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PPS: The Precision Proton Spectrometer 
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• A series of very small detectors (few cm2 active area) 

• Located very far from the central CMS detector 
(~210m) at the CERN LHC

vacuum compatibility in terms of outgassing, and particle shower development have to be taken
into account in the geometrical design and in the choice of materials (Section 3.4).

Figure 42: Top: drawings of the cylindrical detector housing for the new RPs designed to accomodate
timing detectors. Bottom: the manufactured pots.

Figure 43: Dimensions of the cylindrical RP.

After considering various options and after an iterative optimisation, the following design has been
adopted for the new RPs (Figures 42 and 43) [6]. The volume housing the detectors will have a cylindrical
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• Approaching very close to 
the LHC beam (~2 mm) 
inside movable "Roman 
Pot” vessels in every LHC 
fill 

Detector  
package

26

RP for tracking stations RP for timing stations

Each unit includes 3 RPs (1 horizontal and 2 
vertical for alignment runs only).  

The tracking RPs are equipped with a thin window 
150 μm thick towards the beam. 

The CT-PPS RPs are inserted at ~15σ from the LHC beam in standard high luminosity fills.

RF shield

Only one inserted 
for high lumi runs

New cylindrical design to host larger detectors 
and reduce the impedance and increase available 
space.

• The timing RPs are equipped with a 300 μm thick 
window towards the beam.
• The thickness is required to compensate the pressure 
gradient on the larger window. 

• No vertical stations needed because the alignment is 
done by propagating tracks from the tracking stations. 

Horizontal

Bottom

Top

Set of movable detectors to approach the beam. 

Roman Pot stations

Beam



Physics of PPS

• In a special class of LHC collisions, the protons 
stay intact and scatter in the far forward 
direction 

• γγ or multiple-gluon (“Pomeron”) exchanges
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3 Physics Perspectives

In most of the pp collisions at the LHC, the scattered protons dissociate after exchanging gluons
or quarks. However, in the case of colourless exchanges, photon (�) exchange for electromagnetic
interactions or pomeron (IP) exchange for strong interactions, interacting protons could emerge
intact. The intact protons, having lost a fraction ⇠ = �p/p of their longitudinal momentum, are
deflected from the proton bunch by the LHC magnets and measured in the PPS detector with
unprecedented resolution. In hard scattering events (involving production of high pT particles),
particles produced at the interaction point can be measured and reconstructed by the CMS de-
tector. Combining the information from PPS with that from the central CMS detector allows the
study of hard interactions in CEP processes. A schematic diagram for a CEP process is depicted
in Fig. 1.
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Figure 1: Schematic diagram for central exclusive production, pp ! pXp.

For Runs 2 and 3 of the LHC, the range of invariant mass of the system “X” extends from ap-
proximately 350GeV to 2TeV, when both protons can be detected (“double-arm” measurement),
and above 50GeV when only one proton is detected by PPS (“single-arm” measurement). In the
former case, full event reconstruction is made possible by matching the proton kinematics to the
kinematics of “X” measured by the central detector. As the exclusive standard model processes
under investigation have small cross sections at high masses, mX, (more details in Section 3.2),
most measurements will be limited by statistical uncertainties with the full Run 2+3 data set.
In addition, searches for new phenomena will benefit from the higher integrated luminosities of
the HL-LHC. In channels where the kinematic matching is not su�cient to adequately suppress
backgrounds from uncorrelated pileup protons, precision timing detectors can be used to match
the longitudinal vertex position of the system “X” with the protons, as described in Section 8.1.4.

As discussed in the following chapters, the combination of all four locations under study for HL-
LHC detectors (at 196, 220, 234, and 420m on each side of IP5, see Appendix B.2 for a configuration
overview) would cover an extended mass range from approximately 50GeV to 2.7TeV when both
protons can be detected. In addition to the increased integrated luminosity, this will allow an
expanded set of physics topics to be studied, in comparison to Runs 2 and 3. The increased
upper mass range would increase the acceptance for both direct and indirect searches for beyond
standard model (BSM) physics. The reduced lower mass limit, associated with a station at 420m
from IP5, would significantly enhance the acceptance for all SM processes and, in particular, Higgs
production, as well as for the production of feebly coupled BSM resonances (such as e.g. light
axion-like particles). A few examples are illustrated in this section, using generator-level Monte
Carlo simulations with the PPS acceptance calculated for the HL-LHC beam and optics parameters
(Version 1.3 [9]) averaged over the fill (i.e. the middle of the “luminosity levelling trajectory”; see
Section 5.2 for the running scenario). All studies shown in this section have been performed for
the vertical beam crossing at IP5, in which the beams cross in the y�z plane rather than the x�z
plane, as now o�cially decided [8].
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• Detecting the protons provides a new powerful tool to study γγ collisions at hundreds of 
GeV to TeV scales 

• Operation at high luminosity => sensitivity to a wide range of rare and new processes 

Standard Model 
Physics 

γγ→ll 
Dijet production 

…

Electroweak and  
indirect new physics  

Anomalous couplings in 
γγ→gauge bosons (WW,ZZ,γγ),  

γγ→top quarks,  
γγ→tau leptons…

Direct new physics  
searches 

Resonances, missing  
mass searches…



• Protons are bent through the LHC 
accelerator magnetic fields, and arrive at the 
detectors 

• Detectors measure x,y position  

• Then “reverse engineer” to find the fractional 
momentum loss (ξ) and 4-momentum transfer 
squared (t) of the proton at the collision point  

• Requires very detailed understanding of 
LHC magnetic fields (“optics”), and 
alignment of the Roman Pots
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CMS Week – February 2020

Reconstructing protons in PPS (in a nutshell)

�5

Proton reconstruction needs:
- RP alignment: mostly (x,y) shifts. 
- Optics calibration: transport matrix 

describing the beam optics constrained 
from data. Optical functions such as 
dispersion Dx(ξ), etc.

- Alignment & calibrations computed partially 
from low-luminosity fill at the start of data 
taking, with otherwise the same conditions 
as in high-luminosity operation.
- Global alignment calculated for each fill; 
tracks movements of detectors, or the beam.
- Optics computed for a set of principal 
crossing angles, and interpolated for 
intermediate values.
- Two reconstruction flavours: single-RP 
from a single PPS detector station with 
worse resolution and global multi-RP 
reconstruction, with lower efficiency, notably 
when SiStrip detectors are used (2017).

Hit map (x,y):

X

Proton kinematics:

Acceptance for two tagged protons from MX ~ 400 
GeV – 2 TeV, depending on machine optics.

IP

Near Far

p*
p

LHC magnet lattice 
(optics)

Proton reconstruction in space…

• Near-beam tracking and timing detectors, 
housed in moveable “Roman Pot” installations 
in the LHC beam-line 

• ~210-220 m from the CMS interaction point 

• Detectors must be moved to within ~2mm 
of the LHC beam at top energies - extreme 
constraints on control/safety systems

Overview

• The group is in charge of providing calibrated forward
proton objects to CMS analyzers
Reconstructing kinematics of protons which stay intact after interaction:

⇠: fractional energy loss

t: 4-momentum transfer

✓: proton scattering angle at IP

Proton variables constrain kinematics (M, Y) of centrally
produced system X, measured by CMS

• Young POG: less than a year in operation, CT-PPS detector
started data taking at the beginning of the Run 2
I Over 100 fb

�1
of data collected

I Analyses started/ongoing within SMP, TOP, EXO – more to

come!
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PPS (“Precision Proton Spectrometer”)
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• Selects intact protons from “exclusive” 
interactions pp→pXp 

• Closed kinematics for correctly reconstructed 
events 

• Depending on final state “X”: 

• Reconstruct the full 13 TeV collision energy

RP 
timing

RP 
220 
near

RP 
210 
far

RP 
210 
near

IP5 ►

◄ RP 
220 
far

• Reconstruct everything and search for leftover “missing mass” (similar idea as recoil 
analysis in e+e-)

• For signal events, kinematics are closed  

• ξ values are related to the invariant 
mass and rapidity of the central 
system “X” 

• Mx  acceptance roughly 300-2000 GeV



… and in time

• A major background is due to 
“pileup” protons, coming from 
other collisions in the same 
LHC bunch crossing 

• Pileup as large as 50-60 in 
LHC Run 2 

• Mitigated by precisely 
measuring the arrival time of 
the protons 

• For signal, Δt of the 2 protons 
should be correlated with the 
longitudinal vertex position 
measured in the central 
detector

responding to timing resolutions of 10 ps (top) and 30 ps (bottom) are shown for signal and background
events.
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Figure 33: Time-of-flight difference between the two leading protons arriving at the CT-PPS detector
location on opposite sides of the IP as a function of the z-vertex position of the leading central lepton
for exclusive signal (left) and background inclusive WW (right) events. Timing resolutions of 10 ps
(top) and 30 ps (bottom) are assumed. Distributions are shown for events where both leading protons are
within the CT-PPS detector acceptance (after selecting the closest match of the vertices of the dilepton
system and of the leading protons), and before the time-of-flight difference requirement. The dotted lines
show an ideal window retaining close to 100% of signal events. An arbitrary normalization is used in the
distributions.

The distance (in z) of the vertex positions measured from the CT-PPS timing detectors and from the
leading lepton in the central detector, �z = zPPS � zlead lep, is shown in Figure 34 for SM exclusive
WW/⌧⌧ and inclusive WW events, and for AQGC exclusive WW events. Time-of-flight requirements
may help reducing the inclusive WW background by a factor of 10 (5), for a timing resolution of 10 ps
(30 ps).

The track multiplicity associated to the dilepton vertex after the timing selection cuts is shown in Fig-
ure 35 for SM signal and backgrounds. The number of extra tracks associated to the dilepton vertex is

40
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• Main interest for CT-PPS: collect sample for first 
attempts at calibrating forward proton timing 
detectors (diamonds + ultra-fast silicon) 

• Principle - if both protons stay intact, Δt(protons) 
measured by CT-PPS is correlated with vertex z 
position measured in central tracker/pixels 

• Needs detailed understanding of HPTDC 
settings, channel timing offsets, thresholds, etc. 

Low pileup fill & CT-PPS timing detectors

2

FIG. 1: Leading-order diagrams for double-Pomeron exchange di-jet (left) and γ+ jet (right) production in proton-proton
collisions. The di-jet process is sensitive to the Pomeron gluon density and the γ+ jet process to the Pomeron quark densities.

The plan of the paper is as follows. In Section 2, we present more details about the theoretical description of hard
diffractive events in hadron-hadron collisions, and on their implementation into the forward physics Monte Carlo
(FPMC) program, which is used in our analysis. In Section 3, we discuss the sensitivity of the DPE di-jet process
to the gluon content of the Pomeron, this will be the first DPE measurement performed at the LHC. In Section 4,
we focus on the quark content of the Pomeron, and show the improvements that can be obtained by measuring DPE
photon-jet processes. Finally, in Section 5, we compare our results with those obtained in the SCI model, for the
photon-jet to di-jet cross section ratio. Section 6 is devoted to conclusions and outlook.

II. HARD DIFFRACTIVE PROCESSES AND THEIR IMPLEMENTATION IN FPMC

We shall focus on double Pomeron exchange processes in proton-proton collisions. The formulation of single- and
double-diffractive processes is very similar, those cross section can be obtained with simple modifications to what is
presented in this section. In addition, we write our formulae for the di-jet final state J + J +X , but they hold for
the photon-jet final state γ + J +X as well. The leading-order diagrams for those processes are pictured in Fig. 1,
and the following long-distance/short-distance factorization formula is used to compute the cross sections:

dσpp→pJJXp = SDPE

∑
i,j

∫
dβ1dβ2 fD

i/p(ξ1, t1,β1, µ
2)fD

j/p(ξ2, t2,β2, µ
2) dσ̂ij→JJX (1)

where dσ̂ is the short-distance partonic cross-section, which can be computed order by order in perturbation theory
(provided the transverse momentum of the jets is sufficiently large), and each factor fD

i/p denotes the diffractive parton
distribution in a proton. These are non-perturbative objects, however their evolution with the factorization scale µ is
obtained pertubatively using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi [14] evolution equations. The variables
ξ and t denote, for each intact proton, their fractional energy loss and the momentum squared transferred into the
collision, respectively.
Hard diffractive cross sections in hadronic collisions do not obey collinear factorization. This is due to possible

secondary soft interactions between the colliding hadrons which can fill the rapidity gap(s). Formula (1) is reminiscent
of such a factorization, but it is corrected with the so-called gap survival probability S which is supposed to account
for the effects of the soft interactions. Since those happen on much longer time scales compared to the hard process,
they are modeled by an overall factor. This is part of the assumptions that need to be further tested at the LHC. To
evaluate hard cross sections in the single diffraction case, one of the diffractive parton distributions in (1) is replaced
by a regular parton distribution, and the survival probability factor SSD is different as well.
To produce single diffractive and double Pomeron exchange events, FPMC uses diffractive parton distributions

extracted from HERA data [13] on diffractive DIS (a process for which collinear factorization does hold). These are
decomposed further into Pomeron and Reggeon fluxes fP,R/p and parton distributions fi/P,R :

fD
i/p(ξ, t,β, µ

2) = fP/p(ξ, t)fi/P(β, µ
2) + fR/p(ξ, t)fi/R(β, µ

2) with fP,R/p(ξ, t) =
eBP,Rt

ξ2αP,R(t)−1
(2)

• Reasons for low-pileup 

• Clean sample with low probability of multiple protons from in-
time or OOT pileup 

• Relatively low trigger thresholds (thanks to menu prepared by 
TSG/L1 + FSQ/HIN groups) for jet/hadronic triggers on 
“DPE” events

p

p

j

j

other stuff

other stuff

HEP2016 - Valparaiso - A. Vilela Pereira

Pile-up background rejection: Timing
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𝑇𝑜𝐹𝐴𝑟𝑚𝐵 + 𝑇𝑜𝐹𝐴𝑟𝑚𝐹 and 𝑉𝑡𝑥𝑍𝑃𝑃𝑆

PPS ToF Backward PPS ToF Forward
Vertex

𝐿𝑅𝑃𝐵 𝐿𝑅𝑃𝐹

𝑧𝑣𝑡𝑥
𝑐 ⋅ ΔtF𝑐 ⋅ ΔtB

𝑧𝑣𝑡𝑥 = 𝑐 Δ𝑡𝐵 − 𝐿𝑅𝑃𝐵 = 𝐿𝑅𝑃𝐹 − 𝑐 Δ𝑡𝐹 =
𝑐
2
Δ𝑡𝐵 − Δ𝑡𝐹

𝐿𝑅𝑃𝐵 = 𝐿𝑅𝑃𝐹

𝑐 Δ𝑡𝐵 + 𝑐 Δ𝑡𝐹 = 𝐿𝑅𝑃𝐵 + 𝐿𝑅𝑃𝐹

D. Di Croce, 2015
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The past: PPS and LHC Run 2 
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From concept to reality
• Began as a joint project of the CMS and TOTEM collaborations 

(“CT-PPS”) in 2014 

• Fully integrated into CMS by 2018 (now just “PPS”) 

• Reuse of horizontal Roman Pot and tunnel infrastructure installed 
originally for TOTEM low-luminosity runs 

• Major effort to prepare detectors, electronics, DAQ, for data-
taking already in 2016 

7

1 Introduction 
 
The Standard Model of particle physics is one of the most precisely tested theories of 
nature, however it remains incomplete. The Standard Model provides no clear means to 
explain dark matter, or the patterns observed in quark, charged lepton, and neutrino 
flavor physics, or a completely natural picture of electroweak symmetry breaking. Over 
the past decade, the Large Hadron Collider at CERN has sought to answer these 
questions. But, while it has provided a huge amount of data and resulted in the 
observation of a Higgs boson, it has not found any evidence of physics beyond the 
Standard Model.  
 
In these conditions, non-traditional means of exploring new physics have increased 
importance. In recent years, one such approach has been the use of far forward proton 
detectors, to reconstruct intact protons from very high energy photon-photon collisions 
at the LHC. This allows the detection of very rare Standard Model processes, and the 
possible discovery of beyond-Standard Model physics, through the analysis of 
anomalous couplings and other methods. 
 
In 2014, the CMS experiment approved the installation of such detectors, called the 
Precision Proton Spectrometer. These detectors were successfully installed in movable 
near-beam “Roman Pot” devices, and collected >100fb-1 of data, unprecedented for this 
type of detector system, between 2016 and 2018. The PPS detectors consist of both 
silicon pixel tracking detectors, to precisely reconstruct the spatial position of the 
protons, and precise time-of-flight detectors, to reconstruct the longitudinal vertex 
position of the protons.  
 
 

 
Figure 1: The current PPS detector system, as installed in the LHC tunnel 

2 



From concept to reality - LIP efforts
• Leading contribution from the 

LIP-CMS group on many fronts 
(not all listed here) 

• Project management 

• Coordination of timing 
detectors/electronics, CMS 
DAQ integration, detector 
operations   

• Electronics design, firmware, 
online software/HLT  

• 24-hour “on-call expert” and 
testbeam shifts 

• Calibration/detector 
performance studies
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LIP lab @CERN B20: Pre-installation tests of 
electronics chain

Timing: HPDTC  
mezzanine board (LIP 

design)

Timing: Digitizer 
motherboard  

(LIP firmware, control  
software)

Tracking: Pixel portcard, in   
RP mechanical assembly 

(LIP contributions to control 
software, testing)



• Current and former group members 

• Project manager: J. Varela (2014-2018) 

• Deputy Project manager: J. Hollar (2018-present) 

• Proton Physics Object Group convenor: K. Shchelina (2019-present) 

• Timing detector coordinator: M. Gallinaro (2014-2018) 

• DAQ and detector operations coordinator: J. Hollar (2016-2018) 

• Electronics/firmware/DAQ/online software: J. Carlos Da Silva, C. Carpinteiro, L. Llorett, B. Galinhas 

• Proton reconstruction, High-level trigger, tracking performance: K. Shchelina, M. Araujo, M. Pisano, 
C. Da Cruz E Silva 

• Alignment, timing detector testbeams: G. Strong, A. Toldayev 

• Detector on-call shifts: K. Shchelina, C. Carpinteiro , L. Llorett, J. Hollar 

• Physics analyses: K. Shchelina, M. Gallinaro, M. Pisano, H. Silva, B. Ribeiro, L. Llorett, P. Silva

9

LIP Contributions



LHC Run 2: Evolving layout and Detectors
• Small detectors, relatively fast to 

replace => variety of technologies 
used during LHC Run 2 

• Two tracking stations/arm 

• Initially all Si-strips in 2016, 
inherited from TOTEM 

• By 2018, moved to all 3D Si-pixel 
tracking (technology considered 
for CMS HL-LHC inner tracker) 

• One timing station/arm in 2017+2018 

• Mainly synthetic diamonds (+ 
some with fast silicon low gain 
avalanche)

Detector evolution in Run 2

Extra complication – in 2017+2018 LHC moved to crossing angle
and then �⇤ leveling; interpolation of calibrations necessary

3
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(CMS-TOTEM) Precision Proton Spectrometer (2017)

Outgoing protons

Incoming protons
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• >100fb-1 recorded with PPS Roman 
Pots inserted, and taking data 
together with the rest of CMS 

• Almost 75% of the Run 2 total 
recorded by CMS alone 

• (final number for analysis depends on 
exact quality criteria - presence of 
timing detectors, etc.)

11

Run 2 PPS data summary

• No negative impacts on LHC operations from inserting Roman Pots in almost 
every fill (beam dumps, luminosity limitations, etc.) 

• No major problems for CMS data-taking



(An aside: special low-pileup/high-β* runs)

• Historically - CMS+TOTEM (Roman Pots) also combined data from special low-
pileup/high β*(90m) optics runs, dating back to 2012 

• Even before a common DAQ/software, by exchanging trigger signals and matching 
events offline (not easy - don’t try this at home!) 

• Technically not considered part of PPS, though large overlap in people and increasing 
commonality in other areas 

• CMS+TOTEM high-β* runs now use same integrated DAQ/local reco SW developed 
for PPS 

• PPS uses the TOTEM vertical Roman Pots for alignment with elastic scattering events 

• I will mostly focus on the high-luminosity PPS program, but will briefly mention 
some new results with forward protons from the special runs

12



Physics results with forward protons
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Physics of special runs: single-diffractive dijets
• First LHC measurement of hard-scale  diffraction 

with a leading proton  

• 8 TeV data from 2012/Run 1, before DAQ 
integration! 

• “t” (proton 4-momentum transfer) slope is 
consistent with measurements from HERA 

• Cross sections far (>10x) below predictions of  
HERA “diffractive PDF’s” 

• Consistent with similar effect + energy 
dependence seen at Tevatron:  

• Interpreted in terms of soft 
rescattering/“survival probability” effects 
between protons 

• Pythia8 “dynamic gap” model reproduces 
this with no ad hoc rescaling

Eur. Phys. J. C 80, 1164 (2020) [arXiv:2002.12146] 14



Physics of special runs: jet-gap-jet
• Study of hard color singlet exchange with 

and without a proton at 13 TeV (2015 data) 

• Sensitive to BFKL dynamics 

• Excess of events with no activity between 
jets is observed both with and without a 
proton 

• Fraction of events with a central 
rapidity gap is observed to be almost 
3x larger when a proton is detected 

• Interpreted in terms of reduced 
spectator parton activity 

• First measurement of the central 
gap fraction with a leading 
proton

CMS-PAS-SMP-19-006  
(to be submitted to PRD this week)
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rapidity gap

Jet 1 Jet 2

−1 +1

Figure 1: (Left) Schematic diagram of t-channel two-gluon exchange in pp collisions, which
yields the jet-gap-jet signature reconstructed in the CMS detector. The lines adjacent to the
protons represent the proton breakup. (Right) Jet-gap-jet event signature in the h–f plane. The
filled circles represent final-state particles. The filled area between the jets denotes the fixed
pseudorapidity region |h| < 1 devoid of charged particle tracks.

rapidity gap

Jet 1
Jet 2

−1 +1

rapidity gap

Figure 2: (Left) Schematic diagram of the production of jet-gap-jet event with a leading proton
in pp collisions. The jet-gap-jet signature is observed in the CMS detector, while the leading
proton is detected with the forward proton spectrometer of the TOTEM experiment. (Right)
Proton-gap-jet-gap-jet event signature in the h–f plane. The filled circles represent final-state
particles. The filled areas denote the central gap region |h| < 1 where the charged particle
track multiplicity is measured, and the forward rapidity gap which is inferred from the forward
proton detection.

pomeron exchange. Color singlet exchange can occur in quark-quark, quark-gluon, and gluon-
gluon scattering. The latter is expected to be largely favored due to the larger color charge of
gluons [46–48]. On the other hand, 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 note as
“background” events. Dynamical effects predicted by 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 [45–48]. This form factor, which accounts
for the probability of having no additional parton emissions between the hard partons, is not
necessary for BFKL pomeron exchange [35]. The ratio of jet-gap-jet yields to inclusive dijet
yields is highly sensitive to dynamical effects predicted by BFKL evolution equations [35].

The presence of soft rescattering effects between partons and the proton remnants modify the
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Figure 11: Gap fraction, fCSE, measured as a function of Dhjj and pT, jet-2 in inclusive dijet
event production (labeled CMS, represented by the circle marker) and in dijet events with a
leading proton at 13 TeV (labeled CMS-TOTEM, represented by the cross marker). Vertical
bars represent statistical uncertainties, while boxes represent the combination of statistical and
systematic uncertainties in quadrature. The CMS-TOTEM results are plotted at the mean values
of Dhjj and pT, jet-2 in the bin. Most of the CMS-TOTEM events considered here have separations
3 < Dhjj < 6.5, and transverse momenta 40 < pT, jet-2 < 100 GeV, as indicated in the figure.

a function of Dhjj and pT, jet-2.

The larger gap fraction in events with a leading proton allows for an interpretation in terms
of a reduced spectator parton activity in reactions with an intact proton in comparison to the
soft parton activity in interactions where the proton breaks up. In the latter, there can be soft
parton exchanges between the proton remnants and partons produced in the collision, which
can destroy the central gap signature between the final-state jets. A similar effect has been
observed in other diffractive topologies in dijet events with two rapidity gaps by the CDF
Collaboration at

p
s = 1.8 TeV [96], where a comparison is made of the ratio of yields of single-

diffractive dijet events to non-diffractive dijet events, R
SD
ND, and the ratio of double-pomeron

exchange dijet events to single-diffractive dijet events, R
DPE
SD , and finding that the double-ratio

has a value of R
SD
ND/R

DPE
SD = 0.19 ± 0.07 [96]. This suggests that a gap is more likely to form

or survive in presence of another gap. An equivalent double-ratio definition for the present
measurement is fCSE(jet-gap-jet)/ fCSE(p-gap-jet-gap-jet) = 0.34 ± 0.08 (stat) +0.11

�0.12 (syst) , which
is observed to be of similar size as that for a double-pomeron exchange dijet topology reported
by the CDF Collaboration.

Although there are no explicit predictions for jet-gap-jet events with a leading proton, calcu-
lations based on the BFKL framework at NLL accuracy for jet-gap-jet events with two leading
protons predict gap fractions of the order of 15 – 20% [56]. These calculations assume factoriza-
tion of the survival probability. The present measurement sets a constraint on the theoretical
treatment of rapidity gap survival probability.

10 Summary

Events with two leading jets separated by a large pseudorapidity gap have been studied in pp
collisions at

p
s = 13 TeV with the CMS detector. The “gap” is determined by the absence of

charged particles with pT > 200 MeV in the pseudorapidity range |h| < 1 produced in the
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Physics of high-luminosity/PPS:  
γγ→ll with single proton tags (2016)
• Single arm measurement based on <10fb-1 of 

2016 data 

• Backgrounds estimated by extrapolating from Z 
control regions, and by event mixing 

• Combination of μμ and ee channels 

• Signal appears as 5σ excess of events along 
the diagonal, where dilepton and proton 
kinematics match 

• => Observation of γγ interactions with a 
tagged proton at EWK scales 

• Note: results also from ATLAS-AFP 
(Phys.Rev.Lett. 125 (2020) 26, 261801)

JHEP 07 (2018) 153 [1803.04496] 16

m(ll)>110GeV 

https://arxiv.org/abs/1803.04496


Dimuon-proton correlations: multi-RP reconstruction

The correlations between fractional momentum loss reconstructed from dimuon pair ⇠(µµ) and
proton fractional momentum loss ⇠(p) for two years of data taking (2017, 2018) is shown. Signal
appears as an excess of events along the diagonal lines. Shaded bands approximately show the region
inconsistent with lower PPS acceptance limit, populated by random combinations of µµ pairs with
unrelated pileup protons.
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• Single-arm γγ→μμ events are now used as 
a control sample for ξ reconstruction in 
2017+2018 data 

• New (“multi-RP”) reconstruction option, 
with full reco of proton scattering angles/t 
distribution 

• Limited low-ξ acceptance, but improved 
high-ξ resolution 

• “single-RP” reconstruction retained for 
analyses that need to access lower ξ 
values  

• Correlation peak widths/resolutions are 
well-reproduced by the simulation 

• Small offsets are consistent with 
independently estimated scale systematics 

• SM processes well-established => begin 
exploring anomalous couplings/BSM 
physics…

m(μμ)>110GeV  
ξ(μμ)>0.04 
1 proton/event

Data vs. simulation comparisons: multi-RP reconstruction
(both arms combined)
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The plots show the 1-dimensional projection used to study proton fractional momentum loss ⇠ resolution and any residual scale
uncertainties, within the fiducial region ⇠(µµ) > 0.04 before (left panel) and after (right panel) background subtraction.
Background shapes are estimated from �� and track-multiplicity sidebands. �� ! µµ events with reconstructed protons are
used as one constraint on the LHC optics, and to study any systematic di↵erences between data and simulation. The correlation
peak width is consistent between data and simulation, showing the resolution is well described; the peak position is compatible
with the expectation within the systematic uncertainties.
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DR
AF
T

Method

�� ! µµ events with one or
both protons intact are used as a
control sample to study
kinematic correlations with
protons in PPS
O✏ine event selection is
identical to JHEP 1807 (2018)

153

m(µµ) > 110 GeV, pT (µ) > 50
GeV
Track-counting veto and
��(µµ) requirements to select a
sample enriched in �� events
Events with exactly 1 proton
track per arm are used

⇠(µµ) calculated from muon
kinematics is used to predict
⇠(p) of the proton

⇠(`+`�) =
1
p

s


pT(`+)e±⌘(`+) + pT(`�)e±⌘(`�)

�
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γγ→μμ with single proton tags:  
Prospects for full Run 2 data (2017+2018)

CERN-CMS-DP-2020-047.



Physics of high-luminosity/PPS: Search for γγ→γγ

• γγ→γγ scattering is sensitive to a wide range of BSM effects 

• Non-resonant: Anomalous Quartic Gauge Couplings, exotic 
particles at 1-loop level… 

• Resonances: Axion-like particles, others with large 
couplings to photons

1

�

�

p

p

p

�

�

p

Figure 1: The process for diphoton production via photon exchange with intact protons in
the final state. Several couplings may enter the four-photon shaded area such as a loop of
a fermion or charged boson. It may be extended with new intermediate interactions of new
physics objects, such as a loop of a heavy charged particle or an s-channel exchange.

Classical physics suggests that photons, as massless and chargeless particles, should not inter-1

act with each other. However, due to the characteristics of the vacuum, photons with sufficient2

energy may fluctuate into particle-antiparticle pairs, thus giving rise to four-photon interac-3

tions or light-by-light (LbyL) scattering. The observation of this phenomenon has been sought4

after in laboratory experiments over few decades [1–4], and has been studied indirectly by the5

measurement of the anomalous magnetic moment of the muon [5].6

Recently, first evidences for LbyL were seen in LHC experiments in CMS [6] and ATLAS [7, 8]7

observations, among the broad spectrum of gg production channels reachable at this energy8

scale. The analyses performed in proton-proton or heavy-ion collisions showed results com-9

patible with the SM expectations. However, they probed the production of LbyL candidates10

in the diphoton mass range of a few GeV. Complementary to these previous results, a higher11

diphoton mass spectrum is probed for the first time at a hadron-hadron collider.12

At the electroweak scale (and higher), the LbyL scattering may be studied in proton-proton col-13

lisions for its sensitivity to many standard model (SM) extensions of quantum electrodynamics14

[9–13]. Among these, a purely effective extension of the SM Lagrangian using charge-parity15

conserving operators, as used e.g in [14–16] for the ggW+W� quartic coupling, leads to a16

minimum dimension-eight term for the four-photon coupling, containing the two parameters17

z1,2 = a
gg
1,2/L4 (where L is the scale for new physics, generally at the order of a few TeVs):18

L
gggg
8 = z1FµnF

µn
FrsF

rs + z2FµnF
µr

FrsF
sn.

In proton-proton collisions, the LbyL scattering (pictured in Figure 1) can lead to the observa-19

tion of two photons and two intact protons, using two separate detectors. In this letter, a search20

is performed in pp collisions at a centre-of-mass energy of 13 TeV using data collected with the21

CMS and TOTEM detectors in 2016, corresponding to an integrated luminosity of 9.4 fb�1.22

The CMS detector boasts the central feature of its 3.8 T magnetic field through a supercon-23

ducting solenoid. Within this latter volume are a silicon pixel and strip tracker with coverage24

in pseudorapidity up to |h| = 2.5, followed by a lead tungstate crystal electromagnetic cal-25

orimeter (ECAL), and a brass and scintillator hadron calorimeter. Additionally, muons are26

measured in three technologies of gas-ionisation detectors located in the return yoke following27

the solenoid. A more detailed description of the apparatus, with a definition of the coordinate28

system used and the kinematic variables of interest, can be found in [17]. Events are selected29

CMS-PAS-EXO-18-014

• Large amount of interest surrounding the 750 GeV “diphoton bump” from ATLAS+CMS in 
~2015 (not confirmed with more data)  

• Motivation for starting PPS physics program earlier than planned 

• Complementary to “light-by-light” scattering studies in Heavy Ion collisions (PPS 
probes  higher-energy/TeV scale γγ collisions)

18



Physics of high-luminosity/PPS: Search for γγ→γγ

• Selection mainly adopted from CMS H→γγ analysis and 
CMS-PPS dilepton analysis 

• Backgrounds estimated from MC constrained in control 
regions, plus event-mixing of random pileup-like protons 

• After diproton-diphoton matching: ~1 background event 
expected, 0 events observed

CMS-PAS-EXO-18-014
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Figure 3: Invariant mass distribution of the diphoton pairs for the elastic selection region with
events satisfying 1 � |Dfgg /p| < 0.005 as described in the text. The hatched bands indicate
the statistical uncertainty on simulated samples added in quadrature.

region to be compared with the expectation of 263.1 ± 4.1 (stat). The resulting diphoton mass105

spectrum of events passing the elastic selection can be seen in Figure 3.106

Sensitivity to the LbyL signal is enhanced by measuring the resulting final state protons. In107

exclusive events where the protons remain intact, momentum loss from the protons is fully108

contained within the central diphoton system that can be measured by the CMS detectors.109

Imposing conservation of momentum by requiring a matching between the two systems (the110

forward protons and central photons) on top of the selection criteria defined above, allows for111

the selection of signal candidates. The kinematics of an opposite-arm, two-proton system is112

converted into a missing mass and rapidity of the central system kinematics through mpp =113 p
sx+x�, and ypp = (1/2) log(x+/x�), where the + and � denote the positive and negative114

sides of CMS (conventionally referring to as the LHC sector 45 and 56 respectively). For the115

elastic case, both systems are correlated through mpp = mgg and ypp = ygg . In this search, a116

2s resolution window is used in matching the difference, both in mass and rapidity, between117

the central and two-proton systems within their combined uncertainties.118

As previously postulated in Ref. [31], performing a matching of mass and rapidity between119

the diphoton system and by the scattered protons on an event-by-event basis may reduce sig-120

nificantly the contribution of inclusive backgrounds. In fact, the large majority of such events121

comes from the coincidence of an inclusively produced diphoton event with pileup protons122

from unrelated events. The matching therefore almost completely ensures that the two sys-123

tems are originating from the same vertex.124

The CT-PPS silicon strips, by design, can only reconstruct one proton at a time. This causes an125

inefficiency when multiple diffracted protons are observed in one bunch crossing. In this study,126

the time variation of this inefficiency due to varying pileup conditions has been neglected,127

a single-tracking CT-PPS silicon strip efficiency of 70% is assumed for the entire data taking128

period for each arm.129

Additionally, the second inefficiency contribution due to radiation damage discussed above is130

introduced. In this analysis, only the region of the detectors with an efficiency greater than 90%131

6
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Figure 4: Two-dimensional limits on anomalous quartic gauge coupling diphoton production
mechanisms given the upper limit observed on the light-by-light production cross section. The
limits are shown in terms of the coupling parameters z1 and z2.

interaction, coming from an effective field theory extension of the SM.175
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for the data period of interest is used.132

Constraining the elastic selection to events with a diphoton mass and rapidity corresponding133

to the 90% efficient range of the proton detectors, only two events remain with an expected134

background prediction of 2.11+0.96
�0.66 (stat) when no matching criteria is applied. Of these, nei-135

ther contains a pair of forward proton tracks. Hence, no diphoton candidates with exclusive136

kinematic features are observed within 2 and 3 standard deviations (both in mass and rapidity)137

of the two systems.138

Background contributions are estimated following the same procedure as developed in Ref.139

[32]. Pseudo-events are defined combining diphoton kinematics sampled from a template with140

the two-proton system kinematics taken from data events randomly chosen in the period of141

interest. The diphoton kinematics are sampled from a templated, exponential fit to the x±gg142

spectra in the background-enriched selection defined above. Using this method, the back-143

ground prediction for an elastic diphoton pair in association with a pair of protons observed144

within the 90% efficient range of the proton detectors was evaluated as 0.83+0.28
�0.15. In the 2s and145

3s matching windows, the background prediction is respectively 0.23+0.08
�0.04 (stat) and 0.43+0.14

�0.08146

(stat) events.147

The systematic uncertainties affecting the signal are coming from the yield correction for the148

inclusive background selection estimate from the inclusive-enriched selection described above149

(37%), the uncertainty on background evaluation procedure (33%), the radiation damage and150

multi-tracking efficiency of the RPs (10%), and the luminosity measurement (2.5%). Addition-151

ally, a signal cross section uncertainty of 10% is assumed to account for the proton survival152

probability in the high invariant mass region.153

Using a profile likelihood ratio as test statistic, systematic uncertainties as nuisance parameters154

with a log-normal prior, and the background yields quoted above, a 95% confidence level ob-155

served frequentist upper limit of 3.0 fb is quoted on the LbyL cross section within the fiducial156

region. This region is defined as the single- and double photon selection described above, and157

an asymmetric 0.070 < x < 0.111 and 0.070 < x < 0.138 for the two arms of the spectrometer,158

corresponding to the region with less than 10% CT-PPS strips radiation damage and within159

beamline apertures.160

Furthermore, this upper limit is used to place the first limits on the four-photon anomalous161

quartic gauge couplings. The signal efficiency is estimated, using samples simulated with162

FPMC, at 63.8% in the search region over a wide range of the coupling parameters z1 and z2.163

The limits obtained on each anomalous parameter with the other fixed to zero are:164

|z1| < 3.7 ⇥ 10-13 GeV�4 (z2 = 0),
|z2| < 7.7 ⇥ 10-13 GeV�4 (z1 = 0).

A similar procedure is used to derive the two-dimensional limits on the z1,2 parameters. The165

resulting two-dimensional 95% confidence region is shown in Figure 4.166

To summarize, in its 2016 operation the CMS-TOTEM precision proton spectrometer (CT-PPS)167

has proven the feasibility of continuously operating a near-beam proton spectrometer at a high-168

luminosity hadron collider. For the first time the gg ! gg process was sought with the re-169

quirement of forward protons tags, using 9.4 fb�1 of luminosity collected at a 13 TeV center-170

of-mass energy at the LHC. No events were observed with a pair of proton tracks compatible171

with the diphoton kinematics, above a background prediction of 0.23 and 0.43 events for the172

2s and 3s windows, respectively. This provides the first limit at the electroweak scale for the173

SM production cross section, and places limits on anomalous couplings for the four-photon174

19

• First direct collider limits on the anomalous 
quartic 4-photon couplings

Before diproton-diphoton matching

point-by-point CL_s scan 



Prospects for Run 2 physics

• Most of the available Run 2 data has not yet been used for physics  

• Existing PPS/high-lumi physics analyses use only ~10 fb-1 from first part of 
2016  

• Additional >95 fb-1 recorded in the rest of 2016+2017+2018  

• With improved tracking detectors in 2017+2018 

• With timing detectors in majority of 2017+2018 - not yet used for physics 

• Results from high-β*/low-PU special runs use data from 2012+2015 

• ~10x more luminosity recorded in 2018 high-β*/low-PU special run

20



• Timing information available in majority of 2017+2018 
data 

• Best calibrations/settings for the last 40fb-1 of 2018 

• Low pileup (μ~1) 2018 data is used to validate the proton 
timing performance in Central Diffractive/“Double 
Pomeron Exchange”-like events 

• Based on comparison of central CMS vertex position 
vs. Δt of protons in PPS 

• Strong correlation between z(CMS) and Δt(PPS) 
visible in events with 1 vertex and protons on 
both arms 

• No correlation present in event-mixing samples 
(used to model pileup backgrounds)

Physics prospects for 2017+2018  
PPS data: timing
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• Vertex z position vs. ΔtPPS for the nominal sample, 
and for the event mixing background with both 
protons mixed from different events 

• The points with error bars show the profile of 
the mean ΔtPPS in bins of vertex z 

• The red dashed line shows the ideal 
correlation of c/2 for a perfectly calibrated 
signal with zero background 

• Above: nominal data sample 

• Below: two-arm event mixed background sample

Proton time vs. vertex position correlations

Slope = 0.044±0.003 ns/cm

Slope = 0.000±0.005 ns/cm

13

• Use low pileup data (μ=1 ιnteraction/crossing) to select a 
sample enhanced in inclusive Central Diffractive events

Procedure

1

1 Introduction
A significant fraction (⇡25%) of the total inelastic proton–proton cross section at high ener-
gies can be attributed to diffractive interactions, characterized by the presence of at least one
non-exponentially suppressed large rapidity gap (LRG), i.e. a region of pseudorapidity h de-
void of particles, where for a particle moving at a polar angle q with respect to the beam
h = � ln[tan(q/2)]. If this h region is adjacent to the diffractively scattered proton it is called
a forward pseudorapidity gap. In hadronic interactions an LRG is presumed to be mediated
by a color-singlet exchange carrying the vacuum quantum numbers, commonly referred to as
Pomeron exchange. Figure 1 defines the main types of diffractive processes: single dissociation
(SD), double dissociation (DD), and central diffraction (CD).

Figure 1: Schematic diagrams of (a) nondiffractive, pp ! X, and diffractive processes with (b)
single dissociation, pp ! Xp or pp ! pY, (c) double dissociation, pp ! XY, and (d) central
diffraction, pp ! pXp; X(Y) represents a dissociated proton or a centrally produced hadronic
system.

Inclusive diffractive cross sections cannot be calculated within perturbative quantum chromo-
dynamics, and are commonly described by models based on Regge theory (see e.g. [1] and ref-
erences therein). The predictions of these models generally differ when extrapolated from the
Tevatron center-of-mass energies of

p
s  1.96 TeV to LHC energies. Therefore, measurements

of diffractive cross sections at 7 TeV provide a valuable input for understanding diffraction and
improving its theoretical description. They are also crucial for the proper modeling of the full
final state of hadronic interactions in event generators, and can help to improve the simulation
of the underlying event, as well as of the total inelastic cross section.

The DD cross section has been recently measured at
p

s = 7 TeV by the TOTEM collabora-
tion [2], for events in which both dissociated-proton masses are below ⇠12 GeV. Other mea-
surements of diffractive cross sections at the LHC, with higher dissociation masses, have ei-
ther a limited precision [3] or no separation between SD and DD events [4]. In this paper, we
present the first CMS measurement of inclusive diffractive cross sections at

p
s = 7 TeV. This

measurement is based on the presence of a forward LRG, with SD- and DD-dominated event
samples separated by using the CASTOR calorimeter [5], covering the very forward region,
�6.6 < h < �5.2. A data sample with a central LRG, in which DD dominates, is also used.
In addition, the inclusive differential cross section, ds/dDhF, for events with a pseudorapidity
gap adjacent to the edge of the detector, is measured over DhF = 8.4 units of pseudorapidity,
and compared to a similar ATLAS measurement [4]. The results presented here are based on
the first CMS data collected at

p
s = 7 TeV during the 2010 LHC commissioning period, when

• Selection 

• Zero-bias (beam crossing) triggers  

• Exactly 1 good vertex reconstructed in the central CMS tracker, with < 10 tracks 

• Exactly 1 multi-RP proton with timing information reconstructed on each arm of PPS 

• Use the vertex position measured in the central tracker as a reference to measure the resolution 
of the PPS vertex inferred from the proton times 

• Combines the single-arm PPS time resolution (DP-2019/034) with any effects that correlate 
the 2 arms: clock, etc.
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Physics prospects for 2017+2018  
PPS data: timing

DR
AF
T

Method

�� ! µµ events with one or
both protons intact are used as a
control sample to study
kinematic correlations with
protons in PPS
O✏ine event selection is
identical to JHEP 1807 (2018)

153

m(µµ) > 110 GeV, pT (µ) > 50
GeV
Track-counting veto and
��(µµ) requirements to select a
sample enriched in �� events
Events with exactly 1 proton
track per arm are used

⇠(µµ) calculated from muon
kinematics is used to predict
⇠(p) of the proton

⇠(`+`�) =
1
p

s


pT(`+)e±⌘(`+) + pT(`�)e±⌘(`�)

�
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• Distributions fit for resolution in 2 
categories 

• High-resolution (time measurements 
on ~all 4 planes on each arm) 

• High-efficiency (time measurements 
on at least 2/4 planes on each arm) 

• Results are compatible with the 
prediction of single-arm resolutions 

• => No significant effect at this level 
from sources correlated between the 
2 arms (clock distribution, etc.)
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• Results for highest-resolution time-tracks with predicted single-arm resolution <100ps
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 1)≈ µ( Preliminary 2018 CMS

zPPS vertex resolution fits:  
all time tracks

Free background 
σ(zPPS) = 2.77±0.17 cm

Event mixing background  
(both arms mixed) 

σ(zPPS) = 2.86±0.10 cm

Event mixing background  
(one arm mixed) 

σ(zPPS) = 2.45±0.13 cm

Prediction from single-arm resolutions of all tracks in sample: 2.53 cm

• Results for all time-tracks

12

bkg shape variation [1.87-1.93] 
sum of single-arm resolutions: 1.83

bkg shape variation [2.45-2.86] 
sum of single-arm resolutions: 2.53

“High-resolution” “High-efficiency”
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• Use low pileup data (μ=1 ιnteraction/crossing) to select a 
sample enhanced in inclusive Central Diffractive events

Procedure

1

1 Introduction
A significant fraction (⇡25%) of the total inelastic proton–proton cross section at high ener-
gies can be attributed to diffractive interactions, characterized by the presence of at least one
non-exponentially suppressed large rapidity gap (LRG), i.e. a region of pseudorapidity h de-
void of particles, where for a particle moving at a polar angle q with respect to the beam
h = � ln[tan(q/2)]. If this h region is adjacent to the diffractively scattered proton it is called
a forward pseudorapidity gap. In hadronic interactions an LRG is presumed to be mediated
by a color-singlet exchange carrying the vacuum quantum numbers, commonly referred to as
Pomeron exchange. Figure 1 defines the main types of diffractive processes: single dissociation
(SD), double dissociation (DD), and central diffraction (CD).

Figure 1: Schematic diagrams of (a) nondiffractive, pp ! X, and diffractive processes with (b)
single dissociation, pp ! Xp or pp ! pY, (c) double dissociation, pp ! XY, and (d) central
diffraction, pp ! pXp; X(Y) represents a dissociated proton or a centrally produced hadronic
system.

Inclusive diffractive cross sections cannot be calculated within perturbative quantum chromo-
dynamics, and are commonly described by models based on Regge theory (see e.g. [1] and ref-
erences therein). The predictions of these models generally differ when extrapolated from the
Tevatron center-of-mass energies of

p
s  1.96 TeV to LHC energies. Therefore, measurements

of diffractive cross sections at 7 TeV provide a valuable input for understanding diffraction and
improving its theoretical description. They are also crucial for the proper modeling of the full
final state of hadronic interactions in event generators, and can help to improve the simulation
of the underlying event, as well as of the total inelastic cross section.

The DD cross section has been recently measured at
p

s = 7 TeV by the TOTEM collabora-
tion [2], for events in which both dissociated-proton masses are below ⇠12 GeV. Other mea-
surements of diffractive cross sections at the LHC, with higher dissociation masses, have ei-
ther a limited precision [3] or no separation between SD and DD events [4]. In this paper, we
present the first CMS measurement of inclusive diffractive cross sections at

p
s = 7 TeV. This

measurement is based on the presence of a forward LRG, with SD- and DD-dominated event
samples separated by using the CASTOR calorimeter [5], covering the very forward region,
�6.6 < h < �5.2. A data sample with a central LRG, in which DD dominates, is also used.
In addition, the inclusive differential cross section, ds/dDhF, for events with a pseudorapidity
gap adjacent to the edge of the detector, is measured over DhF = 8.4 units of pseudorapidity,
and compared to a similar ATLAS measurement [4]. The results presented here are based on
the first CMS data collected at

p
s = 7 TeV during the 2010 LHC commissioning period, when

• Selection 

• Zero-bias (beam crossing) triggers  

• Exactly 1 good vertex reconstructed in the central CMS tracker, with < 10 tracks 

• Exactly 1 multi-RP proton with timing information reconstructed on each arm of PPS 

• Use the vertex position measured in the central tracker as a reference to measure the resolution 
of the PPS vertex inferred from the proton times 

• Combines the single-arm PPS time resolution (DP-2019/034) with any effects that correlate 
the 2 arms: clock, etc.

9



The present: Preparations for LHC Run 3
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Run 3

• Most PPS analyses will be statistics-limited, even with full Run 2 data 

• PPS will continue as a standard CMS sub-detector throughout LHC Run 3, 
beginning in 2021 2022 

• Opportunity to continue analyses with improved/stable detector conditions 

• Building on lessons from Run 2, plus improvements for Run 3 

• Detectors: sensors/electronics (following pages) 

• Automated calibration procedures 

• High-level triggers 

• Improved/GEANT4 simulations 

• Expect ~300fb-1 collected by the end of Run 3
24



Run 3: Tracking

• Generally very good experience with 3D 
pixels in Run 2, and strong synergy with 
CMS central pixel detectors 

• Only real issue: highly non-uniform irradiation 
near the beam leads to some time drift/loss 
of efficiency from the Readout Chip 

• In Run 2 this was mitigated by manually 
shifting the pixel detector vertically, 
during a technical stop 

• For Run 3 

• New sensors produced  

• Small motor system will be installed 
allowing vertical movements to be 
performed remotely

25

BEGINNING OF DATA TAKING

Evolution of the RP efficiency map in the detector region closest to
the beam for LHC sector 45 in 2017.
The deterioration of the RP efficiency caused by the radiation damage
is clearly visible.
During the LHC technical stop (TS), the whole detector was shifted by
1 mm upwards, away from the beam axis. As the integrated
luminosity increases, a second damage region appears at the new
occupancy maximum.

Detectors in LHC sector 56 suffered smaller radiation damage (barely
visible in the maps) because of the different irradiation profile.

8.8 fb-1 18.9 fb-1 29.5 fb-1

LHC 
SECTOR

45

TS  

RP efficiency vs integrated luminosity (2017)
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Pixel sensors are read out by the PSI46dig chips (same ROC used in layers 2-3-4 of the CMS central pixel detector),  not
optimised for non-uniform irradiation.
Non-uniform irradiation causes a difference between the analog current supplied to the most and the least irradiated pixels.

PIXELS NOT RESPONDING IN THE 
SAME 25 ns CLOCK WINDOW (BX)

✓ Irradiation studies performed before installation at LHC showed that after a dose corresponding to LINT (LHC) ~8 fb-1, 
the drift of the useful time window for signals in most irradiated pixels exceeds 25 ns

✓ To mitigate the impact on the data quality, the tracking stations were lifted up during LHC technical stops (TS) to shift
the occupancy maximum away from the damaged region. 

Main radiation effect

MORE DETAILS IN DP-2018/021
4

Time

Vo
lta

ge NON-IRRADIATED PIXEL
HIGHLY IRRADIATED PIXEL

CERN-CMS-DP-2019-036



131 track in both pixel tracker stations & 4 diamond planes & 1 pad per plane

Once all channel resolutions are known it is possible to assign a time precision to each timing track.
This is a measure of the full station resolution (sensor + front-end + digitization + timing channel calibration and 
reconstruction procedure).

Time resolution: expected track resolution

CMS preliminary 2018
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Run 3: Timing (I)
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Evolution of time-track efficiencies

July 2018, low pileup

October 2018, high pileup

July 2018, high pileup

4

• Much more challenging to commission 
and use timing/diamond detectors 

• Reasonable efficiency maintained from 
beginning to end of 2018 run 

• Expected 50ps/plane not yet reached 

• Moderate loss of timing resolution, 
from early to late 2018 data 

• Extensive testbeam campaign was carried out 
after Run 2, using the irradiated diamonds 

• With optimized LV/HV settings and ideal readout: no 
significant loss of efficiency, still close to 50ps 
resolution

CERN-CMS-NOTE-2020-007 
CERN-CMS-DP-2019-034



Run 3: Timing (II)

• Brute force improvements 

• Instrument a 2nd RP station for timing: done 

• All “double-diamond” sensors (2 diamonds connected 
to each amplification channel), including new production 

• Equivalent increase from ~6 to ~16 timing 
measurements per track 

• Electronics improvements 

• Revised hybrid and discriminator board designs 

• Remote LV control  

• Monitoring/spy channels of signal shapes before 
digitization

27

Improvements for Run 3: detectors
• Timing detectors 

• Add a 2nd RP timing station, use all double-diamond 
sensors 

• => More than double # of effective time 
measurements per proton  

• Optimized front-end electronics/HV 

• Aim to approach nominal (testbeam) resolution 50ps/plane 

9

• Tracking detectors 

• New 3D pixel sensor production, ongoing from FBK 

• Remote vertical movement of detectors => mitigate non-uniform radiation effects on 
ROC

• Major campaign to optimize timing for Run 3 

• Aim approach the 50ps/plane (with 8 planes per arm) obtained in testbeams

Migration of the Roman Pots, in  
their natural environment



The future: LHC Run 4 and beyond
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After Run 3?

• After Run 3, all existing Roman Pot installations must be removed to allow 
reconfiguration for HL-LHC 

• In 2018, began exploring possibilities for HL-LHC in CMS, together with 
LHC machine experts 

• 4 possible locations identified in the HL-LHC tunnel

29

Run 4 and beyond

• After Run 3, the entire LHC beam line will 
be reconfigured 

• Bad news: All existing Roman Pot 
devices used by PPS must be removed 

• Good news: Opportunity to re-
install new devices, in locations 
driven by physics 

11

• An “Expression of Interest” document for installing in 3+1 locations has been 
drafted, internally reviewed, and shared with LHCC for information 

• See recent detailed presentations in WGM, UPSG, Upgrade Steering Group 

• Requests for space reservation & optimal crossing angle made to the machine 

• Not yet a funded phase-2 project: looking for new collaborators/institutions

p. 15Mario Deile   – p. 15Mario Deile   –

Layout Overview with Proposed Stations

19
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After first iterations with the LHC layout team to identify free locations:

Tentative space reservations at the 28th HL-LHC Coordination Group Meeting (25 February)

TC
L5

TC
L6

TC
LX

4

suitable for Roman Pot technology,

in each location 2 units
with a few metres lever arm
(à track angles)

- needs cryogenic bypass
- signal protons between beam pipes

à limited space
à new developments needed

Roman Pot  
locations

Non-RP 
location

• “Traditional” (Run 2-like) 
Roman Pots at 196, 220, 
234m from IP5 

• More challenging region 
at 420m (devices must 
be *between* the LHC 
beampipes, and between 
cryo-cooled regions)



Suitability of these locations?

30

Figure 40: Simulated radiation environment in Sector 1-2 at the end of Run 2 [113]. The di↵erent
curves represent the cooling times specified in the legend. The situation in Sector 5-6 is expected
to be very similar. The local maximum at ⇠ 180m corresponds to the collimator TCL5 (the layout
di↵ers from HL-LHC shown in Fig. 41). TCL6 does not show any peak because it was open in the
simulation.

Figure 41: Simulated radiation environment in Sector 5-6 at the end of Run 4 [113]. The di↵erent
curves in the two panels show the dose rates after di↵erent cooling times. The local maxima at
⇠ 197m and ⇠ 222m correspond to the collimators TCL5 and TCL6.
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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

22

Detailed studies performed,  
considering various effects

HL-LHC “optics”/crossing angles

Tunnel radiation levels (HL-LHC simulations)  
and requirements on detector segmentation

Figure 26: Contour lines for the minimum accepted mass Mmin = |⇠|min
p
s in the crossing-

angle/optics parameter space (↵x/2,�⇤). On the right-hand ordinate the XRP approach distance
is calculated from �⇤. The coloured lines represent luminosity-levelling trajectories from Fig. 20
with the same colour code in case of horizontal crossing in IP5. For vertical crossing, the violet line
represents any of the trajectories. The labels (1A) – (2Z) in the first panel define the trajectory
start and end points used in Figs. 30 and 31.

imposes a limit at ⇠ = 0.026 whereas the beam pipe just before 420m cuts already at ⇠ =
0.012. The upper mass limit of the 420m station is therefore independent of the collimation
scheme.

• The vertical aperture of Q4 and its corrector magnets cuts at ⇠ = 0.194 whereas TCLX.4 has
its bottleneck only at ⇠ = 0.203. This vertical limitation is only dominant for crossing-angles
greater than 240µrad.

An instructive visualization of the aperture limitations is shown in Fig. 28. At each point along
the beamline, the horizontal and vertical apertures are directly converted into the ⇠-limit at that
point. For a given detector location the dominant limit can be read o↵ as the deepest minimum
upstream.

Figure 29 shows the upper mass cuto↵ as a function of the crossing angle in both the vertical
and the horizontal crossing cases. As discussed before, for vertical crossing the most dominant
limitations come from the horizontal aperture and for all locations, except 420m, this horizontal
aperture is limited by the TCL collimators. At 420m, on the other hand, the beam-pipe absorbs
protons with |⇠| > 0.012. The highest masses are accepted by the unit at 196m: up to 2.7TeV for
vertical crossing, and up to 4 TeV for horizontal crossing.

35

Possible luminosity-leveling schemes  
(change of acceptance during fills)

Predicted heat load 

Impedance simulations/benchmarks 
against Run 2 data 

Cooling/heat exchanger R&D tests 



• Green diamonds (left plot): mass-rapidity range where both protons can be detected (end of fill) 

• Large (not completely continuous) acceptance between ~50 GeV and 2.7 TeV, and rapidity ±2 

• Significantly larger than Run 2/3
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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 31: Projection of the (M, y) acceptance on the mass axis under the approximation of flat
rapidity distributions, adding up all the double-arm areas of Fig. 30 for the same points in the
(↵,�⇤) beam parameter space. Top: vertical crossing, bottom: horizontal crossing. The dashed
lines represent a configuration without the 420m stations.
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Acceptance: HL-LHC vs. Run 2/3
~Run 2 acceptance

with 420

without 420
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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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Luminosity:  
increase statistics for  

rare processes

Low ξ/low mass  
coverage: increase acceptance  

for SM processes

High ξ/high mass  
coverage: increase acceptance  

for BSM searches

Impact on physics
• Many final states reviewed, at the level of simple generator-level studies or external 

phenomenological studies 

• Essentially all physics processes benefit from increased luminosity and/or increased 
acceptance: example for γγ→WW with anomalous couplings



• Even without 420m station, improved low mass acceptance compared to Run 2/3 
helps with most SM processes 

• Addition of 420m further helps by reducing minimum from ~130 GeV to ~50 GeV 

• Unique feature of the 420m location: only possibility for detecting 
exclusive production of 125 GeV SM Higgs (pp→pHp)

33

Impact on physics: very low mass  
acceptance with 420m

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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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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Red: with 420m. Green: without 420m



420m: Everything old is new again

• The 420m region was studied in detail 
by the FP420 R&D collaboration (joint 
effort of CMS+ATLAS) 12 years ago 

• Final report published in JINST (176 
pages, >275 citations) but the project 
was not pursued 

• Early studies of mechanics, machine 
integration, cost, to be revived
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• Distributed nature of PPS detectors allows staged installation 

• Possible approach: 3 well-understood Roman Pot locations target LHC Long 
Shutdown 3 (2025-2027), more ambitious 420m station targets LS4 (2031-2032)

JINST 4 (2009) T10001



• In Run 2/3, the difference of PPS 
proton times is correlated with the 
vertex position in the CMS Si-tracker 

• In Run 4+, CMS will have precise 
timing in the central region, thanks to 
the MTD upgrade (LIP leadership in 
electronics - see Feb. 4 LIP seminar!) 

• The absolute/sum of proton 
times in PPS can be correlated 
with the vertex time measured in 
MTD
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8.1 cm 4 (Table 3 and Ref. [114]) under the approximation of a constant bunch length throughout
the fill. The mean pileup multiplicity is expected to be as high as 140 at standard HL-LHC
performance and up to 200 at ultimate performance. With this input the linear vertex density at
the longitudinal position z (relative to the ideal IP) and the time t (relative to the crossing time
of the bunch centres) can be derived as

⇢v(z, t) =
d2µ

dz dt
=

µ
⇣p

2⇡ �bp
2

⌘2 e
� z2

�2
b e

� t2

�2
b . (30)

This vertex density distribution is a two-dimensional Gaussian with spatial and temporal widths

�v = �b/
p
2 . (31)

After time integration (from �1 to 1 for simplicity, without using vertex time information in
central CMS) the mean vertex distance as a function of z is given by

h�zi(z) =
1

⇢v(z)
=

p
2⇡ �v

µ
e

z2

2 �2
v . (32)

The reconstructed vertex position is given by the di↵erence of the times of flight in the two arms,
t1 and t2:

zv =
1

2
(t2 � t1) (33)

To resolve the mean vertex distance �z, each arm of the proton spectrometer needs a time reso-
lution

�t = �(t1,2) <
p
2 h�zi . (34)

Figure 47 shows �t as a function of z for four di↵erent values of µ.
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Figure 47: Time resolution required per spectrometer arm to resolve the mean vertex distance at
a position z (in units of the longitudinal vertex width �v) from the IP centre. Four di↵erent pileup
multiplicities are shown: µ = 50 (LHC Run 2), 100, 140 (nominal HL-LHC performance), and 200
(ultimate HL-LHC performance). Left: for standalone PPS timing. Right: combining the PPS
timing with the MTD system, selecting a time-slice of ±50 ps around the central bunch crossing
time.

As the graphs demonstrate, for µ = 50 a time resolution of 10 ps is su�cient to resolve vertices
even in the densest part of the bunch crossing region, whereas at HL-LHC pileup multiplicities
of 140 and 200, resolutions of 4.8 ps and 3.4 ps would be needed, respectively, which has not yet

4All calculations in this section are carried out in natural units with c = 1.
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Detectors: synergies with central CMS upgrades

• PPS could achieve the same level of vertex separation with less stringent timing 
requirements, thanks to central timing from the MTD 

• PPS pixel tracking detectors are already strongly aligned with the Phase-II tracker upgrade 

• Several options for timing detectors: diamonds (current PPS), LGAD (CMS MTD-ETL 
upgrade)
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Abstract

The CMS Collaboration intends to pursue the study of central exclusive production (CEP) events,
pp ! pXp, at the High-Luminosity LHC (HL-LHC) by means of a new near-beam proton spectrom-
eter. In CEP events, the state X is produced at central rapidities, and the scattered protons do not
leave the beam pipe. The kinematics of X can be fully reconstructed from that of the protons, which
gives access to final states otherwise not visible. CEP allows unique sensitivity to physics beyond the
standard model, e.g. in the search for anomalous quartic gauge couplings, axion-like particles, and in
general new resonances.

CMS has been successfully operating the Precision Proton Spectrometer (PPS) since 2016; PPS started
as a joint CMS and TOTEM project, and then evolved into a standard CMS subsystem. The present
document outlines the physics interest of a new near-beam proton spectrometer at the HL-LHC, and
explores its feasibility and expected performance. The document has been edited by the members of
the PPS group and builds on their experience in the construction and operation of PPS.

Discussion with the machine groups has led to the identification of four locations suitable for the
installation of movable proton detectors: at 196, 220, 234, and 420 m from the interaction point, on
both sides (in this document these locations always imply both sides, unless otherwise noted). The
locations at 196, 220, and 234 m can be instrumented with Roman Pot devices similar to the ones
presently used. The 420 m location requires a bypass cryostat (which has been developed for other
locations in the LHC) and a movable detector vessel approaching the beam from between the two
beam pipes.

Acceptance studies indicate that having the beams cross in the vertical plane at the interaction point,
as implemented after Long Shutdown 3, is vastly preferable over the present horizontal crossing. This
gives access to centrally produced states X in the mass range 133 GeV�2.7 TeV with the stations at
196, 220, and 234 m. The mass range becomes 43 GeV�2.7 TeV if the 420 m station is included,
which makes it possible to study central exclusive production of the 125 GeV Higgs boson. This is a
major improvement with respect to the current mass range of 350 GeV�2 TeV.

The radiation background has also been studied. Radiation hardness is required for all components in
the tunnel. Service work during short technical stops will not be possible. The irradiation dose rate
will be very strongly peaked near the beam. Detectors should therefore be vertically shifted with a

• HL-LHC studies described in a detailed (90 
page) “Expression of Interest”, reviewed 
internally throughout 2020 

• Approved by CMS just before 
Christmas 

• Initial presentations and discussion of space 
reservations started with HL-LHC 
coordination and LHCC 

• Organizing next steps towards R&D 
and a TDR
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Summary (I): LHC Run 2/3

• PPS began in 2014, and successfully recorded >100fb-1 of data in Run 2 from 
2016-2018 

• First results from Run 2 on SM processes and BSM searches (plus QCD physics 
from special CMS+TOTEM runs) 

• A factor ~10x more luminosity now available, with good proton reconstruction 

• For Run 3, continue operations with improvements based on Run 2 
experience 

• Remote movement of pixels to mitigate non-uniform irradiation of readout chips 

• Large effort to improve timing performance: additional timing station, modified 
front-end electronics 

• LIP has been one of the leading institutes in the project since the beginning, 
and contributed to almost all aspects (hardware/firmware/software/
operations/trigger/calibrations/reconstruction/physics…)
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Summary (II): Upgrade

• Beyond Run 3: all existing Roman Pots will be removed, in preparation for the HL-LHC 

• A new Expression of Interest to re-install a PPS-like spectrometer for HL-LHC 
has just been approved by the CMS collaboration 

• 4 locations identified in consultation with the machine, near 200m (classic Roman 
Pots), and at 420m (new technologies) - staging possible 

• Greatly expanded physics program in all dimensions: Better high-mass 
acceptance * better low-mass acceptance * increased luminosity 

• Possible synergies with other upgrades/future detector developments: 
PPS was an “Early adopter” of rad-hard tracking and fast timing  

• Encouragement from LHCC and CMS management to continue technical discussions 
with the machine, physics studies, R&D
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• PPS presents several unique opportunities 

• Chance to work with LHC detectors at the “bleeding edge” of technologies: radiation 
hardness, timing resolution requirements 

• Physics with γ-γ (or IP-IP) interactions at new energies and unprecedented 
luminosities 

• Probing anomalous couplings and other new physics in a new way 

• Demonstrated ability to go from TDR to LHC data-taking in ~2 years (2014-2016)  

• Timescale of a PhD/postdoc, in contrast to many larger detectors at the LHC
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Summary of the Summary

Welcoming new collaborators/institutes
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Extra



Detector performance - pixel/tracking

RP efficiency vs x (2017)

Track efficiency vs the proton fractional momentum loss x at the beginning and at the end of 2017 data taking period
for LHC sector 45 (left) and LHC sector 56 (right). In both plots the efficiency is shown in the x range that corresponds
to the detector acceptance.
The track efficiency in each x bin is evaluated using the values from the RP efficiency maps.
The error bands take into account the systematic uncertainty related to the choice of the track sample used for the
efficiency estimation.

15

RP efficiency vs x (2018)

16

Track efficiency vs the proton fractional momentum loss x at the beginning and at the end of 2018 data taking period
for LHC sector 45 (left) and LHC sector 56 (right). In both plots the efficiency is shown in the x range that corresponds
to the detector acceptance.
The track efficiency in each x bin is evaluated using the values from the RP efficiency maps.
The error bands take into account the systematic uncertainty related to the choice of the track sample used for the
efficiency estimation.
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3D sensors!

p-columns n-columns 

p-type substrate 

3D sensors are a relatively novel but well established technology which 
exploits modern micro-machining processes used in the production of Micro-
Electro-Mechanical-Systems (MEMS) (e.g. the Deep Reactive Ion Etching, 
DRIE), to realize vertical columnar electrodes penetrating the silicon substrate 

ionizing particle 

Δ ~ 200 µm 
d ~ 10 µm Δ!

d 

20 

“3-d” silicon pixels for tracking

• Electrodes in vertical columns through the substrate, 
instead of planes 

• Small collection distance without reducing wafer 
thickness/signal amplitude 

• Low trapping probability - high radiation hardness 

• Est. up to ~5*1015 protons/cm2 in 100 fb-1 

• Low power dissipation

M. M. ObertinoM
.M

.O
b

e
rt

in
o

 –
   

X
X

IV
 G

IO
RN

A
TE

 D
I S

TU
D

IO
 s

ui
 R

IV
EL

A
TO

RI
 

Fabrication technique 
Two fabrication techniques: 
 
!  Single-sided technique: both n+ and p+ 

columns are etched from the front side of 
the sensor wafer and a support wafer is 
used to enhance the mechanical 
robustness, avoiding possible damages 
during the process.  

 

!  Double sided (DDTC) technique: 
n+ and p+ columns are etched 
from the two sides of the sensor 
wafer.  

The single-sided technique is more complicated (requires extra steps to 
attach and remove the support wafer).  

35 

• Efficiency losses mainly due to highly non-
uniform irradiation of readout chips, not sensors 

• Mitigated by vertically shifting detectors 
manually in Run 2, to be automated in Run 
3
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E.Bossini IPRD 2019, Siena 17 October 6

Diamond hybrid board

Amplifier:
Monolithic microwave integrated 
circuit ABA-53563, near linear 
phase, absolute stable amplifier

Shaper:
2xBFG425 Si BJT matched 
amplifier for shaping the 
signal

Pre-Amplifier:
stage BFP840 SiGe BJT 
with low-C feedback

ABA-53563 (obsolete) will be replaced with GALI-39+ chip for run 3

12 discrete amplification channels on each hybrid board, designed and 
optimized for diamond signals [JINST 12 (2017) no.03, P03007]:
• Fast intrinsic rise time (few ps)
• Very low noise (<nA) Æ Noise dominated by pre-amp input stage
• Low signal ~ 1 fC/MIP

4 crystals (8 in DD configuration) are mounted on custom hybrid board

• Based on synthetic single-crystal carbon vapor deposit diamonds 

• In 2017: 3 planes/arm of “single-diamonds” + 1 plane of ultra-fast 
silicon sensors

Diamond timing detectors

E.Bossini IPRD 2019, Siena 17 October 7

Double diamond performance

Signal amplitude comparison between DD and SD

Time difference distribution between DD 
and reference MCP (𝜎𝑡,𝑀𝐶𝑃~40 𝑝𝑠 )

𝜎𝑡~50 𝑝𝑠 after 
MCP resolution 
deconvolution

Signal from corresponding pads is connected to the same amplification 
channel:
• Higher signal amplitude
• Same noise (pre-amp dominated) and rise time (defined by shaper)
• Higher sensor capacitance
• Need a very precise alignment

Better time resolution (factor ~1.7) w.r.t SD

SNR ~ 60-70 

JINST 12 (2017) no.03, P03026
Sensor readout performed with oscilloscope. Actual sensor technology limit.

• In 2018: 2 planes of single-diamonds + 2 
planes of double-diamonds/arm 

• Double diamonds: signal from 2 diamonds connected to same amplification channel 

• Larger signal amplitude => improved timing resolution 

• Up to 50ps/plane in ideal testbed conditions (oscilloscope readout, nominal LV and HV) 

• For Run 3: 8 planes of double-diamonds/arm (in 2 stations)

E. Bossini



2 paths to combined physics with Roman 
Pots at P5 (CMS+TOTEM)

(CT-)PPS Project 
• High lumi/standard runs 
• Horizontal Roman Pots 
• Si-pixel/strip & diamond 

detectors 
• High-mass/low cross 

section physics
TDR

Data-taking with common 
DAQ/SW in standard  

physics runs  
>100 fb-1 recorded 

(timing detectors from 2017)

2014 2016 2018

2012

1st combined run with 
triggers exchanged 

(2 separate DAQs/SW)

2015 2018

CMS+TOTEM Runs 
• Low lumi/high β* special runs 
• Vertical Roman Pots 
• Si-strip detectors 
• Low-mass/high cross 

section physics

3rd combined run 
>5 pb-1 recorded 
Common DAQ

2nd  
combined run

Run 2

2017
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Run 3: Miscellaneous

• In addition to detector improvements, large efforts in the area of offline SW/
calibrations/trigger 

• Automatic calibration procedures implemented for fast derivation of RP alignment and 
timing detector corrections 

• High-level triggers developed, to exploit proton information in exclusive processes 

• Full (GEANT4) and Fast simulation tools integrated in main CMS software 


