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220-N, 220-F, where N stands for near, and F for far. In order to allow operations at standard3187

LHC luminosity with PPS, some of the horizontal RPs have been equipped with cylindrical3188

ferrite shields to reduce their radio-frequency impedance [140] and have been reserved for the3189

PPS tracking detectors (Section 7.2). Moreover, an additional horizontal RP with modified ge-3190

ometry (cylindrical RP) has been installed in each arm between the near and far stations at3191

220 m to host timing detectors; it is referred to as 220-C (Section 7.3). All vertical RPs remain3192

reserved for the TOTEM physics program. However, their role is crucial for PPS operations3193

at the beginning of each data-taking period, when the tracking detectors they host are used in3194

special runs, in conjunction with those in the horizontal RPs, to determine the global alignment3195

parameters [12].3196

Figure 89 shows a view of the LHC tunnel, in the region where the RPs are installed in one of3197

the two sectors. The detector housings are made of 2 mm thick stainless steel, with a useful3198

depth to contain the detectors of about 110 mm; the box-shaped pots have a rectangular cross3199

section of 124⇥50 mm2, while the cylindrical pots have a diameter of 141 mm. In order for3200

detectors to approach the LHC beam as closely as possible, and to minimize the amount of3201

material traversed by scattered protons, the thickness of the walls is reduced to 200 (300) µm3202

around the active sensor region in the box-shaped (cylindrical) RPs: this section is called “thin3203

window”. Figure 90 shows the structure of a box-shaped and a cylindrical RP, as well as the3204

insertion system installed on a section of the LHC beam pipe.3205
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Figure 89: View of a section of the LHC tunnel in sector 45, with part of the PPS and TOTEM
RP stations along the beam line.

Moderate vacuum conditions have to be kept inside the detector housings, in order to minimize3206

the pressure gradient between the detector volume and the ultra-high vacuum of the LHC3207

beam pipe. The exact value of the pressure depends on the detector technology, but does not3208

exceed 100 mbar. Several RPs are serviced by the same vacuum system.3209

The solid-state detectors equipping PPS need to operate at low temperatures (–20 to 5�C, de-3210

pending on the detector) to mitigate the effects of radiation damage. This is accomplished by3211

means of a fluorocarbon evaporative system [142]: the cooling fluid is transported to the RPs,3212

where suitable evaporation circuits, thermally coupled to the detectors, supply the needed3213

cooling power [140, 141].3214

A more detailed description of the TOTEM and PPS roman pot system and its operations can3215

be found in Refs. [140, 141] and references therein.3216
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7 Precision proton spectrometer3153

The precision proton spectrometer (PPS) [140] is a set of near-beam detectors, located in the3154

LHC tunnel at a distance of about 200 m from the CMS IP, on both sides. Originally con-3155

ceived and developed as a joint project of the CMS and TOTEM collaborations (CT-PPS), it3156

then evolved into a standard CMS subdetector following a Memorandum of Understanding3157

between CERN, CMS, and TOTEM in 2018. For the sake of clarity, only the PPS acronym is3158

used throughout this section. During Run 2, PPS took part in the CMS data taking, with var-3159

ious configurations between the years 2016 and 2018, and recorded data corresponding to an3160

overall integrated luminosity of about 110 fb�1. Following approval of the extension of the PPS3161

experimental program to the LHC Run 3, a broad upgrade plan has been launched, involving3162

replacement of all PPS detectors.3163

7.1 Forward protons and the roman pot system3164

The measurement of very forward (“leading”) protons [140] implies the detection of such pro-3165

tons at large distance from the IP and in proximity of the LHC beam. The main variable charac-3166

terizing the proton kinematics is its fractional momentum loss, defined as x = (|~pi|� |~pf|)/|~pi|,3167

where ~pi and ~pf are the initial and final proton momentum vectors, respectively. The coverage3168

in x at the PPS location is limited by the LHC magnet and collimator lattice in Run 2 and Run 33169

to a range below 0.2. In order to extend it as much as possible in the low-x region, scattered3170

protons must be detected as close as few (2–3) mm from the beam. This can be accomplished3171

by means of special movable beam pockets, the so-called roman pots (RPs), which host the par-3172

ticle detectors such that they can be moved close to the beam during stable beam operations.3173

The PPS experimental setup includes both tracking detectors, to measure x from reconstructed3174

proton tracks, and timing detectors, to suppress the contribution of protons originating from3175

different primary interactions in the same LHC bunch crossing (pileup). Tracking and timing3176

detectors are hosted in separate RPs.3177

The TOTEM experiment [141] has been using an extensive system of box-shaped roman pots3178

to conduct its physics program since the start of LHC operations in dedicated, low-luminosity3179

runs. The system has been conceived as a two-arm spectrometer, composed of two pairs of3180

stations on each side of the CMS IP, at about 147 and 220 m along the beam line, each sta-3181

tion comprising two RPs approaching the beam vertically, and one approaching it horizontally.3182

Within each pair, the station installed closer to the IP is called “near”, and the other “far”. For3183

Run 2, the layout of the spectrometer has been modified as sketched in Fig. 88 for one of the3184

two arms. The stations at 147 m have been relocated in proximity of those at 220 m and identi-3185

fied as “210 m”. Following these conventions, the four stations are usually named 210-N, 210-F,3186
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Figure 88: Schematic layout of the beam line between the interaction point and the RP locations
in LHC sector 56, corresponding to the negative z direction in the CMS coordinate system. The
accelerator magnets are indicated in gray; the collimator system elements in green. The RP
units marked in red are those used by PPS during Run 2; the dark gray ones are part of the
TOTEM experiment. In Run 3 the “220 near” horizontal unit is used in place of the “210 near”.
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• Near-beam tracking and timing detectors, 
housed in moveable “Roman Pot” installations 
in the LHC beam-line 

• ~210-220 m from the CMS interaction point 

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

Overview

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

⇠: fractional energy loss

t: 4-momentum transfer

✓: proton scattering angle at IP

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

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

�1
of data collected

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

come!

2

PPS (“Precision Proton Spectrometer”)

2

• Selects intact protons from “exclusive” 
interactions pp→pXp 

• Closed kinematics for correctly reconstructed 
events 

• Depending on final state “X”: 

• Reconstruct the full 13 TeV collision energy

RP 
timing

RP 
220 
near

RP 
210 
far

RP 
210 
near

IP5 ►

◄ RP 
220 
far

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

Overview of PPS

The LHC magnets are used to bend the 
protons between the CMS IP and PPS 

In signal events the full collision energy can 
be reconstructed: closure of event 
kinematics, missing mass searches, etc.

symmetric  
on the other side

Near-beam tracking and timing detectors, installed in the LHC tunnel ~200m from 
the central CMS detector 

Detects intact protons from high-energy γγ interactions, to study a variety of 
Standard Model and BSM processes



Physics results from LHC Run 2

First observation of EWK-scale proton tagged 
dilepton production with 2016 data [JHEP 07 (2018) 
153], and update with 2017-2018 data [JINST 18 
(2023) 09, P09009] 

First use of missing-mass search technique at a 
hadron collider, in Z+X and γ+X: [Accepted by EPJ-
C] 

First and best collider limits on anomalous γγγγ 
couplings: [Phys.Rev.Lett. 129 (2022) 1, 011801], 
and limits on TeV scale axion-like particles [CMS-
PAS-EXO-21-007] 

New limits on anomalous γγZZ and γγWW 
couplings from fully hadronic decays:[JHEP 07 
(2023) 229] 

First limits on exclusive t-tbar production: [CMS-
PAS-TOP-21-007] 

Calibration of timing detectors with inclusive CD/
DPE events [JINST 18 (2023) 09, P09009]
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Figure 8: Upper limits on the pp ! ppZ/gX production cross section at the 95%, as function of
mX. The 95% and 68% CL quantiles of the expected limits are represented by the bands, while
the observed limit is superimposed as a curve. The top plots correspond to the Z ! ee and
Z ! µµ final states, while the bottom plots correspond to the combined Z and g analyses.
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Coupling Observed (expected) 95% CL upper limit Clipping
|aW

0 /L2| 4.3 (3.9) ⇥ 10�6 GeV�2 -
|aW

C /L2| 1.6 (1.4) ⇥ 10�5 GeV�2 -
|aZ

0 /L2| 0.9 (1.0) ⇥ 10�5 GeV�2 -
|aZ

C/L2| 4.0 (4.5) ⇥ 10�5 GeV�2 -
|aW

0 /L2| 5.2 (5.1) ⇥ 10�6 GeV�2 1.4 TeV
|aW

C /L2| 2.0 (2.0) ⇥ 10�5 GeV�2 1.4 TeV

Table 3: Limits on LEP-like dimension-6 Anomalous Quartic Gauge Coupling parameters, with
and without unitarization via a clipping procedure.
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Figure 9: Expected and observed limits in the two-dimensional plane of aW
0 /L2 vs. aW

C /L2

(above left), aZ
0 /L2 vs. aZ

C/L2 (above right), and aW
0 /L2 vs. aW

C /L2 with unitarization imposed
by clipping the signal model at 1.4 TeV (below).

8.2 Translation to linear dimension-8 AQGCs294

Many recent anomalous coupling studies quote limits on only dimension-8 linear operators.295

In the case of processes involving photons, the aW,Z
0,C operators can be translated into a linear296

combination of dimension-8 fM,i(i = 0 � 7) operators [15]. In the case of the aW
0 coupling, the297

relationship reads [15]:298

aW
0 = � MW

paem
[s2

w
fM,0

L2 + 2c2
w

fM,2

L2 + swcw
fM,4

L2 ].

Here MW is the W boson mass, aem is the fine structure constant, and sw and cw represent the299

sine and cosine of the weak mixing angle, respectively. By further assuming that anomalous300

contributions to WWZg vanish, an additional constraint of fM,0 + 2 ⇥ fM,2 is obtained [11, 47],301

allowing aW
0 to be written in terms of only fM,0 and fM,4. In order to compare to other results,302
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Figure 11: Limits on axion-like particle (ALP) production in the plane of the ALP mass and
the coupling strength. The shape of the limit curve follows the PPS acceptance times efficiency
curve.
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Figure 9: The observed and expected exclusion limits on the anomalous coupling parameters
z1 and z2.

The observed and expected limits resulting from the analysis can be seen in Figure 11. These321

are the strongest limits for ALP masses in the range of 500 – 2000 GeV.322
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1 2 3 4 5 6
 [pb]tt→γγ

σ95% CL on 

combined

dilepton

l+jets

Median Expected
68% expected
95% expected
Observed

 (2017, 13 TeV)-129.4 fbpreliminary CMS-TOTEM

Figure 7: Expected 95% CL upper limit for the signal cross section, for the two reconstruction
modes and for the combination. The green and yellow bands show the ±1s and ±2s intervals,
respectively.
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Figure 90: Sketches of the horizontal roman pots. Left: box-shaped pot, with the ferrite RF-
shield in place. Center: cylindrical pot where the ferrite RF-shield is integrated as a ring in
the flange. The thin window shapes, different for the two cases, are visible in the rightmost,
vertically centered part of the pots. Right: overview of the insertion system of a box-shaped
pot in a section of the LHC beam pipe.

7.2 Tracking detectors3217

The energy loss of protons can be measured, through detailed knowledge of the LHC optics3218

parameters and dedicated calibrations [12], from the parameters of their reconstructed tracks.3219

In order to obtain the needed accuracy in x, a resolution of few tens of µm is required on the3220

coordinates of the track impact point. The hit rate distribution is highly nonuniform in the re-3221

gion covered by the tracking detectors, with peak particle flux values of about 3⇥109 p/(cm2s)3222

and a range spanning over three orders of magnitude. This reflects in the high radiation dose3223

the detectors have to withstand, with reference fluence values in the most irradiated areas of3224

1–3⇥1015 neq/cm2 for an integrated luminosity of 100 fb�1.3225

7.2.1 Detector units3226

Proton tracks are reconstructed in PPS by two tracking stations per arm. During Run 2, the3227

roman pots hosting the trackers and the technology chosen for the detectors have changed3228

over time.3229

In 2016, in order to advance data collection by one year with respect to the original plan, two3230

of the TOTEM tracking stations, equipped with silicon strip detectors [143, 144], were installed3231

in the horizontal RPs at the 210-N and 210-F locations. The TOTEM strip detectors were origi-3232

nally designed to operate in special LHC runs at very low luminosity, up to about 1030 cm�2 s�1.3233

Within PPS, they have been operated successfully well beyond design specifications, providing3234

excellent position measurements. However, they suffered from severe limitations related to the3235

high hit rate. Firstly, since the hit position in the detector planes is determined by the coinci-3236

dence of pairs of perpendicular strips, the frequent presence of multiple proton tracks in the3237

same bunch crossing leads to ambiguities that cannot be resolved. Secondly, the radiation dose3238

in the regions with the highest hit rate induced damages that caused an early loss of efficiency:3239

For those regions, the efficiency dropped to zero after O(10 fb�1) of integrated luminosity.3240

In 2017, new silicon pixel detectors, based on the 3D technology [145], were installed in the RPs3241

at the 220-F locations, replacing the strip trackers at 210-N. These detectors were specifically3242

developed for PPS, with much improved radiation tolerance and rate capability with respect3243

to the strip detectors, allowing for the reconstruction of multiple tracks per bunch crossing.3244

Finally, in 2018, both stations at 210-F and 220-F were equipped with pixel detectors.3245

4

Roman Pots

To detect protons scattered at very small angles, the detectors must be 
brought very close to the beam 

PPS began as a joint project of the CMS+TOTEM collaborations in Run 2, 
using the Roman Pots developed for TOTEM

Roman Pots  
retracted

Roman Pots  
inserted

View from inside beampipe

Detectors are kept in movable vessels under 
secondary vacuum, separated from the beam-
pipe by a “thin window” of 200-300μm

Detectors are moved to within 
~2mm of the beam at full 
intensity 

Operated successfully in almost 
all LHC fills since 2016



PPS Detectors

Very small detectors, at most a 
few cm2 active area per plane 

Opportunity to use new/
innovative detectors, at small 
scales under extreme 
conditions 

First dedicated precision 
timing detector at the LHC 

First use of 3D pixels for 
tracking in CMS
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Figure 93: Schematic diagram of the PPS pixel tracker readout chain. The various components
shown are described in Ref. [14].

Figure 94: The detector module of the silicon pixel tracker, in its Run 2 (upper) and Run 3
(lower) versions. 5

One complete PPS pixel  
detector plane (Run 2 version) 

Active area
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Figure 46: Measured hit map from Run 2 (2017) in the horizontal XRP unit “56-220-F”, pixel
plane 2. The map taken with zero-bias trigger for a sample with recorded integrated luminosity of
0.14 nb�1 was scaled to 1 fb�1 for direct comparison with the calculation for HL-LHC (Fig. 45 top
right). The colour scale represents the fluence �[p/cm2]. The violet line shows where the detector
edge would be located at HL-LHC; the sensitive area lies to its right.

Table 6: Second column: peak fluence scaled to the integrated luminosity of one bunch crossing
for a luminosity of 5 ⇥ 1034 cm�2s�1 (with levelling) and k = 2736 colliding bunches (the beam
parameters given in Table 3). Third to fifth columns: occupancy per detector pad for three example
segmentations. The last line represents the measurement in 2017 with the XRP “56-220-F-H”.

Station �[p/cm2] (BX) Occupancy
50⇥ 50µm2 100⇥ 100µm2 200⇥ 200µm2

196m 2.9 7.3⇥ 10�5 2.9⇥ 10�4 0.0012
220m 16 4.0⇥ 10�4 1.6⇥ 10�3 0.0064
234m 75 1.9⇥ 10�3 7.5⇥ 10�3 0.030
420m 32 8.0⇥ 10�4 3.2⇥ 10�3 0.013
220m (2017) 221 150⇥ 100µm2: Occupancy = 0.03

8.1.3 Tracking Requirements

The occupancy study in the previous section yielded pad sizes between 100 and 200µm. Con-
sidering the upper end of that range, the resolution of a 200µm pad without charge sharing and
without plane inclination would be 200µm/

p
12 = 58µm. However, the present pixel detectors

with a horizontal (vertical) cell pitch of 150µm (100µm) and a plane inclination of 18.4� have a
spatial resolution of ⇠ 25µm per plane, which is clearly better than the conservative estimate of
pitch/

p
12.

With four to six planes per unit the total resolution per detector stack will be better, depend-
ing on the projective alignment of the pixels in di↵erent planes. This is fully adequate for the
reconstruction of the proton kinematics.

8.1.4 Timing Requirements

The required time resolution is given by the linear density of vertices at the IP which in turn is
determined by the longitudinal bunch profile and the pileup multiplicity µ. To first order, the bunch
profile is Gaussian within ±2� from the centre with a width of �b = 0.270 ns, corresponding to

59

PPS Radiation Environment

Due to close proximity to the 
LHC beam, PPS detectors 
experience a very difficult 
radiation environment 

Both in terms of maximum dose, 
and non-uniformity 

Peak of O(1E14) p/cm2 per fb-1 

 ⇒O(5E15) p/cm2 per year 

Factor of >10 gradient over a 
distance of ~10mm (~1 pixel 
ROC)

p/
cm

2 /
fb

-1



Year Tracking Timing

2016 Si-strips

2017 Si-strips + 3D pixels Single diamonds (3 planes/arm) 

+ UFSD/LGADs (1 plane/arm)

2018 3D pixels Single diamonds (2 planes/arm) 

+ Double diamonds (2 planes/arm)

2022 3D pixels Double diamonds (4 planes/arm)

2023 3D pixels Double diamonds (7 planes/arm in 2 
stations)

PPS Detector technologies

Improvements to keep pace with evolving LHC luminosity & pileup conditions 

Since 2018 primarily 3D pixels (tracking) & double diamonds (timing)
7
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Figure 96: Details of the pixel detector package. Left: Run 2 version. Center: Run 3 version.
Right: mechanical, cooling, and electrical connections to the upper part of the RP in Run 3: the
vacuum section of the PortCard is visible, as well as the cooling circuit and the connections to
the environmental sensors.

Figure 97: Proton fluence in two planes (one per arm) of the PPS pixel tracker in a sample run
in 2017, normalized to an integrated luminosity of 1 fb�1. The horizontal and vertical lines in
the distributions are an artifact due to the different pixel size of the sensors in those regions.

With the aim of extending the lifetime of the detectors, in Run 2 the support of the correspond-3329

ing RP was raised with respect to the floor of the LHC tunnel, in two steps of 0.5 mm, during3330

technical stops. Because the inefficient area was so localized, these small shifts were sufficient3331

to move it to a region with much smaller hit rate, and thus almost restore the overall initial effi-3332

ciency. However, the range for this kind of movements cannot be further extended; moreover,3333

the operation is onerous and not without risk.3334

In order to perform the same kind of movement in a more practical and safe fashion, an inter-3335

nal (vertical) movement system for the pixel detector package has been developed. The very3336

design of the new detector modules has been driven by this requirement. Their width has been3337

minimized (by placing the flexible board on top of the sensor) so as to exploit all the avail-3338

able space in front of the RP thin window. The width of the thin window is 29 mm, while that3339

of the sensor module is just below 22 mm. A movement range of 5 mm for the detectors has3340

8
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columns, thus improving the radiation resistance characteristics. In Run 2, the sensors, pro-3269

duced by Centro Nacional de Microelectrónica (CNM) in Barcelona, Spain [148], were realized3270

with “double-side” technology, with the two types of columns etched on opposite sides of3271

the wafer, with 230 µm active thickness, in both 1E and 2E configurations. Figure 92 shows3272

schematically a cross section of the column layout for the two productions. Due to the 3D con-3273

figuration, bulk depletion occurs at inverse polarization values of a few Volts. Currents below3274

1 µA are required at the working point, but are generally much lower (a looser requirement3275

was set on Run 2 sensors); the breakdown tension must exceed 60 V.3276

Figure 92: Schematic layout of the columns of 3D pixels. Left: double-sided technology, used
in Run 2. Right: single-sided technology, used in Run 3. Metal bumps on top are used for
interconnection with the readout chips; p-type surface implants, such as p-stop or p-spray,
provide isolation between contiguous pixels. Reproduced from Ref. [149].

7.2.2 Readout electronics3277

The readout of pixel detectors is based on the frontend electronics developed for the Phase 13278

upgrade of the CMS pixel tracker [14]. A schematic view of the readout chain is shown in3279

Fig. 93.3280

Signals collected from the sensor electrodes are processed by the PROC600 chips developed for3281

the layer 1 of the barrel pixel detector, described in Section 3.1.2.2: four chips are connected to3282

each sensor via bump bonds. In Run 2, the PSI46dig chips [150] were used. A flexible printed3283

circuit board is glued on top of the sensor; the ROCs are connected to the board via wire bonds.3284

A TBM10d chip (token bit manager), mounted on the board, distributes clock, fast commands3285

and configuration instructions to the ROCs, and collects data through a token ring architecture;3286

only one of the two TBM cores is used, resulting in a single output data stream. In Run 2, the3287

flexible board was mounted around the sensor module, and carried one TBM08c chip. The two3288

versions of the flexible board are shown in Fig. 94.3289

The six detector modules of a tracking station are connected, through connectors on the flex-3290

ible boards, to a concentrator card, called PortCard (Fig. 95). The connections are made on a3291

section of the PortCard that enters the secondary vacuum of the RP through a vacuum-sealed3292

feed-through. The rest of the board, operating at atmospheric pressure, contains all the active3293

electronics needed to perform the board tasks:3294

• manage the configuration of the integrated circuits equipping the board itself via I2C3295

commands sent on the slow-control ring;3296

• send the clock signal, fast commands, and configuration instructions to the frontend3297

readout (via the TBM) through an optical link connection;3298

3D pixels chosen for radiation hardness, 
resolution, and ability to reconstruct 
multiple protons in the same LHC bunch 
crossing 

Now also chosen for innermost layer of 
the central CMS pixel detector at HL-
LHC 

Run 3: “single side” sensors from FBK, with 
junction and ohmic columns on the same 
side of the wafer 

Total of 12 planes, in 4 Roman Pots (2 on 
each side of CMS) 
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Figure 48: Evolution of the pixel detector package efficiency (in color code) in the detector re-
gion closest to the beam for the sector 45 far station, computed with data collected in 2018.
During each TS, detectors in both sectors were vertically shifted by 0.5 mm downwards. From
left to right: efficiency computed after the detector collected Lint =, 21.0, 50.3, 57.8 fb�1, respec-
tively. Each efficiency map is produced using a small data sample of ⇠ 0.5 fb�1.

which accounts for the dependence on pileup.

12.3 Multi-RP efficiency factor

The multi-RP efficiency factor is evaluated in the same way in 2017 and 2018, and includes
the efficiency of the detectors installed in the far RPs, the efficiency of the multi-RP recon-
struction algorithm, and the probability that a proton propagates from the near RPs to the far
without interacting. These multiple components are evaluated together using a tag-and-probe
method. For each data-taking period, minimum-bias samples are selected for this purpose.
Each single-RP proton reconstructed with the near RPs is used as tag, provided that its track
angle measured with that tracking station is lower than 20 mrad. This selection excludes very
inclined background tracks that do not originate from the interaction point.

The efficiency is evaluated as the ratio between the number of times in which a multi-RP proton
is reconstructed using the single-RP tag proton, and the number of tag protons. The systematic
uncertainties related to the sample choice for the efficiency estimation are ⇡1%. Asymmetric
statistical uncertainties are evaluated with the Clopper–Pearson frequentist approach [42].

The efficiency is plotted in Fig. 49 as a function of the x-y coordinates of the near RP scoring
plane. The overlap between the acceptances of the RPs in the same sector, combined with the
collimator aperture limits, defines the shape of the efficiency map.

This efficiency has generally a plateau value higher than 90% in 2017, and slightly lower in
2018. These high values reflect the good performance of the detectors and of the reconstruction
algorithm. Lower performance can be observed in the most irradiated region because of radia-
tion damage and multiple tracks. The latter takes place when more than one track in the far RPs
satisfies the association requirements with the near RPs track. Under these circumstances the
multi-RP reconstruction cannot choose among the far RP tracks, and fails, causing inefficiency.

Consistent results are observed in 2017 and 2018 when restricting the analysis to events with a
single track in the near RP. A small loss in the 2018 multi-RP reconstruction algorithm perfor-
mance is observed when including events with multiple tracks in the near station, because of
the higher multiple-match probability, as mentioned above.

Figure 50 shows the fraction of reconstructed multi-RP protons predicted by the fast simulation,
which includes both efficiency and acceptance effects. The difference in the shape of the plots
for the three years is mainly due to the different acceptances (cf. Fig. 35). The higher value of
the fraction in 2018 reflects the presence of the pixel detectors (as opposed to the strip ones) in
both RP stations.

L=0fb-1 L=21.3fb-1 L=50.3fb-1 L=57.8fb-1

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

3I;EL6 127 5E6321DI1G I1 7HE 
6AME 25 QV CL2CK :I1D2: (B;)

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

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

Main radiation effect

MORE DETAILS IN DP-2018/021
4

Time
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Tracking: evolution of 3D pixel efficiencies

Sensitivity mainly from the 
readout chips (PSI46 in Run 2, 
PROC600 in Run 3) the 3D 
pixels are bonded to 

Inefficiencies due to signal 
slewing into the next bunch 
crossing are visible 

In good agreement with 
non-uniform X-ray 
irradiation tests of the ROC 

Not a large effect, but leads 
to ~1mm inefficient area 
after 1 year of LHC running

For LHC Run 3, a new vertical movement 
system has been deployed, to distribute 
the irradiation over a larger vertical area

9
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reason, the detectors are only segmented horizontally.3406

The diamonds for Run 3 include newly produced crystals, and crystals that were previously3407

used in Run 2, cleaned and remetalized. Samples of the latter were first studied in beam tests3408

after dismounting, and found to maintain high efficiency and achieve single plane time resolu-3409

tions of ⇠80–95 ps, after being exposed to fluences as large as 5⇥1015 p/cm2 [156]. Compared3410

to the nominal resolution of about 50 ps per plane for a new double-diamond detector, the3411

decrease in resolution was found to be largely consistent with radiation damage to the pream-3412

plification electronics.3413

Figure 100: Left: the hybrid board for the Run 3 timing detectors’ readout; the lower, wider
section hosts the sensors and is housed inside the secondary vacuum volume of the pot. Right:
detail of the diamond sensors on one side, connected via wire bonds to the frontend electronics.

The diamonds are glued to a hybrid board (Fig. 100), containing both the sensors and a multi-3414

stage amplification chain for each of the 12 channels. As mentioned above, radiation damage to3415

the amplification chain was identified as a limiting factor for the timing performance in Run 2.3416

Therefore, a revision of the hybrid board was designed for Run 3, with a modified layout to3417

mitigate the exposure of the preamplifiers to radiation. Additional modifications to the design3418

were made to improve the high-voltage isolation and the stability against RF noise pickup. Fi-3419

nally, remote control of the amplifier gains was implemented, giving the opportunity to better3420

fine tune the settings and compensate for any degradation during data taking.3421

7.3.2 Readout electronics3422

The signals from the hybrid boards are transmitted by individual coaxial cables to custom3423

“NINO boards”, mounted in a mini-crate about 1 m above the LHC beam pipe (Fig. 101). The3424

main data path for reading all channels at the full trigger rate is based on the the fast, low-3425

power NINO ASIC [157], with four chips per board. The NINO performs discrimination of the3426

input signals above an adjustable threshold. The width of the output signal is proportional to3427

the input charge, and is then stretched by a constant value for compatibility with the next piece3428

in the readout chain. This serves as a proxy for the signal amplitude, allowing for time-walk3429

corrections to be derived from the data. In Run 3, a revision of the NINO board also allows3430

for signals from a subset of channels to be split off to record the full waveform information, at3431

reduced rate.3432

Timing
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angles very close to zero, the tracking system described in the previous section cannot associate3370

them to CMS primary vertices. For events with two protons detected on opposite sides, this3371

limitation can be overcome if a precise measurement of the arrival time of protons is available:3372

from the difference in time Dt = t+ � t�, where t+ and t� are the time measurements in the3373

positive and negative arm of PPS, respectively, the position in z of the pp vertex can be inferred3374

from zpp = cDt/2. Dedicated studies [140] have shown that a time resolution of O(10 ps) is3375

needed to achieve the correct association of forward protons to the events reconstructed cen-3376

trally by CMS. For pileup conditions corresponding to µ = 50, a time measurement with 103377

(30) ps resolution could reject the combinatorial background from random combination of un-3378

correlated protons by about a factor 30 (20) while keeping about 60 (50)% of the signal. How-3379

ever, larger time resolution values, within 100 ps, can still help in reducing the background.3380

As in the case of the tracking system, timing detectors must be able to operate with large and3381

highly nonuniform particle fluxes, to tolerate high radiation doses and to work in a vacuum.3382

Moreover, the material thickness must be limited.3383

During Run 2, one roman pot on each arm was used for timing, with four planes per RP. For3384

Run 3, instrumenting an additional station at the 220-N location will allow a second timing RP3385

on each arm, giving a total of eight planes per arm.3386

7.3.1 Detector modules3387

The PPS timing detectors [152–154] are based on synthetic single crystal chemical vapor deposit3388

(scCVD) diamonds. The detectors combine good time resolution, extreme hardness against3389

large and nonuniform radiation, low material budget, and fine segmentation near the beam.3390

At the conclusion of Run 2, half of the planes were based on an improved double-diamond3391

architecture, in which two diamonds are connected to the same amplification channel. This3392

nearly doubles the signal, while keeping a similar noise level, resulting in a significant im-3393

provement of the timing resolution compared to a single-diamond design. In Run 3, all timing3394

planes are of the double-diamond design. The crystals have dimensions of 4.5⇥4.5 mm2, with3395

a total active surface area of approximately 20⇥4.5 mm2 per plane. The final segmentation is3396

achieved during the metalization process, resulting in a total of 12 channels per plane. Due3397

to the highly nonuniform flux of particles, the segmentation varies with the distance from the3398

beam in the x direction. Several configurations of pad dimensions and sensor layout have been3399

used in Run 2; in Run 3, sensors with two-pad and four-pad segmentation are used, with di-3400

mensions as detailed in Fig. 99, where the layout of four of these sensors in a detector module3401

is also shown. Pads close to the beam position have smaller size (as small as 0.55 mm), while3402

a coarser segmentation is used farther from the beam. This results in a more uniform occu-3403

pancy, with low inefficiency due to multiple hits in the same channel. Because of the horizontal3404

crossing of the LHC beams at the IP, hits are more widely distributed along the x axis. For this3405
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x

LHC beam

Crystal 0 Crystal 1 Crystal 2 Crystal 3

Figure 100: Left: details of the four-pad and two-pad segmentation of the diamond sensors
used in the Run 3 modules. Right: arrangement of the four crystals in a Run 3 module (adapted
from Ref. [156]), where the position of the beam is indicated by the spot on the left. FIXME: JSE:
don’t use angle, integrate into single PDF file instead.

decrease in resolution was found to be largely consistent with radiation damage to the pream-3410

plification electronics.3411

The diamonds are glued to a hybrid board (Fig. 101), containing both the sensors and a multi-3412

stage amplification chain for each of the 12 channels. As mentioned above, radiation damage to3413

the amplification chain was identified as a limiting factor for the timing performance in Run 2.3414

Therefore, a revision of the hybrid board was designed for Run 3, with a modified layout to3415

mitigate the exposure of the preamplifiers to radiation. Additional modifications to the design3416

were made to improve the high-voltage isolation and the stability against RF noise pickup. Fi-3417

nally, remote control of the amplifier gains was implemented, giving the opportunity to better3418

fine tune the settings and compensate for any degradation during data taking.3419

Figure 101: Left: the hybrid board for the Run 3 timing detectors’ readout; the lower, wider
section hosts the sensors and is housed inside the secondary vacuum volume of the pot. Right:
detail of the diamond sensors on one side, connected via wire bonds to the frontend electronics.

7.3.2 Readout electronics3420

The signals from the hybrid boards are transmitted by individual coaxial cables to custom3421

“NINO boards”, mounted in a mini-crate about 1 m above the LHC beam pipe (Fig. 102). The3422

main data path for reading all channels at the full trigger rate is based on the the fast, low-3423

power NINO ASIC [158], with four chips per board. The NINO performs discrimination of the3424

input signals above an adjustable threshold. The width of the output signal is proportional to3425

Figure 99: Left: details of the four-pad and two-pad segmentation of the diamond sensors used
in the Run 3 modules. Right: arrangement of the four crystals in a Run 3 module (adapted from
Ref. [155]), where the position of the beam is indicated by the spot on the left.

Variable segmentation to deal 
with non-uniform fluxes: from 
700 μm close to the beam to 
2350 μm farther from the beam

4-pad diamond 2-pad diamond

Synthetic single-crystal CVD 
diamonds chosen for radiation 
hardness, segmentation, low 
material budget 

3-4 diamonds per plane, with further 1-d 
segmentation achieved by metallization 

Readout via NINO+HPTDC
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Timing: double diamonds

Since 2018 “double diamonds” 
have been used, with pads of 2 
diamond crystals connected to 
the same pre-amplification 
channel 

Nearly doubles collected charge, 
with similar noise level (dominated 
by pre-amp) 

Sensor resolution of 50-60 ps/plane 
in testbeams
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Figure 22: Dt distributions for the most irradiated area (left) and the rest (right) of the
first pad core near the beam.

than the one in the rest of the pad (�267 ps), compatible with the difference in rise time
observed in Section 6.2 (see Fig. 17 top right). A similar analysis on the other plane of
sector 45 confirms the rise time difference, while the time precision differs by only a few
picoseconds.

7 Future test beam upgrades

To ease future TB diamond characterisation campaigns, an interfacing of the scCVD
and AZALEA readout chains was developed. It consists of hardware and software
components that provide the DUT information in the EUDET environment.

The so-called TOTEM motherboard operated along all LHC Run 2 operations with
PPS timing detectors was used as a baseline for recent and future data collection in this
TB campaign. It embeds two 16-channel SAMPIC mezzanines for the fast DUT signal
sampling described in Section 3.

The radiation-tolerant Microsemi SmartFusion 2 (M2S150) FPGA, core component of
this motherboard, standardises front-end mezzanine packets into a buffered stream. Two
readout modes are available for the data collection: either the frames are transmitted
through dual GOH optical links [20], or a serial QuickUSB [21] interface may be used,
both for bulk data readout and an eased slow control and operational diagnostic. This
latter interfacing is integrated into the generic, widely used EUDAQ 2 data acquisition
software for the purposes of future TBs, either at DESY-II or at other facility members of
the AIDA-2020 project.

Unlike the standalone SAMPIC module described earlier, the trigger and selected
waveform streams are merged at the firmware level [22] by an algorithm equivalent
as used offline in the results presented in this article, and depicted in Fig. 10. Given
prior knowledge of the system latency and association window length, a single trigger-
indexed stream is built from selected and synchronised waveforms, compressed and
buffered into a dedicated FIFO for readout.

SAMPIC data quality and online monitoring is performed through a generic tool

After Run 2, Diamonds exposed to 50-100fb-1 of LHC data were retested

For LHC Run 3: 

Hybrid board modifications to place pre-amplifiers farther from the beam, i2c control 
of amplifier LV settings to compensate performance losses  

Parallel full waveform sampling readout (SAMPIC) of selected channels at lower rates 

2nd timing station instrumented: increase from 4 to 7 double diamond planes/arm

Observed 30-40% overall 
resolution degradation, not 
correlated with distance to 
beam, due to irradiation of 
pre-amplifiers 

10% localized resolution loss 
in most irradiated regions
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PPS has successfully operated a near-beam forward proton 
spectrometer since 2016, with tracking+timing detectors 

First of it’s kind at a high-energy hadron collider, with several unique 
physics results published

Proximity to the beam and highly non-uniform irradiation is a major 
challenge 

Also an opportunity to adapt new developments on a relatively small 
scale 

Run 3 underway with 12 planes of 3D pixels for tracking + 7 planes of 
double-diamonds for timing on each arm, plus studies underway for HL-
LHC
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Empty events

Single track

Two tracksShowers

Empty events

Single track

Two tracksShowers

The number of tracks 
reconstructed by the pixel detector 
shows a clear correlation with the 
number of PU events.  

Percentage of showers – tracks ≥ 5 
(black points) is directly 
proportional to PU and at the 
maximum luminosity reaches 10%.

Percentage of 0 track events

Percentage of 1 track events

Percentage of 2 track events

Percentage of 3 track events

Percentage of 4 track events

Percentage of 5 and more track events (showers)

Percentage of 0 track events

Percentage of 1 track events

Percentage of 2 track events

Percentage of 3 track events

Percentage of 4 track events

Percentage of 5 and more track events (showers)

Tracking: pixel track multiplicity vs. pileup
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Timing detectors

For most analyses, the 
dominant background is 
combinatorial/pileup 

Central system is 
combined with unrelated 
protons from pileup 

Measuring the time 
difference of the protons 
allows matching to the 
vertex position 

Timing is more important 
in Run 3, due to the higher 
pileup (>60 in 2023)
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Figure 51: Correlation between the z vertex position measured in the central CMS tracker, and
the time difference of the protons measured in the PPS detectors. Left: low-pileup data with
protons on both arms. Right: mixed background sample, with both protons chosen from a
different event than that of the central vertex. The red dashed line indicates the ideal slope of
c/2, which would be expected with zero background. The blue points with error bars show the
profile of the data, with the mean and RMS of the time difference in each bin of the position z.

To test the sensitivity to the background shape, three different approaches are tried. First, the
background mean and width are treated as free parameters in the fit. Second, the mean and
width are constrained from a fit to an event mixing sample, where both protons are chosen from
different events than that of the central vertex. Third, the mean and width are constrained from
a fit to an event-mixing sample, where one proton is chosen from the same event as the central
vertex, and the second proton is chosen from a different event.

The correlation between the vertex position and the proton time difference is shown in Fig. 51.
The sample is further subdivided into a “high-resolution” selection, with <100 ps timing res-
olution predicted on both arms (corresponding to the case with timing measurements on all 4
planes of each arm), and a “high-efficiency” selection, with no requirement on the predicted
timing resolution of each arm. The spatial resolutions obtained from the fits (Fig. 52) for the
two categories are 1.87 ± 0.21 (1.87 � 1.93) cm and 2.77 ± 0.17 (2.45 � 2.86) cm, where the first
value and uncertainty correspond to the central value and statistical uncertainty obtained us-
ing a Gaussian background shape with free parameters, and the numbers in brackets represent
the range of central values obtained under the three different background approaches. The
complete list of values obtained is shown in Table 8.

The resolutions obtained are consistent with the quadrature sum of single-arm timing resolu-
tions, estimated independently [45]. This indicates that the overall vertex matching resolution
is dominated by the single-arm detector and electronics performance, without large contribu-
tions correlated between the two arms. In the high resolution category, a time resolution below
100 ps per arm is confirmed, with the full PPS timing system in LHC collisions. The results
further indicate that the single-arm resolutions may be used to predict the overall resolution in
high-pileup data, where the two-arm technique described here cannot be used.

DPE signal sample Pileup (mixing)  
background

Use of timing in collision data

Main background for 
many analyses is 
combinatorial: central 
system combined with 
unrelated protons from 
pileup 

In signal events the 
difference of proton times 
is correlated with the 
spatial position of the 
signal vertex

zvtx = (c/2) * ΔtPPS

Correlations verified in p-p collisions in 
short runs with low pileup

Signal selection Pileup background  
(event mixing)
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2017: Evolution of radiation damaged region with 
luminosity (sector 56)

• New strip detector packages were installed during TS2 

• Size and inefficiency of the most affected area grows with time/integrated luminosity 
from TS2 until the end of the 2017 pp run 

• The last period also has a lower efficiency away from the damaged area, due to 
some runs where the strips were not being read out

Accumulated 
Lint = 0 - 9fb-1

Accumulated 
Lint = 9 - 10.7fb-1

Accumulated 
Lint = 10.7 - 18.5fb-1

Accumulated 
Lint = 18.5 - 22.2fb-1

�6

Tracking: Si strip detector efficiencies


