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• 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 

• Currently PPS acceptance mostly sensitive to 
γγ collisions 

• Allows reconstruction of the γγ collision energy 
and kinematics in proton-proton collisions

• Unique ability to cleanly probe Electroweak and Beyond Standard Model physics in 
γγ collisions at very high energies (Anomalous Gauge Couplings, direct production 
of resonances/exotics, etc.)
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• Initially a joint project of CMS+TOTEM -  
TDR in 2014, started taking data at the 
beginning of 2016 

• Full CMS sub-detector project since 
2018 

• Small detectors - periodic upgrades 
every year 

• Tracking evolved from non-radiation hard 
Si-strips to 3D pixels from 2016-2018 

• Timing detectors (diamonds) operated in 
2017-2018 to allow matching of protons 
with central vertex

Detector evolution in Run 2

Extra complication – in 2017+2018 LHC moved to crossing angle
and then �⇤ leveling; interpolation of calibrations necessary
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PPS in LHC Run 2
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• Total of >100fb-1 recorded in Run2 (PPS + rest of CMS), with increasing availability every 
year: 

• 2016: ~41% of CMS total 

• 2017: ~90% of CMS total 

• 2018: ~93% of CMS total 



PPS detectors, performance, and reconstruction
• First use of rad-hard “3-d” pixel tracking 

detectors in CMS 

• Good experience with sensors - 2 years of data-
taking with ~100% efficiency over most of the 
active area 

• Inefficiencies at low proton momentum loss “ξ” 
due to non-uniform irradiation of readout chips 
near the beam

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)
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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.

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

• First dedicated fast timing detector in CMS 
(single-crystal synthetic diamond) 

• Major challenges in commissioning and 
understanding performance of full system 

• Reached ~90-120ps resolution for 2018 data
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LIP highlights: Electronics/DAQ, 
Operations, proton reconstruction

• Major LIP contribution to PPS DAQ/
online software+electronics 

• Design of HPTDC mezzanine boards 
for timing, firmware for timing digitizer 
boards, + contributions to online SW 
for timing, tracking, & DAQ   

• Most components tested in LIP@CERN 
facilities before installation in LHC

LIP lab @CERN B20
Timing: HPDTC  

mezzanine board (LIP 
design)

Timing: Digitizer 
motherboard  

(LIP firmware, control  
software)

Tracking: Pixel portcard 
(LIP contributions to control 

software, testing)
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Timing: NINO discriminator 
board (LIP contributions to 
control software, testing)

• LIP responsibility for overall data-taking operations 
in LHC Run 2, plus many 24-hour on-call shifts

• After Run 2, large effort to put reconstructed protons on the same footing with other physics objects in 
CMS (muons, electrons, jets, etc.) - Leadership from LIP group since 2019 

• On-going “Ultra-legacy” reconstruction of Run 2 CMS data includes PPS protons as a 
standard physics object for the first time 

• Several improvements for Run 3 under development - High-level triggers, automated calibrations, 
etc.



Physics with PPS

• First CMS paper using PPS for physics: Observation 
of γγ→μμ and γγ→ee with single-arm protons 
(JHEP 1807 (2018) 153) based on 2016 data 

• Important “standard candle” for high-mass γγ 
interactions with intact protons 

• Now used as a calibration sample with 
10x more data 

• Leading contribution from LIP members: 
K. Shchelina, J. Hollar, L. Llorett (former)

• Several Beyond-SM searches and Standard Model analyses now started using PPS Run 2 data in CMS 

• Example: Exclusive t-tbar with leptonic decays in 2017 data 

• MS thesis by B. Ribeiro (LIP, now at DESY) + M. Gallinaro (supervisor) 

• Other analyses in progress : searches for γγ, WW, ZZ, missing masses, t-tbar (semi-leptonic), plus μμ/ee cross sections
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1 Introduction
Proton–proton collisions at the LHC provide for the first time the conditions to study the pro-
duction of particles with masses at the electroweak scale via photon–photon fusion [1, 2]. Al-
though the production of high-mass systems in photon–photon collisions has been observed
by the CMS and ATLAS experiments [3–5], no such measurement exists so far with the simul-
taneous detection of the scattered protons. This paper reports the measurement of the process
pp ! p`+`�p(⇤) in pp collisions at

p
s = 13 TeV, where a pair of leptons (` = e, µ) with

mass m(`+`�) > 110 GeV is reconstructed in the central CMS apparatus, one of the protons
is detected in the CMS–TOTEM precision proton spectrometer (CT–PPS), and the second pro-
ton either remains intact or is excited and then dissociates into a low-mass state, indicated by
the symbol p⇤, and escapes undetected. Such a final state receives contributions from exclu-
sive, pp ! p`+`�p, and semiexclusive, pp ! p`+`�p⇤, processes (Fig. 1 left, and center).
Central exclusive dilepton production is interesting because deviations from the theoretically
well-known cross section may be an indication of new physics [6–8], whereas central semiex-
clusive processes constitute a background to the exclusive reaction when the final-state protons
are not measured.

(Semi)exclusive dilepton production has been previously studied at the Fermilab Tevatron and
at the CERN LHC, but at lower masses and never with a proton tag [9–14]. In this paper,
forward protons are reconstructed in CT–PPS, a near-beam magnetic spectrometer that uses
the LHC magnets between the CMS interaction point (IP) and detectors in the TOTEM area
about 210 m away on both sides of the IP [15]. Protons that have lost a small fraction of their
momentum are bent out of the beam envelope, and their trajectories are measured.

Central dilepton production is dominated by the diagrams shown in Fig. 1, in which both
protons radiate quasi-real photons that interact and produce the two leptons in a t-channel
process. The left and center diagrams result in at least one intact final-state proton, and are
considered as signal in this analysis. The CT–PPS acceptance for detecting both protons in
“exclusive” pp ! p`+`�p events (the left diagram) starts only above m(`+`�) ⇡ 400 GeV,
where the standard model cross section is small. By selecting events with only a single tagged
proton, the sample contains a mixture of lower mass exclusive and single-dissociation (pp !
p`+`�p⇤, “semiexclusive”) processes with higher cross sections. The right diagram of Fig. 1 is
considered background, and contributes if a proton from the diffractive dissociation is detected,
or if a particle detected in CT–PPS from another interaction in the same bunch crossing (pileup),
or from beam-induced background is wrongly associated with the dilepton system. A pair of
leptons from a Drell–Yan process can also mimic a signal event if detected in combination with
a pileup proton.
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Figure 1: Production of lepton pairs by gg fusion. The exclusive (left), single proton dissoci-
ation or semiexclusive (middle), and double proton dissociation (right) topologies are shown.
The left and middle processes result in at least one intact final-state proton, and are considered
signal in this analysis. The rightmost diagram is considered to be a background process.



The future

• Program of upgrades for Run 3 ongoing 

• RP’s moved for installation of a second timing station: 8 double-
diamond planes in total 

• Optimization of front-end boards/amplifiers for timing readout 

• Aim for improved timing resolution in Run 3
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• Addition of vertical movement system for pixel-tracking detectors, to mitigate radiation on ROCs 

• Development of High-level triggers using protons, automated calibration procedures

• LHC finished Run 2 in 2018 and is currently in “Long Shutdown 2” until 2021 

• PPS will continue running as a standard CMS sub-detector through at least LHC Run 3 
(2021-2024)



Summary

• PPS was the first new high-luminosity detector installed/commissioned/integrated by CMS 
since the LHC startup in 2010 

• During LHC Run 2 PPS established the ability to operate near-beam Roman Pot detectors in the 
LHC at the highest luminosities, from 2016-2018 

• Over 100fb-1 collected for physics during Run 2 

• One physics paper and several performance notes already public, other analyses ongoing/in 
internal review 

• Operated technologies/concepts considered for HL-LHC (3-D pixels, fast timing detectors) 

• Upgrades for Run 3 in progress, with focus on improving timing resolution, radiation mitigation for tracking  

• LIP has had a major impact on almost all aspects of PPS (coordination/DAQ/electronics/timing/
operations/reconstruction/physics…)
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• 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: K. Shchelina, M. Araujo, 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, B. Ribeiro, L. Llorett, P. Silva

LIP-CMS role in PPS
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Extra



• “CMS-TOTEM Precision Proton Spectrometer”: 	 CERN-LHCC-2014-021, TOTEM-TDR-003, CMS-
TDR-13 [link] 

• “Observation of proton-tagged, central (semi)exclusive production of high-mass lepton pairs in pp 
collisions at 13 TeV with the CMS-TOTEM precision proton spectrometer”: JHEP 1807 (2018) 153 
[arXiv:1803.04496] 

• “Efficiency of the Pixel sensors used in the Precision Proton Spectrometer: radiation damage”: CMS-
DP-2019-036 ; CERN-CMS-DP-2019-036 [link] 

• “Time resolution of the diamond sensors used in the Precision Proton Spectrometer”: CMS-
DP-2019-034 ; CERN-CMS-DP-2019-034 [link] 

•
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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



• Basic idea: the time-of-flight 
difference (Δt) of the 2 protons is 
correlated with the z position of the 
vertex 

• For real signal events with 2 
protons
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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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Proton timing-vertex matching

• Studies in simulation: 

• Strong correlation for signal 
events 

• Random distribution for 
combinatoric background events

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


