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Physics motivation

− PPS dedicated to measure Central Exclusive 
Production (CEP) via QCD/QED interactions to 
investigate rare processes in the Standard 
Model and search for evidences of New Physics.  

− Such processes result in a central system X plus 
intact protons scattered in the forward direction 
at small angles [1].
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• PPS is a set of detectors with tracking and timing capabilities.

• Tracking detectors measure the proton momentum loss 𝝃 = 𝚫𝒑
𝒑

• Timing detectors measure the vertex position 𝑧𝑃𝑉 = 𝑐/2 𝜏𝑝𝑟𝑜𝑡𝑜𝑛2 − 𝜏𝑝𝑟𝑜𝑡𝑜𝑛1

• Detector acceptance is determined by LHC optics, collision parameters, proximity to the 
beam and collimators (proton transport for PPS in F. Nemes talk).

• Acceptance vs 𝝃 translated into acceptance vs mass (𝑚𝑋 = 𝑠𝜉1𝜉2)

M. Pitt

• In current proposal the covered masses are:
133 GeV – 2.7 TeV for the first 3 stations
43 GeV – 2.7 TeV for all stations

• Run 2+3 acceptance between 350 GeV and 2 TeV

Dashed line: mass acceptance w/o 420m station

Detector acceptance by the end of the fill
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− While the CMS central detector measures MX and 
yX, the near-beam detectors of PPS measure the 
fractional momentum loss ξ of the protons, from 
which MX can also be extracted. This provides 
kinematic matching. 

− Clean event tagging with intact protons is achieved 
by imposing tranverse momentum balance and 
having an accurate longitudinal vertex position via 
proton Time of Flight, thus strongly suppressing 
pile-up events, as seen with the Run-2 data [2].

Roman pot stations
− Plan for three stations on each side of CMS for Phase-2, comprising the 

region from 196 m to 234 m [3]. 

− The proposal includes horizontal detectors for tracking and timing plus 
vertical detectors at 220 m for alignment and calibration. These three 
stations would be based on the Roman Pot technology positioned around  
Q5 and Q6 magnets (see below). 

− Additional stations at ~420 m to extend the lower mass acceptance, although 
requiring other technologies due to the cryogenic area and challenges of 
tagging protons in between beam pipes.

Figure 14: Layout of Long Straight Section LSS5 (Sector 5-6) at HL-LHC [90].
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Performance
− Best detector acceptance is achieved with sensors approaching the beam 

horizontally. 
− The min/max mass acceptances are derived from Phase-2 optics and 

machine parameters. The figure on the left shows the minimum accepted    
|ξ| as function of the longitudinal distance (ς) from IP5 for distinct beam 
crossing planes, where vertical crossing is the preferred option. 

− MX and yX acceptances are extracted for single- and double-arm proton 
tagging (center). Although single-arm provides larger mass acceptances, 
clean events demand double-arm detection, which extends the lower MX 
region down to ~100 GeV for three stations or ~40 GeV with all stations. 

of the region around the minimum at 232m (inside the quadrupole Q6) indicated two promising
locations: at 220m (just before “TCL6”, the TCL collimator in LHC cell number 6 counted from
IP5) and at 234m (after the exit of Q6). Even smaller momentum losses can be reached beyond
300m, but the only location with some free space lies around 420m (the “missing magnet” region
already studied previously by the FP420 project [11]).

Figure 15: Left: Horizontal dispersion and beam width (scaled by 1000) as a function of the
distance & from IP5 for Beam 1, i.e. in LHC Sector 5-6. Right: Minimum accepted |⇠| as a function
of & according to Eq. (4) for (↵/2,�⇤) = (250µrad, 15 cm) and nTCT = 12.9. The TCL collimator
positions are indicated. In both pictures the continuous and dashed lines represent vertical and
horizontal crossing in IP5, respectively. The study was done with optics version 1.3 [9].

At & ⇡ 270m the dispersion changes sign (Fig. 15, left). This means in practice that the proton
trajectories transition from x > 0 to x < 0. The implication for the potential detector location
at 420m is that detectors need to be placed in the confined space between the incoming and the
outgoing beam pipes, excluding conventional Roman Pot technology. A further complication is
that in this location the beam pipes are in a cryostat, necessitating more involved engineering
changes.

A region of interest for the detection of higher masses lies at 196m, just upstream of the
collimator TCL5 that intercepts protons with large |⇠| (Section 6.1.2). Locations even farther
upstream, before TCLX4, would give an even higher upper mass cut but are excluded because of
the prohibitively high low-mass limit leaving no acceptance interval.

In summary, for the more detailed discussions in the following sections, four de-
tector locations have been retained: 196m, 220m, 234m, 420m, each on both sides
of IP5.

4.3 Mechanical Constraints, Available Space

In this section, preliminary information on the longitudinal and vertical space constraints is pre-
sented for each of the four detector locations. This will serve as input for the first iteration in the
design of the detector stations. In particular, the available longitudinal space determines whether a
station can be composed of two units for the measurement of local track angles and, if so, how long
the lever arm between the units can be. The resulting resolution improvement in the kinematic
reconstruction is then derived in Section 6.2.

A preliminary space reservation request for the four locations has been made by CMS [92].

4.3.1 The 196m Station

The layout of the sector from the quadrupole Q4 to the TCL5 collimator (Fig. 16) is still uncertain
because it might be necessary to flip and shift Q4 for irradiation reasons. Furthermore, there is
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Figure 30: Acceptance for the protons from CEP events in the mass-rapidity plane of the centrally
produced system. The yellow/orange colour tones mark single-arm proton acceptance, the green
tones mark double-arm acceptance. The labels (1A), ..., (2Z) denote the same points on the
levelling trajectories in the (↵x/2,�⇤

x) plane as defined in Fig. 26. Top: start and end point of any
levelling trajectory for a vertical crossing angle in IP5, bottom: start and end point of the baseline
levelling trajectory for horizontal crossing in IP5.
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Figure 30: Acceptance for the protons from CEP events in the mass-rapidity plane of the centrally
produced system. The yellow/orange colour tones mark single-arm proton acceptance, the green
tones mark double-arm acceptance. The labels (1A), ..., (2Z) denote the same points on the
levelling trajectories in the (↵x/2,�⇤

x) plane as defined in Fig. 26. Top: start and end point of any
levelling trajectory for a vertical crossing angle in IP5, bottom: start and end point of the baseline
levelling trajectory for horizontal crossing in IP5.
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Figure 30: Acceptance for the protons from CEP events in the mass-rapidity plane of the centrally
produced system. The yellow/orange colour tones mark single-arm proton acceptance, the green
tones mark double-arm acceptance. The labels (1A), ..., (2Z) denote the same points on the
levelling trajectories in the (↵x/2,�⇤

x) plane as defined in Fig. 26. Top: start and end point of any
levelling trajectory for a vertical crossing angle in IP5, bottom: start and end point of the baseline
levelling trajectory for horizontal crossing in IP5.
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Figure 30: Acceptance for the protons from CEP events in the mass-rapidity plane of the centrally
produced system. The yellow/orange colour tones mark single-arm proton acceptance, the green
tones mark double-arm acceptance. The labels (1A), ..., (2Z) denote the same points on the
levelling trajectories in the (↵x/2,�⇤

x) plane as defined in Fig. 26. Top: start and end point of any
levelling trajectory for a vertical crossing angle in IP5, bottom: start and end point of the baseline
levelling trajectory for horizontal crossing in IP5.
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3.1 Search for New Physics in the High Mass Region

3.1.1 Direct BSM Searches at High Masses

Currently, several analyses are exploiting the PPS data collected during Run 2 to perform direct
searches for new particles up to the upper mass acceptance limit of ⇠ 2TeV. The HL-LHC accep-
tance of a 196m station would allow this search region to be extended to approximately 2.7TeV.
A wide variety of BSM scenarios involving �� production with forward protons have been explored
in the theoretical literature (a first systematic study of photon-induced collisions at the LHC was
discussed in [20]). Those in which new particles are light enough to be directly produced within the
PPS acceptance typically involve either resonance production or pair production of new charged
particles. Assuming no new physics is discovered during Runs 2 and 3 of the LHC, the increase
in available luminosity with the PPS upgrade would improve the sensitivity to smaller couplings,
while the configuration of the stations would expand the mass range that can be probed with
forward protons.

For exclusive production with intact protons, either spin-0 or spin-2 resonances can be produced
in �� interactions [21–23]. This type of search is particularly interesting for resonances with large
couplings to photons but not to gluons, which may appear in the �� ! X ! �� channel [24–30].
As an example, the expected sensitivity for axion-like particles (ALP) is shown in Fig. 2, in the
plane of the ALP mass and ALP-photon coupling f�1, for an assumed luminosity of 300 fb�1.

Figure 2: Exclusion regions on the ALP–photon coupling (f�1) and mass plane. The light-shaded
grey regions show the expected 95% confidence level (CL) exclusion limit for 300 fb�1 in central
exclusive diphoton production events for di↵erent branching fractions of the ALP into two pho-
tons [30]. The plot extends both above and below the maximum range of the PPS acceptance; the
large improvement in the limits between 0.6-2.0 TeV reflects the range where proton detection was
assumed for the selections applied in the study.

Conversely, if a resonance is detected via decays to two photons, measuring the cross section
with forward protons will help constrain its couplings to photons in a model-independent way [31].
While many of the theoretical studies of this scenario were performed in the context of the 750GeV
diphoton enhancement, which was not confirmed, the same concepts apply more generally.

Pair production of supersymmetric sleptons or charginos was one of the first searches considered
in this production channel [32–34]. While the LHC has placed severe constraints on SUSY models
already, the use of forward protons has recently been revisited as a possible means to improve
searches in di�cult scenarios with highly compressed spectra [35,36], or long-lived particles [37,38].
Further studies would be needed to compare the sensitivity of these searches to other approaches.

In other models, �� production is expected to be particularly e↵ective for probing pair pro-
duction of particles with exotic electric or magnetic charges. In the case of doubly charged parti-
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Figure 4: Standard model diagrams contributing to pp ! pW+W�p production with intact
protons. The t-channel diagram (left: with two triple gauge couplings) and the quartic diagram
(right) are shown.

vs. the minimum ⇠ is shown in Fig. 5, for the case of the SM only and for two examples of the
SM+AQGC. As expected, the e↵ect of the AQGC is apparent at large ⇠ values, while the low-⇠
region is dominated by the SM contribution.

Full simulation studies of the �� ! W+W� process (with W+W�
! µ+e�⌫µ⌫̄e) were per-

formed for the original PPS Technical Design Report [5]. These indicated that, while only a few
standard model events are expected within the Run 2/3 PPS acceptance in this channel, the Run
1 limits on unitarized Anomalous Quartic Gauge Couplings could be exceeded by almost 2 orders
of magnitude.
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Figure 5: Generator-level yields with both protons above the minimal ⇠-acceptance value on the
abscissa, and below ⇠ = 0.20. The number of events expected per 100 fb�1 in the process �� !

WW ! µ+e�⌫µ⌫̄e at
p
s = 14TeV is shown, requiring pT(µ, e) > 20GeV, |⌘(µ, e)| < 2.4. The

black histogram indicates the standard model expectation, while the blue and red histograms show
the expectation for Anomalous Quartic Gauge Couplings with a0W/⇤2 = 1 ⇥ 10�6 GeV�2 and
1⇥ 10�7 GeV�2, respectively.

These early studies mainly focused on the µ+e�⌫µ⌫̄e final state, as it has favourable trigger
thresholds and backgrounds, allowing easier access to the low-mass region of interest for the SM.
In the high-mass search for AQGC signals, thanks to the background rejection and kinematic
constraints provided by the protons, channels with one or both W bosons decaying to jets can
also be studied. This allows > 70% of the W+W� decays to be used in the analysis, compared to
the ⇡ 2% in the µ+e�⌫µ⌫̄e channel; preliminary analyses of these channels are already in progress
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phenomenological studies [63] found that these could be surpassed at the LHC using forward proton
detectors. More detailed studies are required to confirm the initial estimates and to compare with
the sensitivity of other proposed analyses.

3.2 Standard Model Processes

The central exclusive production cross section spans several orders of magnitude, from tens of pb
for di-jet production to a few fb for Higgs boson production. Three types of interaction can be
considered: pomeron-pomeron (IP�IP) [52], photon-photon (���) or pomeron-photon (IP��). The
last is sometimes referred to as photoproduction and will be discussed in Section 3.2.5. Figure 7
illustrates the production cross section of exclusive bb̄ and �� events as a function of the mass
for di↵erent production modes. The cross sections were obtained using SuperChic v4 [64] and
FPMC [65] MC event generators for the exclusive production of pair of b-quarks and photons,
respectively. In all cases, a lower cut on proton momentum loss of ⇠min = 0.003 was applied.
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Figure 7: Integrated cross sections of di↵erent exclusive processes with intact protons at
p
s =14TeV, plotted as a function of the required minimum central system mass. Both photons

or b-quarks are required to have a transverse momentum above 20GeV.

While QCD-induced processes are typically dominant at low masses, the photon-photon scat-
tering is enhanced at high masses (Fig. 7). The visible rates of exclusive processes are suppressed
because of additional soft interactions between the spectator partons; these interactions produce
particles that fill the rapidity gap and slow down the final-state protons (rescattering e↵ects). This
e↵ect is quantified by the so-called rapidity gap survival probability, which ranges between about
90% for � � � induced processes and a few percent for IP � IP induced processes. The survival
probability has been calculated for various centre-of-mass energies and proton impact parameters,
but still lacks su�cient experimental data to precisely validate the theoretical models.

Fiducial cross sections for di↵erent standard model processes at
p
s = 14TeV for IP�IP and ���

production modes were evaluated with the generator-level requirements that pT be at least 20GeV
for the final-state particles within the central detector acceptance, and that the two protons be
both within the PPS acceptance. They are shown in Table 1 for di↵erent PPS acceptance scenarios.

3.2.1 QCD Physics

Several crucial aspects of the proton structure and the strong interaction can be tested with the
central di↵ractive production of QCD events. The study of central di↵ractive production is of
great importance per se, as it is directly related to long range behaviour of gauge fields in the
confinement region. Angular distributions of quasi elastically scattered protons provide additional
information [68,69]. Hard exclusive production of di-jet events is described in QCD as originating
from gg ! gg (since the light quark di-jets production should be suppressed approximately with the
quark mass m2

q/m
2
jj). Therefore, it can be used as a “gluon jet factory” to study jet fragmentation
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Figure 8: Generator-level yields with both protons above the lower ⇠-acceptance threshold on the
abscissa, assuming 100% e�ciency. The minimum reachable ⇠ limit for the PPS strip detector
with the best acceptance (45-210-F-H, green line) and the 90%-e�ciency ⇠ limit of the detector
with the worst acceptance (56-210-F-H, blue line) during 2016 are shown for comparison with the
acceptance limit of a future 420m detector (red line) at the HL-LHC. The accepted ⇠ regions lie
to the right of the vertical lines. Left: �� ! µ+µ� events per fb�1, requiring pT(µ) > 20GeV,
|⌘(µ)| < 2.4, m(µµ) > 40GeV. Right: �� ! W+W�

! µ+e�⌫µ⌫̄e events per 100 fb�1, requiring
pT(µ, e) > 20GeV, |⌘(µ, e)| < 2.4.

3.2.3 Higgs Physics

Central exclusive Higgs boson production has been extensively studied theoretically and in sim-
ulations (including the original detailed studies of the FP420 project [11]). In this case, unlike
higher-mass and weakly coupled final states, gluon-gluon production is expected to dominate over
�� production (Fig. 9). The production is strongly constrained to JPC = 0++ final states, provid-
ing an independent determination of the quantum numbers of the Higgs boson.

The cross section for CEP Higgs production in the SM has been evaluated by several groups.
While exclusive dijet production data from the Tevatron ruled out many initial models, there are
still several viable predictions, most based on variations of a pQCD approach. Roughly, these
predict central values of the total cross section ranging between a few fb and a few tenths of a fb,
depending on details of the survival probabilities, parton distribution functions (PDFs), Sudakov
factors and other assumptions of the calculations [73–80]. The theoretical uncertainties of one
available calculation have been estimated to be up to a factor of 25 [81]. As described in many of
these publications, most of the same theoretical uncertainties enter in the central exclusive dijet
process, described earlier (Section 3.2.1). A measurement of CEP dijets at the same energy and
mass range would therefore remove most of the remaining theoretical uncertainties in the Higgs
cross section predictions.
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Figure 9: Diagram for central exclusive pp ! pHp production by pomeron exchange (left) and
photon-fusion (right).

For the KMR model as implemented in the FPMC Monte Carlo generator [65], a 125.4GeV
Higgs boson is predicted to have a cross section of 1.7 fb in central exclusive production, including
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Physics perspectives (High-mass BSM searches, γγVV and aQGC, Exclusive ττ, Diffractive CEP, Higgs physics, Exclusive , Photoproduction, and much more!)tt̄

− BSM scenarios may be explored 
with γγ processes at TeV scale. 

− PPS may be sensitive to BSM 
mediators with strong coupling to 
photons, like axion-like particles (ALP). 

− ALP exclusion l imits can be 
extended to TeV masses with PPS 
already with 300 fb-1. 

− Direct/indirect searches for SUSY, 
Z+X, and dark matter with invisible 
decays can profit from the γγ 
production mode for final states up 
to ~2 TeV.

− Proton tagging may enhance the 
investigation of anomalous quartic 
gauge couplings (aQGC) in γγVV 
processes. 

− The longer tail in mass distribution is 
dominated by aQGC events, where 
PPS provides good sensitivity at 
large ξ.

− Lower ξmin acceptance provides an 
increased rate of double-tagged 
events by O(104): 47 γγμμ events per 
fb-1 and 72 γγWW events per 100 fb-1.

− In comparison to the Run-1 results, 
PPS could provide enough events to 
enhance such limits by O(100) [3]. 

− Other rare processes like γγγγ and 
γγγZ could be investigated with 
proton tagged events.

− Standard Model shows that γγ 
processes dominate at high masses.
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Figure 8: Generator-level yields with both protons above the lower ⇠-acceptance threshold on the
abscissa, assuming 100% e�ciency. The minimum reachable ⇠ limit for the PPS strip detector
with the best acceptance (45-210-F-H, green line) and the 90%-e�ciency ⇠ limit of the detector
with the worst acceptance (56-210-F-H, blue line) during 2016 are shown for comparison with the
acceptance limit of a future 420m detector (red line) at the HL-LHC. The accepted ⇠ regions lie
to the right of the vertical lines. Left: �� ! µ+µ� events per fb�1, requiring pT(µ) > 20GeV,
|⌘(µ)| < 2.4, m(µµ) > 40GeV. Right: �� ! W+W�

! µ+e�⌫µ⌫̄e events per 100 fb�1, requiring
pT(µ, e) > 20GeV, |⌘(µ, e)| < 2.4.

3.2.3 Higgs Physics

Central exclusive Higgs boson production has been extensively studied theoretically and in sim-
ulations (including the original detailed studies of the FP420 project [11]). In this case, unlike
higher-mass and weakly coupled final states, gluon-gluon production is expected to dominate over
�� production (Fig. 9). The production is strongly constrained to JPC = 0++ final states, provid-
ing an independent determination of the quantum numbers of the Higgs boson.

The cross section for CEP Higgs production in the SM has been evaluated by several groups.
While exclusive dijet production data from the Tevatron ruled out many initial models, there are
still several viable predictions, most based on variations of a pQCD approach. Roughly, these
predict central values of the total cross section ranging between a few fb and a few tenths of a fb,
depending on details of the survival probabilities, parton distribution functions (PDFs), Sudakov
factors and other assumptions of the calculations [73–80]. The theoretical uncertainties of one
available calculation have been estimated to be up to a factor of 25 [81]. As described in many of
these publications, most of the same theoretical uncertainties enter in the central exclusive dijet
process, described earlier (Section 3.2.1). A measurement of CEP dijets at the same energy and
mass range would therefore remove most of the remaining theoretical uncertainties in the Higgs
cross section predictions.
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For the KMR model as implemented in the FPMC Monte Carlo generator [65], a 125.4GeV
Higgs boson is predicted to have a cross section of 1.7 fb in central exclusive production, including
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− CEP Higgs production is possible 
given the enhanced sensitivity 
provided by proton tagged events 
with stations at 420 m.

− The mass acceptance would provide 
~600 events per ab-1 for a Higgs 
boson of 125.4 GeV. 

− Given high ξ resolution, the Higgs 
mass resolution goes down to ~3 GeV.

the e↵ect of an assumed 0.03 survival probability correction factor. For this mass value, the protons
can be detected only in asymmetric events with one proton in the 420m acceptance and one in the
234m acceptance, and in symmetric events with both protons in the acceptance of a 420m station.
Without the 420m stations, there is no acceptance for the SM Higgs in any combination of other
stations. The acceptance of the 420m station is relatively insensitive to the crossing angle and
�⇤ levelling scheme employed by the LHC, while the acceptance of the 234m station varies more
strongly throughout the levelling trajectory (i.e. from the beginning to the end of the fill). Taking
the mean acceptance between the beginning and the end of the levelling trajectory results in a
prediction of ⇠ 600 events with both protons in the acceptance per ab�1, assuming a Higgs mass of
125.4GeV. This number includes all Higgs events produced, before any channel-dependent e↵ects of
triggering on and reconstructing the decay products in the central region. As noted previously, the
theoretical uncertainties are potentially large. For example, using the KMR model implemented
in the SuperChic v4 generator [64], with a modified treatment of the survival probabilities and
updated PDFs, the prediction is 0.4 fb. A more detailed discussion of the dependence on PDFs,
survival probabilities, and higher order corrections, can be found in Ref. [82].
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Figure 10: Generator-level distributions of the ⇠ of the outgoing protons in standard model pp !

pHp (H ! bb̄), after acceptance cuts. The filled blue boxes represent generated signal events,
the hollow ones illustrate the projected PPS acceptance with the 220m and 234m stations alone
(green), and when the 420m stations (red) are included in addition, in linear (left panel) and log
(right panel) scale. The proton acceptance ranges correspond to the average between the acceptance
at the beginning and end of a fill. The acceptance of the 196m position is not shown, since it does
not contribute to the acceptance for the 125GeV Higgs boson. The acceptance requirements in
the central region are applied to the generator-level b-quarks: pT(b) > 40GeV and |⌘(b)| < 2.4.

Figure 10 illustrates the predicted ⇠ distributions of the two outgoing protons in exclusive
H ! bb̄ production, compared to the acceptances of di↵erent possible combinations of PPS detector
stations.

In this example only the bb̄ channel is plotted because it provides the largest decay branching
fraction. However, it should be noted that the acceptance and resolution for the protons will be
independent of the decay channel of the Higgs boson. The reconstructed proton resolution at a
420m station is discussed in detail in Section 6.2. Given the available space, the resolution of the
reconstructed ⇠ is estimated to be �(⇠) ⇡ 3⇥ 10�4, in the approximation that the polar scattering
angles ✓⇤x and ✓⇤y are equal to zero. For a Higgs boson of 125.4GeV produced at rapidity y = 0, this
corresponds to a mass resolution of ⇡ 3GeV. While this is worse than the central CMS detector
mass resolution for the highest precision Higgs decay modes, the determination using the protons
is independent of the exact final state.

In addition, the azimuthal angular distributions of the outgoing protons are sensitive to CP-
violating e↵ects in the Higgs sector [83].

3.2.3.1 HW+W� production

Associated production of a Higgs boson and a W+W� vector-boson pair (Fig. 11, left) has the
potential for probing the Higgs sector in CEP events in the absence of the ±420m stations.
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