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Motivation

Exchange of color singlets: Pomeron/2 gluons, photons, (Odderon/3 gluons) 
• Constraints on quantum numbers of central system X 
• Kinematic redundancy between central system X and the two protons:  

- momentum balance:  
   pTX + pTpp = 0 ,                 rapidity of X: 
- central mass of X:  

    - Reconstruct the full 13/14 TeV collision energy OR  
    - Reconstruct the visible energy, and study the recoil system 

Well suited for  
-  discovery of new objects X with clean signature 
-  missing mass searches 
-  study of quantum numbers and couplings

Motivation: Central Exclusive Production with Tagged Protons
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Study processes with exchange of colorless objects:

• Displacement of the protons from the beam determines the
protons’ momentum loss ξ = ∆p

p

• Potential to reconstruct all final state particles

• Conservation of momentum
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CMS Precision Proton Spectrometer

PPS offers the ability to measure proton kinematics in space and time

Detectors located at 210m and 220m
on both sides of CMS

By measuring kinematics in PPS, IP
kinematics can be reconstructed

Time of flight measurement allows
vertex position to be reconstructed
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Detectors

PPS is comprised of near-beam, moveable machinery called Roman
Pots (RPs). RPs are the housing for tracking and timing detectors.

3D Pixel detectors

Detectors
• Ideas based on present-day PPS experience 
• Relatively small-scale sensor instrumentation:  

- few cm2 coverage per plane 
- in each unit O(10) sensor planes (total of tracking & timing) x 14 units 

• Pads of 100 – 200 µm size yield acceptable occupancy and adequate tracking resolution 
• Presently preferred technologies:  

- diamond for timing  
- 3D silicon for tracking (and perhaps also timing) 
- Make maximum use of synergies with developments for other CMS subdetectors  
(already now: pixel readout from central phase-1 pixels)

Tracking detector package

Beam

17

• Sufficient resolution ∼ 25 µm
• Radiation hard

Diamond timing detectors

27 May 2020 M. Pitt 24

Tracking detectors:
- 150 ൈ 100 𝜇𝑚ଶ 3D Silicon pixels
- Resolution 𝜎 ൌ 25𝜇𝑚 (few % mass resolution)

Timing detectors: 
- Double Diamonds using ToF
- Ideal time resolution ~50 ps
- During run 2 achieved 100 – 150 ps

• Time resolution ∼ 50 ps for ideal
conditions

• Radiation hard
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PPS Run II performance
Statistics

• luminosity collected in 2016 (left), 2017 (middle) and 2018 (right)

� total with RPs: > 110 fb�1

J. Ka�par Seminar at CTU Prague 8 Jan 2019 25

• PPS recorded over 110 fb−1

of data in Run II.

• 2016 dilepton analysis
published in JHEP

• ”Standard candle”
γγ → ℓ+ℓ− observed at 5.1σ

6.2 Matching central and proton variables 11

pidity gap survival probabilities leads to a fair description of the data for y around zero, but
overestimates the results at more forward/backward rapidities, as is clear from the bottom
panels of Fig. 9. A y dependence of the rapidity gap survival probability is expected in several
models [38, 39].
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Figure 9: Dimuon (left) and dielectron (right) invariant mass (top) and rapidity (bottom), after
all central-detector criteria are applied, in pp collisions at 13 TeV. Points with error bars indicate
the measured data (with statistical uncertainties only), and the stacked histograms show the
different simulated contributions for signal and backgrounds (with statistical uncertainty of
similar size as the data). The lower panel in each plot shows the ratio of the data to the sum of
all signal and background predictions.

6.2 Matching central and proton variables

Events with at least one well-reconstructed proton track in CT–PPS are retained for further
analysis. For each event, the value of the fractional momentum loss of the scattered proton is
estimated from the leptons as:

x(`+`�) =
1p

s

h
pT(`

+)e±h(`+) + pT(`
�)e±h(`�)

i
, (5)

where the two solutions for ±h correspond to the protons moving in the ±z direction.

The formula is exact for exclusive events, but holds also for the single-dissociation case, as illus-
trated with LPAIR simulated events in Fig. 10; in this case only one of the two possible solutions
will correspond to the direction of the intact proton. Studies with LPAIR indicate that a mass
of the dissociating system larger than about 400 GeV is needed in order to produce a deviation
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Figure 11: Correlation between the fractional values of the proton momentum loss measured in
the central dilepton system, x(`+`�), and in the RPs, x(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 x value measured at the near RP is plotted. The horizontal error
bars indicate the uncertainty of x(RP), and the vertical bars the uncertainty of x(`+`�). The
events labeled “out of acceptance” are those in which x(µ+µ�) corresponds to a signal proton
outside the RP acceptance; in these events a background proton is detected with nonmatching
kinematics.
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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 con-
vention, the positive (negative) rapidity region corresponds to the 45 (56) LHC sector.

continuously operating a near-beam proton spectrometer at a high-luminosity hadron collider.
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Ongoing studies in CMS
Physics Examples: Direct Searches at High Mass

Search for invisible particles 
(“missing mass”)

already in progress: 
Z/γ + DM analysis based on Run 2 data 
(EXO-19-009)

Search for Axion-Like Particles 
via γγ !a !γγ

95% CL exclusion regions

Light grey shaded: PPS @ LHC for 300 fb-1  

(from JHEP 06 (2018))

7

Related analysis already in progress: 
γγ !γγ search based on Run 2 data 
(EXO-18-014)

+Many other exotic signatures proposed  
in the literature

1 Introduction
This note reports the search for exclusive top quark pairs, pp ! tt̄pp, with the tt̄ decaying dileptonically.
The process is represented by the Feynman diagrams in Fig. 1. If isolated in the data, this production
channel is characterized by suppression of additional radiation in the central region. If the kinematics
of the protons are measured, it offers the possibility of determining the tt̄ production threshold with a
better resolution than that which can be attained based only on the reconstruction of the final states of the
decay. The standard model (SM) prediction for the cross section is however extremely low, ⇠ 0.292 for
photon-photon interactions fb [12]. If new physics is present however, the low cross section is expected
to be significantly enhanced, either in the production of tt̄ or in the production of similar final states
containing at least two leptons [5, 6, 8, 10].

In our analysis, the two leptons (electrons or muons), and the b jets from the top quark decay are
measured in the central CMS apparatus, while the two outgoing protons are measured in the Precision
Proton Spectrometer (PPS). The latter is a near-beam magnetic spectrometer that uses the LHC magnets
between the Interaction Point (IP) and detector stations at ⇡ ± 210 m from the IP. Protons that have lost
a small fraction of their momentum are bent out of the beam envelope so that their trajectories can be
measured. The detectors that form PPS are called Roman Pots (RPs).

Figure 1: Exclusive tt̄ production diagrams, via �� fusion (left) and gg fusion (right).

2 Data and simulation samples
The analysis is performed using proton-proton collision data at

p
s = 13 TeV collected in 2017 by CMS.

The SingleMuon and SingleElectron primary datasets have been used1. The events passing the triggers
listed on Table 1 were considered in our analysis. The total integrated luminosity corresponds to 41.4
fb�1.

For the correlation between the central detector and the PPS, the full 2017 data set with calibrated
pixels is used. In the PPS, RPs are identified followed by a 3-digit number, where the first digit is either
0 or 1 according to which arm the pot belongs to (0 for a positive z coordinate: z+, and 1 for negative:
z-), the second digit is the station number, and the third the RP number. RP numbered 003 and 103
contain silicon strip detectors, while those labeled 023 and 123 contain 3D pixel detectors. The scheme
of the PPS detector and its arms is shown in Fig. 2. Only data from RPs 003, 023, 103 and 123 were
used, since no alignment parameters exist for other pots. Besides, only collisions with crossing angle of
120, 130, 140 and 150 µrad are considered, because there are no dispersion values available for other
crossing angles. The total integrated luminosity where combined CMS-PPS data have been analysed
with calibrated pixels is thus reduced to 39.5 fb�1.

1These were chosen as the starting point for the analyses, but should be complemented in a future version with the
DoubleElectron, DoubleMuon and MuEG datasets to maximize the efficiency for the dilepton final state.

3

• Anomalous Couplings
(see Cristian’s talk)

• Axion-Like Particle searches

• Missing mass searches

• Exclusive top pair production
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Detector locations at the HL-LHC

196m Station

• Interesting for high masses

220m Station

• Similar to the Run II setup

234m Station

• Requires slight rearranging of DQR

420m Station

• Cold region of LHC
• Not suitable for RPs, needs new
technology

• Needed for Higgs physics

Station Mmin (GeV) Mmax (GeV)
196m 1100 - 1200 2750
220m 520 - 533 960
234m 262 - 265 370
420m 43 - 47 163

6/10



Conditions at the HL-LHC

Radiation Environment

LS2

LS4

Cooling times: after 1 week in LS2:  same 
level as after 17 months in LS4 
! no access during short technical stops  
! no exchange of sensors

Tunnel Environment

! strongly peaked irradiation 
! required sensitive areas: typically few cm2 

! occupancy   
! segmentation (pads of 100 – 200 µm)

Peak fluence after 1 year

Detector fluence maps

16

Challenging conditions to overcome at the HL-LHC:

• Increased pileup (∼ 200)
• Detector radiation
• Vertical/horizontal crossing angles (CMS prefers vertical)
• Impedance for certain LHC locations
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Mass and rapidity acceptance

Acceptance in Mass – Rapidity Plane over a Fill

Vertical crossing in IP5

Horizontal crossing in IP5

Fill 
(levelling)

Fill 
(levellingLarge gaps! 

=> vertical crossing preferred 
     (contrary to Run 3) 
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     (contrary to Run 3) 
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Figure 1: Mass and rapidity acceptance for PPS detectors at various locations
for vertical beam crossing (left) and horizontal beam crossing (right).

8/10



Physics Program

A rich physics program is available with these detectors.

• Discussed in the PPS TDR

• Exclusive bb̄ production (main
background for Higgs searches)

• Search for exclusive SUSY particle
production

• Central exclusive Higgs production
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https://cds.cern.ch/record/1753795/files/TOTEM-TDR-003.pdf


Conclusion

• PPS in Run II covered mass ranges between 350 GeV - 2 TeV
• Potential to cover masses between 43 GeV - 2.8 TeV with all 4
proposed stations

• New technology required for 420m station
• Proton simulations for HL-LHC conditions are being prepared
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Done ⌣
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