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Joao Varela, LIP/IST Lisbon  

Physics Prospects with the  
CT-PPS Forward Proton Spectrometer 

CERN-LHCC-2014-021  

CT-PPS TECHNICAL DESIGN REPORT 

CT-PPS : CMS-TOTEM Precision Proton Spectrometer 
High-energy proton tracks originated from the interaction are measured 
with detectors located very close to the beam. 
A common project of the CMS & TOTEM Collaborations which upgrades 
the existing Roman Pot (TOTEM) detector system to operate at nominal 
luminosity at the LHC. 
CT-PPS Technical Design Report submitted and project approval (CERN 
Research Board - December 2014). 

Note: 
CMS & TOTEM have already taken data jointly using a common trigger 
configuration during dedicated low luminosity Runs in 2012 and 2015. 
This presentation concerns the CT-PPS integrated system aimed at high 
luminosity operation.

The CT-PPS Project

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End
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Joao Varela, LIP/IST Lisbon  

Physics Prospects with the  
CT-PPS Forward Proton Spectrometer 

CERN-LHCC-2014-021  

CT-PPS TECHNICAL DESIGN REPORT 

CT-PPS operation & performance requirements include: 

Physics performance at high luminosity: pile-up and beam backgrounds; 

Tracking stations with ~10 μm / 1 μrad resolution; Time-of-flight detectors 
with O(10 ps) resolution; 

High rate detector readout fully integrated with CMS Trigger & DAQ; 

Detector operation close to beam: RF impedance, LHC collimator setup 
due to showers originated in the detectors; 

Radiation levels in detector and front-end electronics (5 x 1015 protons / 
cm2 after 100 fb-1 in tracking detectors).

The CT-PPS Project

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End
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3 Beam Pockets

3.1 The Roman Pot system and collimators in the 200 m region of IP5

Within the combined TOTEM consolidation [1, 2] & CT-PPS project the beam line in the LHC region
of ±200 m from IP5 combines the RP220 m stations (220-Near, 220-Far), the relocated 147 m stations
(210-Near, 210-Far) and new RP timing stations downstream of the 220 near station (Figure 39). The
210 m far units are rotated by 8 degrees with respect to the beam line to improve the multitrack res-
olution (Figure 41). During LS1 the vertical 210 m RPs and all 220 m RPs have been equipped with
new ferrites (TT2) and improved mechanical support frames to compensate for thermal expansion and
allowing mechanical stress release. Within the TOTEM R&D project a cylindrical RP has been newly
designed to house timing detectors and was optimized in view of material budget and RF interaction with
the LHC beam. Furthermore, the horizontal RP210 have been optimized to reduce the RF interaction
with LHC by keeping the original box design of the standard TOTEM RP. Furthermore TCL4 and TCL6
collimators have been installed [3] in front of the Q4 and Q6 quadrupoles, respectively. Figure 40 shows
the beamline in Sector 4-5 with the RPs installed.

Figure 39: The layout of the beam line in the 200 m region after LS1

3.2 New Roman Pots for timing detectors

The new RPs installed between the existing units 220-N and 220-F are intended to host timing detectors.
Hence their design was subject to the following main requirements:

1. Among several potential detector technologies for the timing measurements (see Section 5.1),
48

CT-PPS Detectors
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CT-PPS Detectors

Detector concept 
•  The CMS-Totem Precision Proton Spectrometer (CT-PPS) will 

allow precision proton measurement in the very forward region on 
both sides of CMS in standard LHC running conditions 

•  Proton spectrometer uses machine magnets to bend protons 
•  Two stations for tracking detectors and two stations for timing 

detectors installed at ~205-215 m from the IP (on both sides) 

M. Gallinaro  - "CMS-TOTEM Precision Proton Spectrometer" - LHCFwd - CERN, Oct. 28, 2015 3 

timing detectors! tracking detectors!

New collimator TCL6 
to protect magnet Q6 !

Timing detectors: 
Measures the time-of-flight 
of scattered protons

Tracking detectors:
Measures the displacement of 
the scattered protons w.r.t. the 
beam

Proton reconstruction, i.e. 
kinematics from interaction, 
performed using detailed 
simulation of LHC magnets 
(optics)
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CT-PPS 
timing 

CT-PPS 
tracking 2 

CT-PPS 
tracking 1 

Components installed in tunnel 

TCL 4  &  TCL 6  in 4-5 and 5-6  
Electrical patch panel 
Service lines for LV/HV/DAQ 
CT-PPS specific: 
•  2 * RP box  with RF shield in 4/5  
•  2 * RP box  with RF shield in 5/6     
•  1 * RP cylinder in 4/5       
•  1 * RP cylinder in 5/6 
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Detector'Package'

Tracking detectors

8

RPix%Module% “3D” pixel sensors with 
columnar electrodes 

Sensors: 3D pixel (2E). Low depletion voltage, fast 
charge collection time, radiation hard, slim edge 
(200 μm);
Readout: PSI46dig readout chip (same as for CMS 
Pixel Upgrade);
Modules: 6 detector planes per package (1 per 
station). Detectors are tilted forward do optimize 
pixel efficiency;
DAQ: Same components (hence very similar 
firmware, software) as for CMS Pixel Upgrade. 
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Timing detectors baseline: Quartic
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Figure 75: Design (B. Ellison, FNAL) of module for insertion in Roman pot (two in one pot).

Figure 76: Assembly of two Quartic modules in Roman pot.

Figure 77: Assembly of two Quartic modules in Roman pot. The beam comes from the left.
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Cherenkov light emitted in quartz bar and 
propagated through light guide (“L-Bar”);
Quartic module has 4 x 5 grid of 3 x 3 mm2 
quartz bars. Each RP carries two modules 
in sequence;
Early beam test has shown timing 
resolution of σ ~ 30 ps, down to ~ 20 ps 
with measurement on two consecutive bars;
Readout with SiPM, NINO discriminator and 
HPTDC digitizer. Same back-end DAQ 
components as for tracking detectors.
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Quartic detector: 
•  Detector is a 4 x 5 array of quartz bars, 3 x 3mm2, 

SiPM light detection. 
•  Two such modules in one Roman pot in each arm. 
•  Radiator bars separated by 100 µm for total internal 

reflection 
•  Beam tests achieved σ(t) = 30 ps/module  
     (~ 20 ps for 2-in-pot) 

Timing baseline 

In RP sec vacuum 
Box below 
beam pipe 

Counting 
room 

Quartic readout chain 
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Timing detectors (cont.) 
• Cerenkov light in quartz radiator bars 
• Quartic module: 

– 20 (4x5) 3x3 mm2 L-shaped bar elements 
– bars separated by100 µm (total internal reflection) 

• Two modules in one RP 
• Beam tests: σ~30ps (~20ps for two in-line) 
• Readout electronics: 

M. Gallinaro  - "CMS-TOTEM Precision Proton Spectrometer" - LHCFwd - CERN, Oct. 28, 2015 29 
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Timing R&D on progress based on solid state technologies: Diamond & silicon detectors. 
Possibility for finer segmentation and hence lower occupancy. 
Thin and light detectors: reduces nuclear interactions and allow for a larger number of 
layers (which enhances timing resolution). 
Diamond detectors: With 500 μm thick sensors, 5 mm2 pads, σt ~ 80 ps per plane, better 
than 50 ps with a package of 4 planes (TOTEM group). 
Ultra Fast Silicon Detectors: Expect σt ~ 40 ps per plane with 50 μm thick silicon. Recent 
beam test results achieve ~115 ps with 300 μm thickness (N. Cartiglia et al, 2015). 
Sensor geometry and readout for CT-PPS under development.
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Detector acceptance

10

Beam optics 

•  HECTOR, a fast simulator for 
particle transport in  a beamline 

•  Full transport line simulation in 
CMSSW 

Horizontal distance to beam center 
in the z-range of the PPS detectors 

2 August 2015 Physics with CT-PPS, LISHEP 2015, Manaus 9 

5.4 Trigger e�ciency 101

hard contributions, where the latter are described by perturbative QCD matrix el-
ements. Besides single-di↵ractive and double-di↵ractive dissociation, Phojet also
includes central-di↵ractive (CD) processes, which can be pictorially thought as the
collision of two Pomeron-like objects (see Fig. 5.1).

p

p p

X

LRG

p

p Y

X

LRG

p

p p

p

LRG

LRG

X

Figure 5.1: Sketch of the single-di↵ractive reaction pp! Xp (left), the double-di↵ractive reaction
pp! XY (middle) and the central di↵ractive reaction, pp! pXp (right). The large rapidity gap
is indicated.

The samples used in this analysis were processed through the CMS detector
simulation, trigger emulation and reconstruction packages. Simulated events were
processed and reconstructed in the same manner as collision data. The position and
width of the beam spot in the simulation were adjusted to that determined from the
data; Figure 5.2 shows the distribution of the z-coordinate of the primary vertex for
the data and simulated events.
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Figure 5.2: Distribution of the z-coordinate of the primary vertex at 900 GeV (left) and 2360 GeV
(right). The data are compared to the Pythia tunes D6T, DW, Perugia-0 (P0) and Pro-Q20, as
well as Phojet. The simulation was tuned to describe the beam spot position and width of the
data.

5.4 Trigger e�ciency

The trigger e�ciency was estimated from the data. The event selection from Sec-
tion 5.2, excluding the BSC trigger requirement, was applied to a set of zero-bias
events. The zero-bias sample was selected on-line by requiring only the presence of
a BPTX signal; this trigger was prescaled. This sample was collected during the
same data taking period as the data used for the present analysis.

Table 5.1 shows the trigger e�ciency calculated from the zero-bias sample and
from Pythia and Phojet, at 900 GeV. The two estimates are in agreement. Fig-
ure 5.3 shows the trigger e�ciency as a function of the energy sum of calorimeter
towers in the HF detectors at positive and negative rapidities (HF-plus and HF-
minus), the HF tower multiplicity and the number of reconstructed tracks in the
event. The predictions from Pythia and Phojet are also shown.

⇠ = 1� p0z
p

t = (p0 � p)2

p p0

Acceptance region of a scattered proton in a detector 
plane;
Calculated using a fast simulation of the particle 
transport in the beamline (HECTOR);
Flat distribution of particles in (ξ,t,φ) corresponding to 
√s = 13 TeV;
Ellipses at constant (ξ,t) and corresponding X-Y 
detector positions.
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Physics performance: 
Central Exclusive Production

11

10 Introduction

1.5 Central exclusive di↵raction

The term Central Exclusive Production (CEP) is used to indicate processes of the
type pp! p+�+ p, where the final state consists only of the two scattered protons
and the central system �. There is no hadronic activity between the central system
and the protons: they are separated by rapidity gaps. Figure 1.10 shows a sketch
of the process. The two gluons form a colorless system. The central system of mass
M is produced primarily by gluon fusion and to very good approximation obeys
a Jz = 0, C-even, P-even selection rule [16]. The main contribution comes when
the transverse momentum Qt of the second gluon, which screens the color flow, is
much smaller than M , but large enough for perturbative QCD to be applicable. The
amplitude for the process is then given by [16, 17]:

M = A⇡3

Z
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Figure 1.10: Schematic diagram for Central Exclusive Production (CEP).

The fg parton densities are known as the “skewed unintegrated gluon densities”
of the proton. Not only do they depend on the transverse momentum exchanged
(thus unintegrated), but also on the two longitudinal momentum fractions carried
by the gluons (hence skewed).

In the region of interest, the longitudinal momentum fractions carried by the

gluons satisfy
⇣
x0 ⇠ Qtp

s

⌘
⌧
⇣
x ⇠ Mp

s

⌘
⌧ 1. In this region the skewed unintegrated

densities can be approximated by the usual (integrated) densities g (x, Q2) [16]:
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The fg densities include each a Sudakov factor, T (Qt, µ), which gives the prob-
ability that the gluons do not radiate in their evolution from the scale Qt up to the
hard scale µ = M/2. It is only relevant for the hard gluon, i.e. the one initiating
the hard sub-process, and is given by:

T (Qt, µ) = exp
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Z µ2

Q2
t

↵s (k2
t )
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t
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t

Z µ/(µ+kt)

0

 
zPgg (z) +

X

q

Pqg (z)

!!
,(1.14)

Central Exclusive Production as main Physics motivation:
i) photon-photon fusion
ii) gluon-gluon fusion in colour-singlet, JPC = 0++, state

High-pT system X detected by the CMS detectors at central 
pseudorapidity with high-energy, very low angle scattered 
protons detected by CT-PPS;
The two outgoing protons must balance perfectly the system X 
momentum, hence creating strong kinematical constraints;
Its mass MX is obtained from the momentum loss of the two 
protons, allowing to study invisible final states with difficult 
reconstruction in CMS;
The Physics potential includes the study of gauge boson 
production by photon-photon fusion and anomalous ɣɣWW, 
ɣɣZZ and ɣɣɣɣ couplings, search for new BSM resonances 
and the study of QCD in a new domain.

2

γ

γ
p

p

p

p

Figure 1: Sketch diagram showing the two-photon production of a central system. Unaltered protons leave the interaction at very small angles
! 100 µrad and the central system is produced alone in the central detector without any proton remnants.

A. Two-photon production cross section

Two-photon production in pp collision is described in the framework of the Equivalent Photon Approximation (EPA) [5]. The
almost real photons (low photon virtuality Q2 = −q2) are emitted by the incoming protons producing an objectX , pp → pXp,
through two-photon exchange γγ → X , see Figure 1. The photon spectrum of virtuality Q2 and energy Eγ is proportional to
the Sommerfeld fine-structure constant α and reads
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(1)

whereE is the energy of the incoming proton of massmp,Q2
min ≡ m2

pE
2
γ/[E(E−Eγ)] the photon minimum virtuality allowed

by kinematics and FE and FM are functions of the electric and magnetic form factors. They read in the dipole approximation [5]
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The magnetic moment of the proton is µ2
p = 7.78 and the fitted scaleQ2

0 = 0.71 GeV2. Electromagnetic form factors are steeply
falling as a function of Q2. That is the reason why the two-photon cross section can be factorized into the sub-matrix element
and two photon fluxes. To obtain the production cross section, the photon fluxes are first integrated overQ2
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up to a sufficiently large value of Q2
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10 Introduction

1.5 Central exclusive di↵raction

The term Central Exclusive Production (CEP) is used to indicate processes of the
type pp! p+�+ p, where the final state consists only of the two scattered protons
and the central system �. There is no hadronic activity between the central system
and the protons: they are separated by rapidity gaps. Figure 1.10 shows a sketch
of the process. The two gluons form a colorless system. The central system of mass
M is produced primarily by gluon fusion and to very good approximation obeys
a Jz = 0, C-even, P-even selection rule [16]. The main contribution comes when
the transverse momentum Qt of the second gluon, which screens the color flow, is
much smaller than M , but large enough for perturbative QCD to be applicable. The
amplitude for the process is then given by [16, 17]:
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Figure 1.10: Schematic diagram for Central Exclusive Production (CEP).

The fg parton densities are known as the “skewed unintegrated gluon densities”
of the proton. Not only do they depend on the transverse momentum exchanged
(thus unintegrated), but also on the two longitudinal momentum fractions carried
by the gluons (hence skewed).

In the region of interest, the longitudinal momentum fractions carried by the

gluons satisfy
⇣
x0 ⇠ Qtp

s

⌘
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⌘
⌧ 1. In this region the skewed unintegrated

densities can be approximated by the usual (integrated) densities g (x, Q2) [16]:
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The fg densities include each a Sudakov factor, T (Qt, µ), which gives the prob-
ability that the gluons do not radiate in their evolution from the scale Qt up to the
hard scale µ = M/2. It is only relevant for the hard gluon, i.e. the one initiating
the hard sub-process, and is given by:

T (Qt, µ) = exp
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t )

2⇡

dk2
t

k2
t

Z µ/(µ+kt)

0

 
zPgg (z) +

X

q

Pqg (z)

!!
,(1.14)

Central Exclusive Production as main Physics motivation:
i) photon-photon fusion
ii) gluon-gluon fusion in colour-singlet, JPC = 0++, state

High-pT system X detected by the CMS detectors at central 
pseudorapidity with high-energy, very low angle scattered 
protons detected by CT-PPS;
The two outgoing protons must balance perfectly the system X 
momentum, hence creating strong kinematical constraints;
Its mass MX is obtained from the momentum loss of the two 
protons, allowing to study invisible final states with difficult 
reconstruction in CMS;
The Physics potential includes the study of gauge boson 
production by photon-photon fusion and anomalous ɣɣWW, 
ɣɣZZ and ɣɣɣɣ couplings, search for new BSM resonances 
and the study of QCD in a new domain.
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Figure 1: Sketch diagram showing the two-photon production of a central system. Unaltered protons leave the interaction at very small angles
! 100 µrad and the central system is produced alone in the central detector without any proton remnants.

A. Two-photon production cross section

Two-photon production in pp collision is described in the framework of the Equivalent Photon Approximation (EPA) [5]. The
almost real photons (low photon virtuality Q2 = −q2) are emitted by the incoming protons producing an objectX , pp → pXp,
through two-photon exchange γγ → X , see Figure 1. The photon spectrum of virtuality Q2 and energy Eγ is proportional to
the Sommerfeld fine-structure constant α and reads
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whereE is the energy of the incoming proton of massmp,Q2
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by kinematics and FE and FM are functions of the electric and magnetic form factors. They read in the dipole approximation [5]
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The magnetic moment of the proton is µ2
p = 7.78 and the fitted scaleQ2

0 = 0.71 GeV2. Electromagnetic form factors are steeply
falling as a function of Q2. That is the reason why the two-photon cross section can be factorized into the sub-matrix element
and two photon fluxes. To obtain the production cross section, the photon fluxes are first integrated overQ2
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Full simulation studies carried out for two benchmark channels:  
Exclusive WW production and Exclusive dijet production.

Introduction 
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6

There are only two four-dimension operators:

L0
4 =

1

4
g0gW (W⃗µ · W⃗µ)2

LC
4 =

1

4
gCgW (W⃗µ · W⃗ν)(W⃗µ · W⃗ ν) (13)

They are parameterized by the corresponding couplings g0 and gC . Using the explicit form of the SU(2)C triplet we see that
these Lagrangians do not involve photons. Clearly, it is not possible to construct any operator of dimension 5 since an even
number of Lorentz indices is needed to contract the field indices. Thus the lowest order interaction Lagrangians which involve
two photons are dim-6 operators. There are two of them:

L0 = −
πα

4Λ2
a0FαβFαβ(W⃗µ · W⃗µ) (14)

LC = −
πα

4Λ2
aCFαµFαν(W⃗µ · W⃗ ν) (15)

parameterized with new coupling constants a0, aC , and the fine-structure constant α = e2/(4π). The new scale Λ is introduced
so that the Lagrangian density has the correct dimension four and is interpreted as the typical mass scale of new physics.
Expanding the above formula using the definition of the SU(2)C triplet and expressing the product

W⃗µ · W⃗ν = 2

(

W+
µ W−

ν +
1

2 cos2 θW
ZµZν

)

(16)

we arrive at the following expression for the effective quartic Lagrangian

L0
6 =

−e2

8

aW
0

Λ2
FµνFµνW+αW−

α −
e2

16 cos2 θW

aZ
0

Λ2
FµνFµνZαZα

LC
6 =

−e2

16

aW
C

Λ2
FµαFµβ(W+αW−

β + W−αW+
β ) −

e2

16 cos2 θW

aZ
C

Λ2
FµαFµβZαZβ (17)

In the above formula, we allowed the W and Z parts of the Lagrangian to have specific couplings, i.e. a0 → (aW
0 , aZ

0 ) and
similarly aC → (aW

C , aZ
C ). From the structure of L0

6 in which the indices of photons and W are decoupled, we see that this
Lagrangian can be interpreted as the exchange of a neutral scalar particle whose propagator does not have any Lorentz index. A
such Lagrangian density conserves C−, P−, and T−parities separately and hence represents the most natural extension of the
SM.
The current best experimental 95% CL limits on the above anomalous parameters come from the OPAL Collaboration where

the quartic couplings were measured in e+e− → W+W−γ, e+e− → νν̄γγ (forWWγγ anomalous couplings), and e+e− →
qq̄γγ (for ZZγγ couplings) at center-of-mass energies up to 209GeV. The corresponding 95% confidence level limits on the
anomalous coupling parameters were found [13]

−0.020GeV−2 < aW
0 /Λ2 < 0.020GeV−2

−0.052GeV−2 < aW
C /Λ2 < 0.037GeV−2

−0.007GeV−2 < aZ
0 /Λ2 < 0.023GeV−2

−0.029GeV−2 < aZ
C/Λ2 < 0.029GeV−2 (18)

On the other hand, there has not been any direct constraint on the anomalous quartic couplings reported from the Tevatron so far.

2. Coupling form factors

The WW and ZZ two-photon cross sections rise quickly at high energies when any of the anomalous parameters are non-
zero, as illustrated in Figure 4. As it was already mentioned, the tree-level unitarity uniquely restricts the WWγγ coupling to
the SM values at asymptotically high energies. This implies that any deviation of the anomalous parameters aW

0 /Λ2, aW
C /Λ2,

aZ
0 /Λ2, aZ

C/Λ2 from the SM zero value will eventually violate unitarity. Therefore, the cross section rise have to be regulated
by a form factor which vanishes in the high energy limit to construct a realistic physical model of the BSM theory. At LEP
where the center-of-mass energy was rather low, the wrong high-energy behavior did not violate unitarity; however, it must be
reconsidered at the LHC. We therefore modify the couplings as introduced in (17) by form factors that have the desired behavior,
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Figure 5: Missing mass distribution showing the effect of the form factor (19) on the cross section. The signal due to the anomalous coupling
appears for massesW > 800GeV. Both leptons are in the detector acceptance and above pT > 10GeV.

i.e. they modify the coupling at small energies only slightly but suppress it when the center-of-mass energyWγγ increases. The
form of the form factor that we consider

a →
a

(1 + W 2
γγ/Λ2)n

(19)

The exact form of the form factor is not imposed but rather only conventional and the same holds for the value of the exponent
n. Λ2 corresponds to the scale where new physics should appear and where the new type of production would regularize the
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i.e. they modify the coupling at small energies only slightly but suppress it when the center-of-mass energyWγγ increases. The
form of the form factor that we consider

a →
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(1 + W 2
γγ/Λ2)n

(19)

The exact form of the form factor is not imposed but rather only conventional and the same holds for the value of the exponent
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E. Chapon, C. Royon, O. Kepka (2009)

Effective Lagrangian with quartic anomalous operators 
ɣɣWW and ɣɣZZ:
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i.e. they modify the coupling at small energies only slightly but suppress it when the center-of-mass energyWγγ increases. The
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The exact form of the form factor is not imposed but rather only conventional and the same holds for the value of the exponent
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Ansatz coupling form 
factors introduced to avoid 
violating unitarity at high 
energies:
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Acceptance and resolution vs the 
central system mass (MX) for two 
benchmark channels: exclusive 
dijet production and exclusive 
WW production;
Lower limit at MX ~ 300 GeV;
Acceptance larger as the 
detectors are placed closer to the 
beam: at 15σ a factor two larger 
than that at 20σ for lower mass 
values;
Mass resolution around 1.5% at 
500 GeV and below 1% for values 
greater than ~ 900 GeV. 

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 b

¯

b. 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 ! p

0

JJp

0. 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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In exclusive dijet production both protons escape intact the hard interaction, and a two-jet system is
centrally produced, pp ! p
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0. 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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Central system mass MX 
calculated from the reconstructed 
proton kinematics

1%! 1%!
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Average particle 
multiplicity

Detector occupancy 

Expected occupancy: 
•  Beam-related backgrounds and 

pileup interactions are included. 
•  Occupancy of detectors at 15 σ 

from the beam 

occupancy /mm2 

µ=50

µ=50

Occupancy /mm2 

Single diffraction pileup 
•  Average proton multiplicity in 

detectors for WW signal with pilup 
µ =50 is approx. 2 

Particle Multiplicity 

2 August 2015 Physics with CT-PPS, LISHEP 2015, Manaus 13 

Occupancy / mm2

Detectors at 15σ from beam
Beam background also 
included
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Pile-up background rejection: Timing

15

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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Pile-up background rejection: Timing
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Timing detectors 

•  Proton timing measurement from both sides of CMS 
allows to determine the primary vertex, correlate it 
with the central detector’s, reject pileup 
–  Time resolution 10ps→2mm 
–  Reasonable segmentation 
–  Radiation hard 
–  Minimize impact on beam 

M. Gallinaro  - "CMS-TOTEM Precision Proton Spectrometer" - LHCFwd - CERN, Oct. 28, 2015 28 
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Expected performance: 
Exclusive WW production

16

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

significantly larger for inclusive WW events, and a selection of Ntracks < 10 is expected to suppress the
inclusive background by 90%, while retaining approximately 90% of the exclusive events. A signal-to-
background ratio of 1:1 can be achieved after applying a cut on the maximum number of reconstructed
tracks in the central detector (except the two selected leptons).
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Figure 34: Distance along the z-axis (in cm) of the vertex positions as measured from the CT-PPS
timing detectors and from the leading lepton in the central detector, �z = zPPS � zlead lepton. A timing
resolutions of 10 ps is assumed. Distribution is shown for SM exclusive WW/⌧⌧ , inclusive WW events,
and AQGC exclusive WW events after all cuts, except for the time-of-flight information requirement.
Event yields are normalized to an integrated luminosity of 100�1fb. Histograms are stacked, except for
that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a factor of 10.
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Figure 35: Number of extra tracks associated to the dilepton vertex for exclusive (WW and ⌧⌧ ) and
inclusive (WW) events. Distribution is shown after all cuts (with a 10 ps resolution), except for the
track multiplicity cut. Event yields are normalized to an integrated luminosity of 100�1fb. Histograms
are stacked, except for that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a
factor of 10.

Kinematic distributions after the full event selections are shown in Figure 36. The transverse momentum
of the dilepton system, the azimuthal angle difference between the two leading muons, and the missing
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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 b

¯

b. 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 ! p

0

JJp

0. 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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Exclusive WW production

17

Selection Cross section (fb)

exclusive WW exclusive WW inclusive WW exclusive ⌧⌧

(incorrectly reconstructed)

generated � ⇥ B(WW ! eµ ⌫⌫̄) 0.86±0.01 N/A 2537 1.78±0.01

� 2 leptons (pT > 20 GeV, ⌘ < 2.4) 0.47±0.01 N/A 1140±3 0.087±0.003

opposite sign leptons, “tight” ID 0.33±0.01 N/A 776±2 0.060±0.002

dilepton pair pT > 30 GeV 0.25±0.01 N/A 534±2 0.018±0.001

protons in both PPS arms (ToF and TRK) 0.055 (0.054)±0.002 0.044 (0.085)±0.003 11 (22)±0.3 0.004±0.001

no overlapping hits in ToF + vertex matching 0.033 (0.030)±0.002 0.022 (0.043)±0.002 8 (16)±0.2 0.003 (0.002)±0.001

ToF difference, �t = (t1 � t2) 0.033 (0.029)±0.002 0.011 (0.024)±0.001 0.9 (3.3)±0.1 0.003 (0.002)±0.001

Ntracks < 10 0.028 (0.025)±0.002 0.009 (0.020)±0.001 0.03 (0.14)±0.01 0.002±0.001

Table 6: Cross section (in fb) for the expected SM processes, exclusive and inclusive WW, and exclusive ⌧⌧ events, after each selection cut (for a timing resolution
of 10 ps). In case of different values, numbers in parentheses are for a timing resolution of 30 ps. Only the eµ final state is considered. Statistical uncertainties
are shown.

43

σt = 10 ps (30 ps)

significantly larger for inclusive WW events, and a selection of Ntracks < 10 is expected to suppress the
inclusive background by 90%, while retaining approximately 90% of the exclusive events. A signal-to-
background ratio of 1:1 can be achieved after applying a cut on the maximum number of reconstructed
tracks in the central detector (except the two selected leptons).
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Figure 34: Distance along the z-axis (in cm) of the vertex positions as measured from the CT-PPS
timing detectors and from the leading lepton in the central detector, �z = zPPS � zlead lepton. A timing
resolutions of 10 ps is assumed. Distribution is shown for SM exclusive WW/⌧⌧ , inclusive WW events,
and AQGC exclusive WW events after all cuts, except for the time-of-flight information requirement.
Event yields are normalized to an integrated luminosity of 100�1fb. Histograms are stacked, except for
that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a factor of 10.
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Figure 35: Number of extra tracks associated to the dilepton vertex for exclusive (WW and ⌧⌧ ) and
inclusive (WW) events. Distribution is shown after all cuts (with a 10 ps resolution), except for the
track multiplicity cut. Event yields are normalized to an integrated luminosity of 100�1fb. Histograms
are stacked, except for that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a
factor of 10.

Kinematic distributions after the full event selections are shown in Figure 36. The transverse momentum
of the dilepton system, the azimuthal angle difference between the two leading muons, and the missing
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Selection Cross section (fb)

exclusive WW exclusive WW inclusive WW exclusive ⌧⌧

(incorrectly reconstructed)

generated � ⇥ B(WW ! eµ ⌫⌫̄) 0.86±0.01 N/A 2537 1.78±0.01

� 2 leptons (pT > 20 GeV, ⌘ < 2.4) 0.47±0.01 N/A 1140±3 0.087±0.003
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no overlapping hits in ToF + vertex matching 0.033 (0.030)±0.002 0.022 (0.043)±0.002 8 (16)±0.2 0.003 (0.002)±0.001
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Table 6: Cross section (in fb) for the expected SM processes, exclusive and inclusive WW, and exclusive ⌧⌧ events, after each selection cut (for a timing resolution
of 10 ps). In case of different values, numbers in parentheses are for a timing resolution of 30 ps. Only the eµ final state is considered. Statistical uncertainties
are shown.
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σt = 10 ps (30 ps)

significantly larger for inclusive WW events, and a selection of Ntracks < 10 is expected to suppress the
inclusive background by 90%, while retaining approximately 90% of the exclusive events. A signal-to-
background ratio of 1:1 can be achieved after applying a cut on the maximum number of reconstructed
tracks in the central detector (except the two selected leptons).
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Figure 34: Distance along the z-axis (in cm) of the vertex positions as measured from the CT-PPS
timing detectors and from the leading lepton in the central detector, �z = zPPS � zlead lepton. A timing
resolutions of 10 ps is assumed. Distribution is shown for SM exclusive WW/⌧⌧ , inclusive WW events,
and AQGC exclusive WW events after all cuts, except for the time-of-flight information requirement.
Event yields are normalized to an integrated luminosity of 100�1fb. Histograms are stacked, except for
that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a factor of 10.
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Figure 35: Number of extra tracks associated to the dilepton vertex for exclusive (WW and ⌧⌧ ) and
inclusive (WW) events. Distribution is shown after all cuts (with a 10 ps resolution), except for the
track multiplicity cut. Event yields are normalized to an integrated luminosity of 100�1fb. Histograms
are stacked, except for that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a
factor of 10.

Kinematic distributions after the full event selections are shown in Figure 36. The transverse momentum
of the dilepton system, the azimuthal angle difference between the two leading muons, and the missing
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Selection Cross section (fb)

exclusive WW exclusive WW inclusive WW exclusive ⌧⌧

(incorrectly reconstructed)

generated � ⇥ B(WW ! eµ ⌫⌫̄) 0.86±0.01 N/A 2537 1.78±0.01

� 2 leptons (pT > 20 GeV, ⌘ < 2.4) 0.47±0.01 N/A 1140±3 0.087±0.003

opposite sign leptons, “tight” ID 0.33±0.01 N/A 776±2 0.060±0.002

dilepton pair pT > 30 GeV 0.25±0.01 N/A 534±2 0.018±0.001

protons in both PPS arms (ToF and TRK) 0.055 (0.054)±0.002 0.044 (0.085)±0.003 11 (22)±0.3 0.004±0.001

no overlapping hits in ToF + vertex matching 0.033 (0.030)±0.002 0.022 (0.043)±0.002 8 (16)±0.2 0.003 (0.002)±0.001
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Table 6: Cross section (in fb) for the expected SM processes, exclusive and inclusive WW, and exclusive ⌧⌧ events, after each selection cut (for a timing resolution
of 10 ps). In case of different values, numbers in parentheses are for a timing resolution of 30 ps. Only the eµ final state is considered. Statistical uncertainties
are shown.
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σt = 10 ps (30 ps)

Unlike the backgrounds, the signal yields are not affected by the timing resolution.

Selection Cross section (fb)

a

W
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2
= 5 · 10

�6GeV�2
a

W
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2
= 5⇥ 10

�6GeV�2

(aW

C

= 0) (aW

0 = 0)

generated � ⇥ B(WW ! eµ ⌫⌫̄) 3.10±0.14 1.53±0.07

� 2 leptons (pT > 20 GeV, ⌘ < 2.4) 2.33±0.08 1.00±0.04

opposite sign leptons, “tight” ID 1.82±0.08 0.78±0.03

dilepton pair pT > 30 GeV 1.69±0.07 0.68±0.03

protons in both PPS arms (ToF and TRK) 0.52 (0.50)±0.04 0.18 (0.17)±0.02

no overlapping hits in ToF detectors 0.35 (0.32)±0.03 0.12 (0.11)±0.01

ToF difference, �t = (t1 � t2) 0.35 (0.32)±0.03 0.12 (0.11)±0.01

Ntracks < 10 0.27 (0.24)±0.03 0.11 (0.10)±0.01

Table 7: Cross section (in fb) for the expected exclusive WW events due to anomalous quartic gauge
couplings, for different values of anomalous coupling parameters (aW

0 and a

W

C

) after each selection cut
(for a timing resolution of 10 ps). In case of different values, numbers in parentheses are for a timing
resolution of 30 ps. Only the eµ final state is considered. Statistical uncertainties are shown.

The cross section times the acceptance for SM exclusive WW events is already sizeable at small recon-
structed values of the missing mass (M

X

' 300 ÷ 400 GeV), and a close approach to the beam can
provide a rapid increase of SM signal event yield. We evaluated the variation of the acceptance as a
function of the detector distance from the beam. Figure 37 (left) shows that the visible cross section
for signal exclusive WW events increases by a factor of two when the detector distance from the beam
decreases from 15 � to 10 �. For a similar variation, the misreconstructed signal event yields remain
more or less constant. The missing reconstructed mass is shown in Figure 37 (right) for three values of
the distance from the beam (10, 15, and 20 �).

The selected events are used to set limits on the AQGC parameters, a

W

0 /⇤

2 and a

W

C

/⇤

2. The resulting
limit values are of the order of a

W
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�6 (3 ⇥ 10

�6), and a
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= 7 ⇥ 10

�6 (10 ⇥ 10

�6),
in case of a 10 ps (30 ps) time resolution. Approximate 95% CL limits expected with 10 ps and 30 ps
timing resolutions (Figure 38, left) are compared to the 2011 CMS results [21] from exclusive WW events
(Figure 38, right). Expected limits for Run 2 are estimated for an integrated luminosity of 100 fb�1. The
areas outside the contours are excluded at 95% CL.

The present study demonstrates the feasibility of measuring exclusive WW production in Run 2 with the
CT-PPS detector. With an integrated luminosity of 100 fb�1, approximately 3 SM exclusive WW signal
events are expected and a similar number of background events, even when looking at the eµ channel
alone. Anomalous quartic gauge couplings would produce a striking, very visible signal. Approximately
30 (10) events would be visible in the presence of AQGC, with coupling parameters a

W

0 (a

W

C

)/⇤

2
=

5 · 10

�6GeV�2. As discussed in Section 1.2, several more channels are available, which would further
enhance the significance of the measurement.
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significantly larger for inclusive WW events, and a selection of Ntracks < 10 is expected to suppress the
inclusive background by 90%, while retaining approximately 90% of the exclusive events. A signal-to-
background ratio of 1:1 can be achieved after applying a cut on the maximum number of reconstructed
tracks in the central detector (except the two selected leptons).
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Figure 34: Distance along the z-axis (in cm) of the vertex positions as measured from the CT-PPS
timing detectors and from the leading lepton in the central detector, �z = zPPS � zlead lepton. A timing
resolutions of 10 ps is assumed. Distribution is shown for SM exclusive WW/⌧⌧ , inclusive WW events,
and AQGC exclusive WW events after all cuts, except for the time-of-flight information requirement.
Event yields are normalized to an integrated luminosity of 100�1fb. Histograms are stacked, except for
that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a factor of 10.
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Figure 35: Number of extra tracks associated to the dilepton vertex for exclusive (WW and ⌧⌧ ) and
inclusive (WW) events. Distribution is shown after all cuts (with a 10 ps resolution), except for the
track multiplicity cut. Event yields are normalized to an integrated luminosity of 100�1fb. Histograms
are stacked, except for that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a
factor of 10.

Kinematic distributions after the full event selections are shown in Figure 36. The transverse momentum
of the dilepton system, the azimuthal angle difference between the two leading muons, and the missing
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Exclusive WW production

17

Selection Cross section (fb)

exclusive WW exclusive WW inclusive WW exclusive ⌧⌧

(incorrectly reconstructed)

generated � ⇥ B(WW ! eµ ⌫⌫̄) 0.86±0.01 N/A 2537 1.78±0.01

� 2 leptons (pT > 20 GeV, ⌘ < 2.4) 0.47±0.01 N/A 1140±3 0.087±0.003

opposite sign leptons, “tight” ID 0.33±0.01 N/A 776±2 0.060±0.002

dilepton pair pT > 30 GeV 0.25±0.01 N/A 534±2 0.018±0.001

protons in both PPS arms (ToF and TRK) 0.055 (0.054)±0.002 0.044 (0.085)±0.003 11 (22)±0.3 0.004±0.001

no overlapping hits in ToF + vertex matching 0.033 (0.030)±0.002 0.022 (0.043)±0.002 8 (16)±0.2 0.003 (0.002)±0.001

ToF difference, �t = (t1 � t2) 0.033 (0.029)±0.002 0.011 (0.024)±0.001 0.9 (3.3)±0.1 0.003 (0.002)±0.001

Ntracks < 10 0.028 (0.025)±0.002 0.009 (0.020)±0.001 0.03 (0.14)±0.01 0.002±0.001

Table 6: Cross section (in fb) for the expected SM processes, exclusive and inclusive WW, and exclusive ⌧⌧ events, after each selection cut (for a timing resolution
of 10 ps). In case of different values, numbers in parentheses are for a timing resolution of 30 ps. Only the eµ final state is considered. Statistical uncertainties
are shown.
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σt = 10 ps (30 ps)

Unlike the backgrounds, the signal yields are not affected by the timing resolution.

Selection Cross section (fb)

a

W

0 /⇤

2
= 5 · 10

�6GeV�2
a

W

C

/⇤

2
= 5⇥ 10

�6GeV�2

(aW

C

= 0) (aW

0 = 0)

generated � ⇥ B(WW ! eµ ⌫⌫̄) 3.10±0.14 1.53±0.07

� 2 leptons (pT > 20 GeV, ⌘ < 2.4) 2.33±0.08 1.00±0.04

opposite sign leptons, “tight” ID 1.82±0.08 0.78±0.03

dilepton pair pT > 30 GeV 1.69±0.07 0.68±0.03

protons in both PPS arms (ToF and TRK) 0.52 (0.50)±0.04 0.18 (0.17)±0.02

no overlapping hits in ToF detectors 0.35 (0.32)±0.03 0.12 (0.11)±0.01

ToF difference, �t = (t1 � t2) 0.35 (0.32)±0.03 0.12 (0.11)±0.01

Ntracks < 10 0.27 (0.24)±0.03 0.11 (0.10)±0.01

Table 7: Cross section (in fb) for the expected exclusive WW events due to anomalous quartic gauge
couplings, for different values of anomalous coupling parameters (aW

0 and a

W

C

) after each selection cut
(for a timing resolution of 10 ps). In case of different values, numbers in parentheses are for a timing
resolution of 30 ps. Only the eµ final state is considered. Statistical uncertainties are shown.

The cross section times the acceptance for SM exclusive WW events is already sizeable at small recon-
structed values of the missing mass (M

X

' 300 ÷ 400 GeV), and a close approach to the beam can
provide a rapid increase of SM signal event yield. We evaluated the variation of the acceptance as a
function of the detector distance from the beam. Figure 37 (left) shows that the visible cross section
for signal exclusive WW events increases by a factor of two when the detector distance from the beam
decreases from 15 � to 10 �. For a similar variation, the misreconstructed signal event yields remain
more or less constant. The missing reconstructed mass is shown in Figure 37 (right) for three values of
the distance from the beam (10, 15, and 20 �).

The selected events are used to set limits on the AQGC parameters, a

W

0 /⇤

2 and a

W

C

/⇤

2. The resulting
limit values are of the order of a

W

0 /⇤

2
= 2 ⇥ 10

�6 (3 ⇥ 10

�6), and a

W

C

/⇤

2
= 7 ⇥ 10

�6 (10 ⇥ 10

�6),
in case of a 10 ps (30 ps) time resolution. Approximate 95% CL limits expected with 10 ps and 30 ps
timing resolutions (Figure 38, left) are compared to the 2011 CMS results [21] from exclusive WW events
(Figure 38, right). Expected limits for Run 2 are estimated for an integrated luminosity of 100 fb�1. The
areas outside the contours are excluded at 95% CL.

The present study demonstrates the feasibility of measuring exclusive WW production in Run 2 with the
CT-PPS detector. With an integrated luminosity of 100 fb�1, approximately 3 SM exclusive WW signal
events are expected and a similar number of background events, even when looking at the eµ channel
alone. Anomalous quartic gauge couplings would produce a striking, very visible signal. Approximately
30 (10) events would be visible in the presence of AQGC, with coupling parameters a

W

0 (a

W

C

)/⇤

2
=

5 · 10

�6GeV�2. As discussed in Section 1.2, several more channels are available, which would further
enhance the significance of the measurement.
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significantly larger for inclusive WW events, and a selection of Ntracks < 10 is expected to suppress the
inclusive background by 90%, while retaining approximately 90% of the exclusive events. A signal-to-
background ratio of 1:1 can be achieved after applying a cut on the maximum number of reconstructed
tracks in the central detector (except the two selected leptons).
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Figure 34: Distance along the z-axis (in cm) of the vertex positions as measured from the CT-PPS
timing detectors and from the leading lepton in the central detector, �z = zPPS � zlead lepton. A timing
resolutions of 10 ps is assumed. Distribution is shown for SM exclusive WW/⌧⌧ , inclusive WW events,
and AQGC exclusive WW events after all cuts, except for the time-of-flight information requirement.
Event yields are normalized to an integrated luminosity of 100�1fb. Histograms are stacked, except for
that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a factor of 10.
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Figure 35: Number of extra tracks associated to the dilepton vertex for exclusive (WW and ⌧⌧ ) and
inclusive (WW) events. Distribution is shown after all cuts (with a 10 ps resolution), except for the
track multiplicity cut. Event yields are normalized to an integrated luminosity of 100�1fb. Histograms
are stacked, except for that of the exclusive ⌧⌧ background, which is not stacked and is multiplied by a
factor of 10.

Kinematic distributions after the full event selections are shown in Figure 36. The transverse momentum
of the dilepton system, the azimuthal angle difference between the two leading muons, and the missing
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Expected limits on aQGC

18
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Figure 37: Left: The visible cross section for signal exclusive WW events as a function of the distance
from the beam (in �), for SM exclusive WW signal events and for misreconstructed background events.
Only the eµ final state is considered; a time resolution of 10 ps is assumed. Right: The missing mass is
shown for three values of the distance from the beam (10, 15, and 20 �).
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Figure 38: Excluded values of the anomalous coupling parameters a

W

0 /⇤

2 and a

W

C

/⇤

2. The areas
outside the contours are excluded at 95%CL. Approximate limits expected with 10 ps and 30 ps timing
resolutions (left) compared to the current 2011 CMS limits from exclusive WW events (right).
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CMS Run 1
ɣɣWW 7 TeV
5 fb-1

(95% CL)

Expected limits assuming 10 ps (30 ps) 
timing resolution:

AQGC expected limits 

Expected limits @95%CL: 

30 ps 

10 ps 

GeV-2 
GeV-2 

with CT-PPS, 13 TeV, 100 fb-1 

CMS Run 1, 8 TeV, 20 fb-1 

Observed limits @95%CL: 

Two orders of magnitude 
improvement is expected 

2 August 2015 Physics with CT-PPS, LISHEP 2015, Manaus 30 

CMS Run 1 ɣɣWW 8 TeV
20 fb-1 (95% CL)
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Joao Varela, LIP/IST Lisbon  

Physics Prospects with the  
CT-PPS Forward Proton Spectrometer 

CERN-LHCC-2014-021  

CT-PPS TECHNICAL DESIGN REPORT 

CT-PPS will enhance the CMS & TOTEM physics potential by allowing 
precision proton measurement on both sides of CMS, collecting data at 
high luminosity 

Sensitivity to anomalous gauge couplings and search for new resonances 

Experimental challenges being addressed: 

Operation of Roman Pots at high luminosity 

Timing detectors with high precision 

Tracking detectors with 3D pixel sensors 

Exploratory phase (2015-2016): 

RP insertion commissioning and operation at low β* and high intensity 

Install detectors, commissioning & start of data taking

Summary & Outlook

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End
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Additional material

20
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CT-PPS: Beam background extrapolation

21

•  Used TOTEM data at µ=9 
•  Account for pileup protons (from simulation) 

to estimate beam background only 
•  Extrapolate to µ=30 and 50 

data! simulation!µ=9!

µ=50! extrapolation!

track!mul*plicity!in!the!two!arms!!

occupancy!/mm2!

occupancy!/mm2!

µ=30

µ=50
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Per$100$'(1:$

•  Proton$flux$up$to$5$x$1015$cm(2$in$
the$pixel&detectors$

•  1012$neq/cm2$and$100$Gy$in$
photosensors$and$readout&
electronics&

CT-PPS: Expected radiation doses
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CT-PPS Detectors

23

Equipped(with(,ming((
detectors,(for(PU(rejec,on(

Equipped(with(tracking(detectors((
to(measure(the(displacement(of(the(
sca<ered(protons(w.r.t.(the(beam(

2(horizontal(boxBshaped(RPs(

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!220m!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!214m!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!204m!!!!!!!!!!!!!!!!!!!!IP5!

2(new(horizontal(
cylindrical(RPs((1(now)(

Only one arm 
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Introduction: RP Projects at IP5

Complementary project (not covered here):

Operation at high β∗ (19 m, 90 m, > 1 km),
Low - medium lumi. (< 6 pb-1/day), special runs
all diffractive masses

Operation at low β∗ (< 1 m),
high luminosity (O(fb-1/day)), standard runs
diffractive masses > ~300 GeV

Timing Measurements in the 
Vertical Roman Pots of the 
TOTEM Experiment

Tracking and thin diamond timing 
detectors
in vertical Roman Pots

CMS-TOTEM Precision Proton 
Spectrometer (CT-PPS):

Tracking and Timing detectors
in horizontal Roman Pots

Æ general CT-PPS talk by M. Gallinaro
in this workshop[CERN-LHCC-2014-021]

β* = 0.55 m  (low β* = standard at LHC) β* = 90 m  (special development for RP runs)

Hit maps of simulated diffractive events for 2 optics configurationsDetector acceptance vs β*

24 p. 3Mario Deile –

Introduction: RP Projects at IP5

kinematic redundancy proton system – central system, e.g. MX
2 = ξ1 ξ2 s 

Process in Focus: Central Production:
(ξ1)

(ξ2)

• Tagging with double-arm proton detection

• Operation at pileup levels µ > ~0.15 : correlation proton vertex – central event vertex 
via proton time-of-flight difference

• Acceptance and luminosity depend on beam optics:

X = high ET jets, Z, WW, ZZ,   measured in central CMS detectors

i, j = photon, Pomeron / Odderon (gluonic) exchanges

β* = 0.55 m β* = 90 m

*

1
β

∝L

M. Deile, 2015
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RP Insertions in Regular Fills at Low β*

3 – 4 July: Beam-based alignment of all 14 low-beta RPs in 1½  hours, 

5 – 14 July: RP insertions in all intensity steps of 50 ns intensity ramp-up
still nominal TCL configuration: TCL5 in, TCL6 out,
very conservative RP positions due to orbit uncertainties: ~ 30 σ horizontally, ~ 20.5 σ vertically
3, 50, 152, 296, 476 bunches per beam  Æ lumi up to 1.3 x 1033 cm-2 s-1

13 – 21 August: RP insertions in first part of 25 ns intensity ramp-up
final TCL configuration: TCL5 out, TCL6 @ 25 σ
closer RP positions: ~ 25 σ horizontally, ~ 19.5 σ vertically
2, 86, 157, 219, 315 bunches per beam Æ lumi up to 0.7 x 1033 cm-2 s-1

Technical Stop 2: Installation of Aluminium bar in cylindrical pot in 5-6 
mimicking the material of a Cherenkov Quartz bar 

Since 5 Sept (ongoing): RP insertions in second part of 25ns intensity ramp-up
So far: 2, 49, 219, 459, 745, 1033, 1177, 1321, 1464, 1608, 1825 bunches per beam 

Æ lumi up to 3.9 x 1033 cm-2 s-1

So far: no beam instabilities due to RP insertions observed.

Aim for RP positions next year if all insertions successful:
20.7 σ horizontally,   18.2 σ vertically          or closer if collimation system allows

M. Deile, 2015
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BLM Response with and without Dummy Quartic Bar in RP 
(Insertion of horizontal pots to ~25 σ from beam centre)

BLM(C6) BLM(D6) BLM(E6) BLM(B6) BLM(TCL6)
BLM(MQML)

Installation of dummy QUARTIC bar Æ dose rate in BLM(E6) increases by ~ factor 2

BLM(MQML)

Technical Stop TS2:
Installation of Al bar (Quartic dummy) in the pot

Sector 5-6

M. Deile, 2015



HEP2016 - Valparaiso - A. Vilela Pereira

Roman Pots’ updates

27

•  Tests of TOTEM RPs at high luminosity revealed important issues (vacuum, 
beam dumps, heating). 

•  Several improvements have been carried by TOTEM (and CMS) in 
collaboration with BE-ABP.  

–  New RF shielding in standard box-shaped RPs 
–  New cylindrical RP for timing detectors 
–  10 um thick copper coating 
–  New ferrites  
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6 detector planes per station 

For each plane: 

24 mm 

16
 m

m
 

• ""16 x 24 mm2 3D silicon pixel sensors 
•   150(x) x 100(y) µm2 pixel pattern  
    same as CMS pixel detectors  
•   6 PSI46dig readout chips 
    (52x80 pixels each) 

3D sensors consist of an array  
of columnar electrodes  
•   Mature technology after ATLAS IBL    

Interesting features w.r.t. planar sensors: 

•  Low depletion voltage (~10 V) 
•  Fast charge collection time 
•  Reduced charged trapping probability and therefore  
   high radiation hardness  
•  Slim edges, with dead area of ~100-200 µm   
   or Active edges, with dead area reduced to a few µm  
•  Spatial resolution comparable with planar detectors  

Preferred solution: 
FBK 3D with  
inter-electrode 
distance 62.5 µm 

M. Arneodo et al, 2014

Tracking detectors: sensors
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•  Four detector packages (one per station); six modules per package (one per plane) 
•  One sensor + 6 PSI46dig, one TBM (token bit manager) on each module 
•  The supporting structure is used also as  heat exchanger 
•  Design driven by available space and  

requirement of reusing present TOTEM                                                                    
cooling system without compromising                                                                
mechanical tolerances, heat removal,  
ease of access for maintenance, plus                                                                                                                                       
minimize material along p path 

RPix%Module%

Detector%Package%

M. Arneodo et al, 2014

Tracking detector modules
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•  Same%readout%scheme%as%Phase/1%upgrade%of%the%CMS%Pixel%Tracker.%%
•  FE%boards%will%use%the%same%custom%IC%/%electrical/opBcal%transceivers%/%%

DC%regulators%of%FPIX%project%but%the%layout%is%new%due%to%different%
geometrical%constraints,%different%cooling%system,%different%modularity%%
and%accessibility.%

•  CMS%phase%1%pixel%upgrade%DAQ%components%and%soMware%can%be%reused.%
A%single%uTCA%crate%with%one%FC7/based%FED%and%one%FC7/based%FEC%is%
sufficient%to%read%the%full%detector.%%

RP Pixels readout (Ge) 

16/9/14% 1%

Pilot&Blade&Status&9&Bora.Akgun@
cern.ch&

Port&Card&&
&Pixel&O

pIcal&Hybrid&

21/05/14&
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W
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w
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uTCA 

VadaTech Incorporated • 11540 South Eastern Avenue, Henderson, NV 89052 • Tel: (702) 896-3337 • Fax (702) 896-0332
Email: info@vadatech.com • www.vadatech.com

ORDERING OPTIONS

VT892 - ABC - 000 - 00J*

A = AC Power supply

0 = None
1 = 1000W

B = Ports 2 and 3

1 = Direct connection per Fig. 3
2 = To MCH

C = CLK3 J = Conformal Coating

1 = Non-redundant (Telco)
2 = Non-redundant (Fabric CLK)
3 = Redundant

0 = None
1 = Humiseal 1A33 Polyurethane
2 = Humiseal 1B31 Acrylic

*VadaTech has an MCH (UTC001, UTC002 and UTC004) and Power Module (UTC010, UTC012 and UTC013) as well as over 75 AMC modules. Contact your sales 
representative for an end-to-end integrated solution.

Document No.4FM430-05 REV. Date: April 2011 Pass two

PTCA Chassis with 12 double-width AMC slots

•  Compact crates: 12 “double-wide” Advanced Mezzanine Cards (AMC) 
•  Power supply, Controller hubs 
•  High-speed serial connections on fabric backplane 

•  PCIe, GbE, SATA, & custom 
•  Emerging standard for CMS & HEP 

7U 

29 

CMS-approved 
Vadatech uTCA 
“Crate” 

19 Mar 2014 CMS Phase 1 Pixels - Karl.Ecklund@cern.ch 

%custom%AMC%13%XG%

%commercial%%AMC%13%XG%

FC7 Platform 
• FMC Carrier Xilinx Series 7 

• Jointly developed at  
• Imperial College (Mark Pesaresi) and  
• CERN/ESE (Paschalis Vichoudis) 

• Double-width uTCA  AMC  
• Kintex 7 FPGA (XC7K420R/480T) 

o 400k logic cells, 30Mb RAM 
o 400 std IO, 32 GTX, rates to 10Gbit/s 

• Two FMC connectors 
o Host optical transceivers 

• MMC, 4 GB SRAM, uSD card 
• R0b prototypes tested 

• GTX MGTs working well at 10 Gbps 
• FMC connections as intended 
• MMC, core firmware in place 

• R0b now in production for TCDS upgrade 
• R0b FC7s for pixel DAQ development  
• Refined design (if needed) for pixel FED/

FEC production 2014-2015 
• Pixel requirements & firmware 

• CERN, Strasbourg, Rice, Vienna, Kansas 
State 

Two FMC for optical links Kintex 7 FPGA 

11 19 Mar 2014 CMS Phase 1 Pixels - Karl.Ecklund@cern.ch 

%custom%KINTEX%7%AMC%12%

Pixel FED Opto FMC 
•  FED & FEC would use FPGA 

Mezzanine Cards to mount 
optical components 

•  First RX prototypes ready: 
•  FMC with 2x 12-way optical 

receivers (FITEL) 
•  Testing of Fitel Rx underway 

@400 Mbps 
•  DAQ link adds SFP+ to FMC 

•  10 Gbps DAQ link implemented 
by CMS-DAQ group as fw block 

•  Also used by AMC13xg 
•  FC7-based FED with two FMCs 

would host four 12-ch receivers 
& two 10 Gbps SFP+ TRx for 
central DAQ 

FITEL receiver on socket with heat-sink 
Also can be mounted directly on PCB 
Note fiber pigtail to front-panel connector 

12 19 Mar 2014 CMS Phase 1 Pixels - Karl.Ecklund@cern.ch 

Pixel FED Opto FMC 
•  FED & FEC would use FPGA 

Mezzanine Cards to mount 
optical components 

•  First RX prototypes ready: 
•  FMC with 2x 12-way optical 

receivers (FITEL) 
•  Testing of Fitel Rx underway 

@400 Mbps 
•  DAQ link adds SFP+ to FMC 

•  10 Gbps DAQ link implemented 
by CMS-DAQ group as fw block 

•  Also used by AMC13xg 
•  FC7-based FED with two FMCs 

would host four 12-ch receivers 
& two 10 Gbps SFP+ TRx for 
central DAQ 

FITEL receiver on socket with heat-sink 
Also can be mounted directly on PCB 
Note fiber pigtail to front-panel connector 

12 19 Mar 2014 CMS Phase 1 Pixels - Karl.Ecklund@cern.ch 
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PIX_V13 Converters with FEAST2 ASIC 

7 Katja Klein  Power System Status Report 

• Received 250 packaged FEAST2 chips in April 
• 12 converters made in house (6 x 2.4V – “analog“;;  6  x  3.0V  – “digital“) 

• 10 for pilot blade system 
• Enable polarity switched (active low) with respect to all previous versions 
• 10 converters have been studied in detail – performance is good (more in back-up) 

• Mean efficiency is 84% and 81% @ 1.5A for analog and digital converters  
• Load regulation (change of output voltage with load) is | - 8 mV/A 
• Shielding works well 
• Noise is low 

PIX_V13 Converters with FEAST2 ASIC 

7 Katja Klein  Power System Status Report 

• Received 250 packaged FEAST2 chips in April 
• 12 converters made in house (6 x 2.4V – “analog“;;  6  x  3.0V  – “digital“) 

• 10 for pilot blade system 
• Enable polarity switched (active low) with respect to all previous versions 
• 10 converters have been studied in detail – performance is good (more in back-up) 

• Mean efficiency is 84% and 81% @ 1.5A for analog and digital converters  
• Load regulation (change of output voltage with load) is | - 8 mV/A 
• Shielding works well 
• Noise is low 

PIX_V13 Converters with FEAST2 ASIC 

7 Katja Klein  Power System Status Report 

• Received 250 packaged FEAST2 chips in April 
• 12 converters made in house (6 x 2.4V – “analog“;;  6  x  3.0V  – “digital“) 

• 10 for pilot blade system 
• Enable polarity switched (active low) with respect to all previous versions 
• 10 converters have been studied in detail – performance is good (more in back-up) 

• Mean efficiency is 84% and 81% @ 1.5A for analog and digital converters  
• Load regulation (change of output voltage with load) is | - 8 mV/A 
• Shielding works well 
• Noise is low 

DC/DC%conv.%

Tracking detectors: Front-end & DAQ

M. Arneodo et al, 2014
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•  Cherenkov light in quartz bars 
–  n=1.475, θ=47.3o, at 350 nm. 
–  ρ=2.20 g·cm−3, λI = 44.5 cm.  

•  Quartic module: 
–  4x5=20 3x3 mm2 bar elements 
–  200 µm wire grid separating the bars 
–  active area is 12.6 mm x 15.8 mm 
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Figure 75: Design (B. Ellison, FNAL) of module for insertion in Roman pot (two in one pot).

Figure 76: Assembly of two Quartic modules in Roman pot.

Figure 77: Assembly of two Quartic modules in Roman pot. The beam comes from the left.

89 M. Arneodo, 2014

Timing detectors baseline: Quartic
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SiPM%readout%board%

Timing detectors: Quartic readout
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27/10/2015 M. Berretti - Fwd Physics Workshop, CERN 3

Diamond detectors have been chosen due to their:
• Proven radiation hardness and faster response with 

respect to Si (but lower signal).
• Small and safe enough to be placed inside a RP. 

After an extensive R&D on the FE electronics a time 
resolution < 100 ps has been proved. 
• 4 diamond plane per arm -> 50 ps per arm will be 

achieved (sZ ~ 1 cm)

To minimize the pile-up probability in the same 
diamond pixel the design has been optimized in order 
to guarantee an uniform occupancy

Track distribution in the 220F RP, for events with 2 
protons in the final state. The golden picture  on the 
TOP shows the diamond detector surface. The diamond 
detector in the BOTTOM RP is not reported for clarity.

A diamond TOF detector

One plane with 2 
diamonds bonded

27/10/2015 M. Berretti - Fwd Physics Workshop, CERN 8

One plane with all the 4 diamonds bonded

Production of  the final hybrid

The amplification chain tested during the winter has been produced on
the diamond board, hosting 4 (8) diamonds with 8 (12) channelsDiamond detectors

February TB
March TBsT= RMSDT/ 2

Time resolution with the first prototype

sT = 𝑅𝑀𝑆𝞓𝑻2 − 1082

Warning, not a direct measurement
(large error in the estimation at small C)

27/10/2015 M. Berretti - Fwd Physics Workshop, CERN 5

Includes 
digitization

M
. B

er
re

tt
i, 

20
15

Timing detectors R&D: 
(Very) Fast Silicon Detectors
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Timing detectors R&D: 
(Very) Fast Silicon Detectors

Ultra Fast Silicon Detectors Previous testbeam 

New testbeam 

16 Pixel ~ 3 mm2 

Cap. Pixel ~ 6 pF 
16 Pixel  ~ 2 mm2 

Cap. Pixel ~ 4 pF 

6 
m

m
 

Beam 
spot 

4 mm 8 mm 

3.1 mm 

2.9 mm 

0.45 mm 0.5  mm 1.0 mm 

0.95 mm 

50 micron inactive gap 

N. Cartiglia, 2015
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Extra N
IN

O
 3

2 

16 channels 

16 channels 

Bond wire: 0.8 nH/mm. 
Rule: <~ 2 nH 
Max. length: 2-3 mm 

Low noise BB amplifier to 
match NINO inputs 

Signal from   

50 um  thick UFSD,  

 Q = 5fC 

Differential NINO  

Input, ~ 100 fC 
~ 1.5 ns 
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Extra sensor for alignment 

Timing detectors R&D: 
(Very) Fast Silicon Detectors
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Ultra Fast Silicon Detectors

36

UFSD 

PIN 

Basic idea: use specially designed silicon detectors  as a backup solution 

for the timing detectors of the PPS 

Ultra-Fast Silicon Detectors 

Gain 

layer 

Gain ~ 10 

UFSDs: Silicon detectors with enhanced signal 
Add an extra deep p+ implant 

 ! High local field generates multiplication 

 

Large signals bring good timing resolution. 

 

Prototype UFSDs show good gain (~ 10) 

Currently manufactured by CNM, FBK interested 

in joining the effort. 

N. Cartiglia, 2014
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Beam optics 

•  HECTOR, a fast simulator for 
particle transport in  a beamline 

•  Full transport line simulation in 
CMSSW 

Horizontal distance to beam center 
in the z-range of the PPS detectors 

2 August 2015 Physics with CT-PPS, LISHEP 2015, Manaus 9 

Beam optics 

•  HECTOR, a fast simulator for 
particle transport in  a beamline 

•  Full transport line simulation in 
CMSSW 

Horizontal distance to beam center 
in the z-range of the PPS detectors 

2 August 2015 Physics with CT-PPS, LISHEP 2015, Manaus 9 

Detector acceptance
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•  Exclusive two and three jet events, M up to  
    ~ 700-800 GeV.  
•  Test of pQCD mechanisms of exclusive 

production. 
•  Gluon&jet&samples&with&small&&quark&jet&component&
•  Proton structure (GPDs) 

•  Measure γγ ! W+W-&,&e+e7,&µ+µ7,&τ+τ7&
•  Search for AQGC with high sensitivity 
•  Search for SM forbidden ZZγγ, γγγγ couplings 

Q
CD

&
EW

K&
BS
M
& Search'for'new'resonances'in'CEP'

•  Clean&events&(no&underlying&pp&event)&
•  Independent&mass&measurement&from&pp&system&
•  J^PC&quantum&numbers&0++,&2++&&

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 b

¯

b. 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 ! p

0

JJp

0. 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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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].
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production. These processes will allow us to investigate central exclusive production with both protons
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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 b

¯

b. 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-
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In exclusive dijet production both protons escape intact the hard interaction, and a two-jet system is
centrally produced, pp ! p
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JJp

0. 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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Physics performance: 
Central Exclusive Production

M. Arneodo, 2014
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Exclusive production

39

2

γ

γ
p

p

p

p

Figure 1: Sketch diagram showing the two-photon production of a central system. Unaltered protons leave the interaction at very small angles
! 100 µrad and the central system is produced alone in the central detector without any proton remnants.

A. Two-photon production cross section

Two-photon production in pp collision is described in the framework of the Equivalent Photon Approximation (EPA) [5]. The
almost real photons (low photon virtuality Q2 = −q2) are emitted by the incoming protons producing an objectX , pp → pXp,
through two-photon exchange γγ → X , see Figure 1. The photon spectrum of virtuality Q2 and energy Eγ is proportional to
the Sommerfeld fine-structure constant α and reads
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π
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whereE is the energy of the incoming proton of massmp,Q2
min ≡ m2

pE
2
γ/[E(E−Eγ)] the photon minimum virtuality allowed

by kinematics and FE and FM are functions of the electric and magnetic form factors. They read in the dipole approximation [5]
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The magnetic moment of the proton is µ2
p = 7.78 and the fitted scaleQ2

0 = 0.71 GeV2. Electromagnetic form factors are steeply
falling as a function of Q2. That is the reason why the two-photon cross section can be factorized into the sub-matrix element
and two photon fluxes. To obtain the production cross section, the photon fluxes are first integrated overQ2
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up to a sufficiently large value of Q2
max ≈ 2 − 4GeV2. The result can be written as
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where the function ϕ is defined as
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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 b

¯

b. 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 ! p

0

JJp

0. 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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𝛾𝛾𝑍𝑍 Quartic Anomalous Coupling

• The two-photon of dibosons is suitable to test the electroweak theory and it
allows to probe quartic boson couplings.

• Standard Model predicts the existence of the quartic coupling 𝛾𝛾 → 𝑊𝑊 but
does not the quartic coupling 𝛾𝛾 → 𝑍𝑍.

𝑝𝑝 → 𝑝′𝑝′ + 𝛾𝛾

𝛾𝛾 → 𝑍𝑍 → 4𝑙

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 b

¯

b. 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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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 ! p

0

JJp

0. 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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Search for γγWW , γγγγ quartic anomalous coupling

γ
γ

γ
γ

p

p p

p

• Study of the process: pp → ppWW , pp → ppZZ, pp → ppγγ

• Standard Model: σWW = 95.6 fb, σWW (W = MX > 1TeV ) = 5.9 fb

• Process sensitive to anomalous couplings: γγWW , γγZZ, γγγγ;
motivated by studying in detail the mechanism of electroweak symmetry
breaking, predicted by extradim. models

• Rich γγ physics at LHC: see E. Chapon, O. Kepka, C. Royon, Phys.
Rev. D78 (2008) 073005; Phys. Rev. D81 (2010) 074003; S.Fichet, G.
von Gersdorff, O. Kepka, B. Lenzi, C. Royon, M. Saimpert, Phys.Rev.
D89 (2014) 114004 ; S.Fichet, G. von Gersdorff, B. Lenzi, C. Royon, M.
Saimpert, JHEP 1502 (2015) 165

…

…

10 Introduction

1.5 Central exclusive di↵raction

The term Central Exclusive Production (CEP) is used to indicate processes of the
type pp! p+�+ p, where the final state consists only of the two scattered protons
and the central system �. There is no hadronic activity between the central system
and the protons: they are separated by rapidity gaps. Figure 1.10 shows a sketch
of the process. The two gluons form a colorless system. The central system of mass
M is produced primarily by gluon fusion and to very good approximation obeys
a Jz = 0, C-even, P-even selection rule [16]. The main contribution comes when
the transverse momentum Qt of the second gluon, which screens the color flow, is
much smaller than M , but large enough for perturbative QCD to be applicable. The
amplitude for the process is then given by [16, 17]:

M = A⇡3
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Figure 1.10: Schematic diagram for Central Exclusive Production (CEP).

The fg parton densities are known as the “skewed unintegrated gluon densities”
of the proton. Not only do they depend on the transverse momentum exchanged
(thus unintegrated), but also on the two longitudinal momentum fractions carried
by the gluons (hence skewed).

In the region of interest, the longitudinal momentum fractions carried by the

gluons satisfy
⇣
x0 ⇠ Qtp

s

⌘
⌧
⇣
x ⇠ Mp

s

⌘
⌧ 1. In this region the skewed unintegrated

densities can be approximated by the usual (integrated) densities g (x, Q2) [16]:
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The fg densities include each a Sudakov factor, T (Qt, µ), which gives the prob-
ability that the gluons do not radiate in their evolution from the scale Qt up to the
hard scale µ = M/2. It is only relevant for the hard gluon, i.e. the one initiating
the hard sub-process, and is given by:
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Figure 37: Left: The visible cross section for signal exclusive WW events as a function of the distance
from the beam (in �), for SM exclusive WW signal events and for misreconstructed background events.
Only the eµ final state is considered; a time resolution of 10 ps is assumed. Right: The missing mass is
shown for three values of the distance from the beam (10, 15, and 20 �).
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appears for massesW > 800GeV. Both leptons are in the detector acceptance and above pT > 10GeV.

i.e. they modify the coupling at small energies only slightly but suppress it when the center-of-mass energyWγγ increases. The
form of the form factor that we consider

a →
a

(1 + W 2
γγ/Λ2)n

(19)

The exact form of the form factor is not imposed but rather only conventional and the same holds for the value of the exponent
n. Λ2 corresponds to the scale where new physics should appear and where the new type of production would regularize the
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i.e. they modify the coupling at small energies only slightly but suppress it when the center-of-mass energyWγγ increases. The
form of the form factor that we consider

a →
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(1 + W 2
γγ/Λ2)n

(19)

The exact form of the form factor is not imposed but rather only conventional and the same holds for the value of the exponent
n. Λ2 corresponds to the scale where new physics should appear and where the new type of production would regularize the

E. Chapon, C. Royon, O. Kepka (2009)
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SM γγ exclusive production

• QCD production dominates at low mγγ , QED at high mγγ

• Important to consider W loops at high mγγ

• Possibility to measure KMR contribution at low mγγ in high β∗ runs:
with two protons tagged in TOTEM/ALFA

Exclusive diphoton production
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Search for quartic γγ anomalous couplings
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• Couplings predicted by extra-dim, composite Higgs models

• Analysis performed at hadron level including detector efficiencies,
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Anomalous quartic photon coupling
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Motivations to look for quartic γγ anomalous couplings

• Two effective operators at low energies

• γγγγ couplings can be modified in a model independent way by loops
of heavy charge particles

ζ1 = α2
emQ

4m−4Nc1,s

where the coupling depends only on Q4m−4 (charge and mass of the
charged particle) and on spin, c1,s depends on the spin of the particle
This leads to ζ1 of the order of 10−14-10−13

• ζ1 can also be modified by neutral particles at tree level (extensions of
the SM including scalar, pseudo-scalar, and spin-2 resonances that
couple to the photon) ζ1 = (fsm)−2d1,s where fs is the γγX coupling
of the new particle to the photon, and d1,s depends on the spin of the
particle; for instance, 2 TeV dilatons lead to ζ1 ∼ 10−13

17

Search for quartic γγ anomalous couplings
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• Trigger: 2 high pT central photons, PT1
> 200 GeV, no special

CMS/ATLAS trigger needed

• Protons are detected in AFP/CT-PPS at high ξ >∼ 0.04: massive
objects are produced, we do not need to be very close to the beam

• Exclusivity cuts: diphoton mass compared from missing mass computed
using protons, rapidity difference between diphoton and proton systems:
suppresses all pile-up backgrounds

• For 300 fb−1 and a pile-up of 50: 0.2 background event for 32 signal
events for an anomalous coupling of 2 10−13

• Exclusivity cuts are fundamental to suppress all background and
increase the sensitivity
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15σ 20σ

15σ 20σ

Single'arm'acceptance:''
�'~55%'@15σ

Double'arm'acceptance:''
�'~28%'@15σ
acceptance'in'one'arm'(z>0)'
when'requiring'other'proton'to'
be'within'the'acceptance'of'the'
other'arm'(z<0)'

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 b

¯

b. 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 ! p

0

JJp

0. 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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Detector resolutions in ξ & t
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