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A Precision Proton Spectrometer

CT-PPS conceived as a joint CMS-TOTEM project; from 2018 a CMS subdetector

Detectors located in horizontal roman pots along the LHC beam line, at ±~200 m from the 
CMS interaction point

• during Run 2 (2016-2018) two tracking stations and one timing station per side


Detects intact protons emerging from the IP and driven by LHC magnets in proximity of the 
proton beam ⟹ detectors approaching the beam at few mm

Designed to operate continuously at standard LHC running conditions
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The CT-PPS physics program
Main target of the CT-PPS physics program is the study of Central Exclusive Production 
(CEP) processes:

• interacting protons remain intact and get detected in the roman pots; 

main reconstructed kinematic variable is their fractional momentum loss, 
ξ ≡ (|pf| – |pi|)/|pi|


• energy lost by protons goes into exclusive final state reconstructed by CMS


Final state generated via γγ fusion or gluon exchange

Wide range of physics measurements accessible:

• rare SM processes ⟹ anomalous gauge couplings, BSM contributions;


• direct search for new resonances, including invisible states;


• diffractive physics;


• jet characterisation (dominant gluon component)
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An alternative method developed to dynamically determine the alignment of the CDF RP Spectrometer
at the Tevatron is also briefly described below. This is a self-consistent data-driven method, and it uses
an in-situ calibration to perform the alignment. It uses the fact that in the proximity of |t| = 0, the
|t|-distribution can be represented as d�/dt = Ne�b|t|, where N is an arbitrary normalization factor and
b the slope of the distribution. Alignment is achieved by seeking the maximum of the d�/dt distribution
at |t| = 0. The implementation of the alignment method consists of introducing software offsets in
the X and Y coordinates of the tracking detectors with respect to the physical beam-line position, and
iteratively adjusting them until a maximum for d�/dt at |t| = 0 (or of the dominant slope b) is found.
The (x, y) position for which this happens corresponds to that of the aligned tracking detector. This
method is limited by the size of the data sample, the detector resolution, and the variations of the beam
position during data taking. A resolution of ' 60 µm has been obtained at the Tevatron; for the LHC
beam optics and energy, and with the new CT-PPS detector resolution, the accuracy has not yet been
estimated. The method is discussed in detail in Ref. [14].

Relative alignment between the tracking and the timing stations is not discussed here. More details can
be found in Section 5.2.5.

2.8 Physics processes

Study of physics processes with forward protons may extend the physics reach of the LHC experiments.
Here, we consider two physics cases that address different issues: exclusive dijet and exclusive WW
production. These processes will allow us to investigate central exclusive production with both protons
measured in the mass region above 300 GeV, as well as to learn about rates, backgrounds, and operational
aspects of the forward detectors. Knowledge already gained in operating the TOTEM experiment during
Run 1, and the experience of the combined CMS-TOTEM data-taking will be used. The exclusive
dijets produced in gluon-gluon fusion will allow improving our understanding of the proton structure as
well as of the transition between non-perturbative and perturbative QCD. These jets are predicted to be
nearly 100% gluon jets with a small admixture of bb̄. The more rare high-energy two-photon exclusive
production of �� !WW will extend the possibility to study quartic gauge-couplings as well as to study
deviations from the expected WW mass spectrum due to possible new BSM physics. Schematic leading-
order diagrams of these two processes are shown in Figure 24.
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Figure 24: Leading order diagrams for exclusive dijet (left) and exclusive WW (right) production in pp
collisions.

2.8.1 Central exclusive dijet production

In exclusive dijet production both protons escape intact the hard interaction, and a two-jet system is
centrally produced, pp ! p0JJp0. Exclusive production may occur through a t-channel two-gluon ex-
change at leading order in perturbative QCD as shown schematically in Figure 24 (left). This process is
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Event signature

Events of interest characterised by distinct signature:

• two leading protons reconstructed on opposite sides of the IP;


• large rapidity gap between central system and leading protons (colour-singlet exchange)
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This is a proton-proton collsion with  13
TeV.

This is the caption in which we highlight
muons (red lines), jets (yellow cones), b-jets
(orange cones), and forward protons (blue
arrows).

√s =CMS Experiment at the LHC, CERN 
Data recorded: 2017-Nov-02 09:32:14.105472 GMT
Run / Event / LS: 306051 / 332134817 / 237 
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arrows).

√s =CMS Experiment at the LHC, CERN 
Data recorded: 2017-Nov-02 09:32:14.105472 GMT
Run / Event / LS: 306051 / 332134817 / 237 
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Signal and background
The proton tag is a powerful tool for the identification of signal events:

• discriminates against inclusive events containing same final state;


• allows kinematic closure of the event through the relations 

	 


• reduces theoretical uncertainties related to proton dissociation


A large source of background is often induced by pileup protons

• uncorrelated protons from other interactions in the same bunch crossing


• precision timing can help associating protons to primary vertex

mX = sξ1ξ2

yX = 1
2 ln( ξ1

ξ2
)

5

mass of the central system

rapidity of the central system fractional momentum loss 
of the two protons
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CT-PPS calibration
Proton kinematics (ξ) is determined from reconstructed tracks in 
tracking stations through knowledge of the LHC optics parameters


Detector alignment is performed in various steps


• relative and absolute (wrt. beam) alignment


• reference determined using also vertical pots


• final alignment on fill-by-fill basis


Detailed behaviour of proton 
transfer matrix parameters (as 
function of ξ) is based on hit 
distributions in data
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Proton reconstruction

Two reconstruction algorithms:

Single-RP

• maximises acceptance and efficiency


• for some samples, only way to reconstruct multiple proton tracks


Multi-RP

• combines tracks from two stations


• resolution on measured ξ significantly improved


Different contributions to effective resolution evaluated through 
dedicated simulation studies
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Resolution from data
Special data samples used to evaluate the detector performance

ξ resolution

Exclusive dimuon sample

• ξ from multi-RP reconstruction compared to ξ 

estimated from μ+μ– pair: 

ξ(μμ) =
1

s [p(μ+)
T e±η(μ+) + p(μ−)

T e±η(μ−)]
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Timing resolution

Low pileup sample (μ ~1), proton 
reconstructed in both arms

• z from CMS primary vertex compared to 

zPPS ≡ ΔtPPS ⋅
c
2
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CT-PPS data sample and first results
CT-PPS collected ~110 fb–1 of data during LHC Run 2 with various detector configurations


Observation of (semi)exclusive dilepton production

5.1 σ excess in e+e– and μ+μ– final states, combined

• consistent with expectations based on the SM


Search for exclusive diphoton production

Upper limits to four-photon coupling parameters:

|ξ1| < 2.88 × 10–13 GeV–4, |ξ2| < 6.02 × 10–13 GeV–4
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10.1007/JHEP07(2018)153

2110.05916 [hep-ex] subm. to PRL

Analyses based on 9.4 fb–1 (2016)
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Central exclusive tt̄  production
First search for exclusive production to top quark-antiquark pairs with 
proton tag

• Predicted to occur in SM with very low cross section ~0.1 fb (dominant γγ 

fusion process)


• Sensitive to top-photon coupling; may be enhanced by BSM contributions


Top quark pair reconstructed in dilepton (l+ l–, l = e, μ) or l + jets mode


• final state containing only top quark decay products and one proton in each 
CT-PPS arm
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Central exclusive tt̄  production
Background dominated by inclusive tt̄ events with random coincidence of pileup protons

• estimated by mixing random protons from data to simulated background


Multivariate analysis to discriminate 
signal from background

• boosted decision tree exploiting event 

topology and kinematics matching 
between protons and tt̄ systems


Analysis performed on 29.4 fb–1 of data (2017)

Combined upper limit: σ(pp →ptt̄p) < 0.59 pb at 95% CL
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 Central exclusive Z/γ + X production
First search for new physics in central production associated to a Z0 or a photon

• Look for generic weakly interacting BSM particle X


Missing mass technique:

• reconstruct Z0 → e+e–, μ+μ– or γ inclusively;


• tag one proton per side;


• determine missing mass from kinematic balance: 

;


• look at mmiss distribution in 
acceptance region 
600 < mmiss < 1600 GeV


m2
miss = [(pin

p1
+ pin

p2
) − (pV + pin

p1
+ pin

p2
)]
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In the simulation the initial protons are assumed to have no pT. The outgoing di-proton system
has a longitudinal momentum (pz) equal to that of the VX system, and is generated following
a uniform distribution between -1.5 and 1.5 TeV, a range that encompasses (and exceeds) the
full extent of the CT-PPS acceptance. The spatial orientation of the Z and the X particle is cho-
sen isotropically in the rest frame of the Z+X system, and the decay of the Z boson to leptons
is also isotropic. The response of the CT-PPS RP detectors is simulated using a parametrised
forward-proton simulation which includes beam-divergence and vertex smearing at the in-
teraction point (IP) depending on the beam crossing angle, as detailed in [14]. The outgoing
protons are transported from the IP to the RPs using the LHC optics, taking into account aper-
ture limitations, which also depend on the crossing angle. The hits in the RP detectors are
generated including sensor acceptance, efficiency and resolution, and are used to reconstruct
proton tracks using the standard CT-PPS reconstruction algorithms.

Given the wide pz spectrum of the VX system with respect to the CT-PPS acceptance, we divide
the generated events in two sets: inside and outside the fiducial volume. The fiducial volume
is used to define the reference normalisation of the signal. The definition of the fiducial volume
is based on the kinematics of the generator-level particles from the hard process: the boson
(or its decay products) and the outgoing protons are used in the definition as summarised in
Table 1. The requirements on the outgoing protons are not symmetric. The CT-PPS acceptance
is asymmetric between the +z and -z arms, mostly as a result of differences in the actual LHC
optics settings. Four main LHC beam crossing angle configurations were used in 2017, each
resulting in a partially overlapping but different detector acceptance for x. The x requirements
for the fiducial region are chosen to reflect an average of the acceptances corresponding to the
different beam configurations, which offers a compromise between maximal acceptance and
good efficiency.

Events falling outside of these fiducial requirements are considered as background in this anal-
ysis and profiled in the statistical analysis to be described later. This definition strongly reduces
the dependence on model assumptions, and specifically the details of the pz spectrum of the
generated signal.

Table 1: Combined CMS+Totem fiducial volume selection criteria in the Z and g analysis.
Selection / Analysis Z ! e

+
e
�/Z ! µ+µ� g

Leptons/Photons � 2 same flavour leptons (e or µ)
opposite electric charge
pT(`1, `2) > 30, 20 GeV
|h(`)| < 2.4
|m(`1`2)� mZ | < 10 GeV

=1g within |h(g)| < 1.4442

Boson pT pT(Z) > 40 GeV pT(g) > 95 GeV
Protons 0.02 < x

gen

+ < 0.16 ^ 0.03 < x
gen

� < 0.18

In the simplified signal MC model, the simulation of the Z(! ``) or g boson is performed at
generator level and does not include pileup, nor a simulation of the CMS detector response.
The efficiency of the selection of these final states is applied parametrically using inputs from
full simulation of similar final states as well as from data. The addition of pileup and other
refinements to the simulation is made as follows:

Efficiency and acceptance corrections for lepton and photon reconstruction : efficiency and
acceptance corrections are applied to the generated leptons from Z decay, or the central
photon, based on the expectations from CMS full simulation MC samples with similar
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 Central exclusive Z/γ + X production

Background dominated by random 
coincidence of pileup protons

• estimated by mixing random protons from 

data to simulated background


Analysis performed on 37.2 (2.3) fb–1 of 
data (2017) for Z0 (γ)

No significant deviations from 
background-only hypothesis 
⟹ upper limits in the (600-1600) GeV 
mmiss range
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Central exclusive WW / ZZ  production
First search for exclusive, high-mass, WW or ZZ production with proton tag

• Look for enhancements to the SM cross section ⟹ probe Anomalous 

Quartic Gauge Couplings


Vector bosons reconstructed through hadronic decays

• merged jets from V → qq̅ decay


• proton tag on both arms of CT-PPS (suppresses QCD background)


• suffers from high pT threshold in jet triggers


Signal regions are defined based on the 
kinematics matching between protons 
and the VV system
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At least two fat jets, with |η| < 2.5

pT > 200 GeV

|η(j1) - η(j2)| < 1.3

1126 < mjj < 2500 GeV

both jets V-tagged

pT(j1)/pT(j2) < 1.3 and |1 - Δ𝜙jj/π | < 0.01

At least one multi-RP proton in each arm
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Central exclusive WW / ZZ  production
Background dominated by inclusive QCD dijet production

• Estimation entirely based on data, projecting yields in control regions to signal regions


Analysis performed on full Run 2 statistics (100 fb–1)

Yields extracted separately per each channel, year and 
signal region type


Interpretation as upper limits 
on dim-6 and dim-8 AQGCs

• Dim-6 γγWW limits 15-20 times 

more stringent than Run 1 
results with no proton tag


• First γγZZ limits


Interpretation as fiducial cross sections:

, σ(pp → pWWp)0.04<ξ<0.20, m>1 TeV < 63 fb σ(pp → pZZp)0.04<ξ<0.20, m>1 TeV < 43 fb
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Summary/outlook
CT-PPS allows to extend the CMS physics program with the study of forward proton-
tagged processes

• results in broad range of topics obtained from data collected in LHC Run 2


• more studies in progress


PPS setup upgraded for Run 3 data taking:

• new silicon pixel tracker with internal motion to mitigate radiation damage;


• two new timing stations, double-diamond detectors in all planes ⟹ expected factor ~2 
improvement in pp vertex determination


• dedicated dijet Level-2 trigger (HLT) line with proton tag, to afford lower pT threshold


Expression of interest for a new setup for HL-LHC [arXiV:2103.02752]
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