)

as a function of average pile-up. The number of bunches multiplied by the data collecting time (in
hours) was assumed to be 1000. In the analysis the following cuts were considered: double proton
tag in the ALFA (red line), tag + elastic veto (green line) and tag + elastic veto + exactly one
reconstructed vertex (blue line).

The summary of studies presented above is done in Tab. 4. Moreover, in this table the purity
and statistical significance for other considered jet pT thresholds are given. The rate was calculated
assuming 100 colliding bunches.

6 Double Pomeron Exchange Photon+Jet Production

In double Pomeron exchange mode also events containing a (quark) jet and a photon could be
produced. In such case one Pomeron emits a gluon, whereas from the other one a quark is taken. A
diagram for such production is presented in Fig. 19.

Figure 19: Double Pomeron exchange photon+jet production – both interacting protons stays intact
and a (quark) jet and a photon are produced centrally.

A measurement of photon+jet production in DPE mode can be used to test the Pomeron uni-
versality between HERA and LHC. Moreover, the Pomeron quark content can be probed: the QCD
diffractive fits performed at HERA assumed that u = d = s = ū = d̄ = s̄, since data were not
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Motivation:
Test Pomeron universality
Probe Pomeron quark content
Disentangle models (SCI and
resolved Pomeron)

Feasibility studies (14 TeV):
∙ ATLAS AFP with 𝛽*= 0.55 m
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Figure 20: Left: ratio of γ+jet over dijet differential cross-section as a function of the leading jet
pT . Right: ratio of γ+jet over dijet differential cross-section as a function of the diffractive mass
M =

√
sξ1ξ2. The different curves correspond to different ratios d/u inside the Pomeron. Proton-

proton collisions at
√

s = 14 TeV are assumed.
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Figure 21: DPE γ+jet to dijet differential cross-section ratio as a function of the diffractive mass
M =

√
ξ1ξ2s for different values of d/u within the acceptance of the 210 m proton detectors.

colour singlet is exchanged between the protons and in the t-channel between the jets. The signature,
shown in Fig. 22, is two intact protons scattered in the forward regions and a gap in rapidity between
the jets.

The process of double Pomeron exchange jet-gap-jet production was never measured experimen-
tally. Moreover, by studying the properties of jet-gap-jet production the BFKL model can be tested,
e.g. by comparing the fraction of DPE JGJ to all DPE jet events. In case of DPE such ratio is larger
than the corresponding fraction in “standard” JGJ production, since in DPE events the penalty of
the gap survival probability applies to both the DPE JGJ and the total DPE cross-sections [27].

7.1 ATLAS feasibility studies for
√

s = 14 TeV

In order to simulate the DPE jet-gap-jet production the FPMC program was employed. The used
version contained an implementation for summing over non-conformal spins in the leading-log (LL)
and next-to-leading-log (NLL) approximations [27].

A crucial element of the DPE jet-gap-jet measurement is the probability to tag the protons with
forward detectors. In the presented analysis, ATLAS and AFP were taken as central and forward
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Figure 20: Left: ratio of γ+jet over dijet differential cross-section as a function of the leading jet
pT . Right: ratio of γ+jet over dijet differential cross-section as a function of the diffractive mass
M =
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sξ1ξ2. The different curves correspond to different ratios d/u inside the Pomeron. Proton-

proton collisions at
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Figure 21: DPE γ+jet to dijet differential cross-section ratio as a function of the diffractive mass
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√
ξ1ξ2s for different values of d/u within the acceptance of the 210 m proton detectors.

colour singlet is exchanged between the protons and in the t-channel between the jets. The signature,
shown in Fig. 22, is two intact protons scattered in the forward regions and a gap in rapidity between
the jets.

The process of double Pomeron exchange jet-gap-jet production was never measured experimen-
tally. Moreover, by studying the properties of jet-gap-jet production the BFKL model can be tested,
e.g. by comparing the fraction of DPE JGJ to all DPE jet events. In case of DPE such ratio is larger
than the corresponding fraction in “standard” JGJ production, since in DPE events the penalty of
the gap survival probability applies to both the DPE JGJ and the total DPE cross-sections [27].

7.1 ATLAS feasibility studies for
√

s = 14 TeV

In order to simulate the DPE jet-gap-jet production the FPMC program was employed. The used
version contained an implementation for summing over non-conformal spins in the leading-log (LL)
and next-to-leading-log (NLL) approximations [27].

A crucial element of the DPE jet-gap-jet measurement is the probability to tag the protons with
forward detectors. In the presented analysis, ATLAS and AFP were taken as central and forward
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Taking into account the typical mass resolution around 3%, a significant
measurement can be achieved with an integrated lumi of 300 pb−1
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Figure 22: Double Pomeron exchange jet-gap-jet production: both interacting protons stay intact
and two jets are produced. In both cases the object exchanged in the t channel is colour singlet and
there is a gap in rapidity between the two jets.

detectors, respectively. The leading jet was required to have a transverse momentum greater than
40 GeV. The transverse momentum of the sub-leading jet was required to be greater than 20 GeV.

In the following studies, a gap is defined as a rapidity interval devoid of final state particles with
transverse momentum greater than 200 MeV. The two leading jets were required to be in the opposite
pseudo-rapidity hemispheres and the rapidity gap (ηg) was requested to be symmetric around zero.
These requirements are somewhat arbitrary and were introduced due to the measurement simplicity
– the central tracker region has the highest efficiency for reconstructing low-pT tracks. After the first
measurements this analysis can be extended to events with non-symmetric gaps which will increase
the visible cross-section.

Since both protons need to be tagged in the AFP stations, not all events can be recorded. The
visible cross-section depends on the distance between the AFP active detector edge and the beam
centre. This dependence is illustrated in Fig. 23 (left). For this analysis, a distance of 3.5 mm was
assumed. This results in a visible cross-section of around 1 nb.

The main background to the DPE jet-gap-jet production will be DPE jet production. For such
processes a gap between the jets may be due to fluctuations in hadronisation, but this background
is significantly reduced by requiring large gap sizes. This is illustrated in Fig. 23 (right), where the
DPE background is shown as a continuous or dashed line whereas the DPE JGJ signal is plotted as a
grey area. The probability of having a gap due to a fluctuation falls exponentially with the increase
of the gap size. For example, if |ηg| > 0.5 the background will mimic the signal in less than 5% of
cases.

Larger gap sizes are increasingly dominated by the jet-gap-jet process. However, the cross-section
also falls steeply with increasing gap size. Assuming both protons being tagged in AFP, a good
balance between the signal to background ratio and the visible cross-section is found for a gap of
|ηg| ∼ 0.5.

The DPE Jet-Gap-Jet event ratio is plotted in Fig. 24 as a function of the transverse momentum
of the leading jet and as a function of the pseudorapidity difference between the two jets with the
highest transverse momentum, ∆ηJ . To take into account the NLO QCD effects, absent in the
FPMC program, the LO ratio was corrected by the cross-section ratio σ(DPE LO Jet++)/σ(DPE
NLO Jet++) obtained with the NLO Jet++ program [?]. The detailed description of this procedure
can be found in Ref. [27]. To verify the statistical power of this measurement, the statistical errors
which correspond to 300 pb−1 of integrated luminosity were computed.
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Motivation:
Process never measured
experimentally
Test BFKL dynamics

Feasibility studies (14 TeV):
∙ ATLAS AFP with 𝛽*= 0.55 m
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Figure 23: Left: visible cross-section as a function of the distance between the detector and the
beam centre. Right: gap size distribution for DPE jets and DPE jet-gap-jet events with and
without the AFP tag requirement. For large enough gaps ∆ηg > 0.5, the gap-between-jets events
are not dominated by fluctuations of dijets events.
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the two leading jets ∆ηJ (right). For both plots, an integrated luminosity of 300 pb−1 was assumed.
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Monte Carlo: FPMC (DPE Jets and DPE JGJ)
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Figure 23: Left: visible cross-section as a function of the distance between the detector and the
beam centre. Right: gap size distribution for DPE jets and DPE jet-gap-jet events with and
without the AFP tag requirement. For large enough gaps ∆ηg > 0.5, the gap-between-jets events
are not dominated by fluctuations of dijets events.

 [GeV]
T

leading jet p
50 100 150 200

ra
tio

0

0.2

0.4

0.6

0.8

 < 0.14
AFP
ξ0.012 < 

(DPE NLO Jet++)σ
(DPE LO Jet++)σ × (DPE Jets)σ

(DPE JGJ)σratio = 

 > 20 GeV
T

 leading jet pnd2

| > 1.0gη|

-1Ldt = 300 pb∫

 > 3.0
J
ηΔ

J
ηΔrapidity difference between the leading jets, 

3 4 5 6 7

ra
tio

0

0.2

0.4

0.6

0.8

 < 0.14
AFP
ξ0.012 < 

(DPE NLO Jet++)σ
(DPE LO Jet++)σ × (DPE Jets)σ

(DPE JGJ)σratio = 

 > 20 GeV
T

 leading jet pnd2

| > 1.0gη|

-1Ldt = 300 pb∫

 > 40 GeV
T

leading jet p

Figure 24: Predictions for the DPE jet-gap-jet to DPE jet cross-section ratio at the LHC, as a
function of the leading jet transverse momentum pT (left), and of the rapidity difference between
the two leading jets ∆ηJ (right). For both plots, an integrated luminosity of 300 pb−1 was assumed.
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Integrated luminosity of 300 pb-1 considered
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Theory contributions

Single diffractive Drell-Yan and vector bosons production
at the LHC
by Roman Pasechnik, Boris Kopeliovich and Irina Potashnikova

Probing hard diffraction at LHC with ultraperipheral
scattering
by Renaud Boussarie, Andrey Grabovsky, Lech Szymanowski, Samuel Wallon

Will not be included in the chapter as they are, but rather summarised
in agreement with the authors
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In short

Chapter IV almost finished

Only two theory contributions missing – in the process of
including them
Final reading by Marta+Maciej to follow

∙ Release by end of April!
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