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The CMS Precision Proton Spectrometer (PPS) is designed for studying Central Exclusive Pro-
duction in pp collisions at the LHC. It consists of tracking and timing detectors to measure protons
that escape along the LHC beam line after the interaction in CMS. Both tracking and timing sys-
tems underwent a substantial upgrade for Run 3. The tracking detector employs new single-sided
150 pm-thick silicon 3D pixel sensors, read out with the PROC600 chip. An innovative mechani-
cal solution was adopted to mitigate the radiation effects caused by the non-uniform irradiation of
the readout chip, allowing for moving the detectors during beam downtimes. The time-of-flight
measurement system uses 500 pm-thick single-crystal CVD diamond sensors in double-diamond
configuration and was upgraded with the aim of improving the radiation tolerance and obtaining
a time resolution of less than 30 ps. In this contribution the new apparatuses installed for Run 3
and their preliminary performance will be presented.
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1. The PPS setup for LHC Run 3

The Precision Proton Spectrometer (PPS) is a forward spectrometer at the LHC, installed on
both sides of the CMS interaction point (IP) [1]. It consists of tracking and timing detectors installed
at about 200 m from the IP in mechanical structures called Roman Pots (RPs), which approach the
LHC beam down to few millimetres.

For the LHC Run 3, the PPS detectors underwent a number of upgrades that have been
documented fully in Ref. [2]. Two RPs per LHC sector were equipped with a new production
of 3D silicon pixel detectors, and another two with double diamond timing detectors. In 2023,
PPS collected 26 tb~!, corresponding to about 84% of the integrated luminosity delivered by LHC
(Fig. 1), and, in 2024, more than 30 fb~! were collected to the date of the conference.
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Figure 1: Integrated luminosity versus time during 2023. The recorded histograms show the amount
collected while the system mentioned in the legenda was active.

1.1 Tracking system upgrade

In view of the Run 3 data-taking, a new sensor production at Fondazione Bruno Kessler
(Trento, Italy) was launched. 3D silicon pixels sensors are a natural choice for the radiation
hardness requirements imposed by the PPS running environment. With respect to the sensors used
in Run 2, produced at the Centro Nacional de Microelectrénica (Barcelona, Spain) with a double-
sided process, the Run 3 production leveraged the new single-sided processing technology (Fig. 2).
The new sensors have a 230 pm-thick active bulk, with 200 pm-deep columns of 10 pm diameter.
Matrices of 52 x 80 pixels are arranged in 2 x 2 layouts, with a pitch of 150 x 100 pm?.

Each sensor was bump-bonded at [ZM (Berlin, Germany) to four PROC600 readout chips, and
glued to a newly designed flex hybrid, forming a module. Sets of 6 modules were assembled in
so-called detector packages, the mechanics of which was heavily modified with respect to its Run
2 counterpart. Radiation damage studies performed on Run 2 data had shown that the readout chip
(PSI46dig) performance locally degrades because of non-uniform irradiation and, after collecting
an integrated luminosity ~ 8 fb~!, the detector efficiency is significantly reduced [5]. It was however
proven that moving the sensors in the vertical direction was an effective way to recover the detector
performance.
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Figure 2: Cross section of the 3D silicon sensors used by the PPS tracking system in Run 2 (left, double-sided
processing) and Run 3 (right, single-sided processing). Reproduced from [8].

Irradiation studies on PROC600 chips showed radiation effects similar to those of the chips used
in Run 2, therefore a miniaturised stepping motor was integrated in the detector package mechanics
(Fig. 3) to allow for vertical movements to be performed remotely, during beam downtimes.

Finally, numerous other components in the tracking detector readout chain were updated for
compatibility or availability reasons, among which concentrator chips (TBM10) and opto-hybrid
transceivers (POH4).

1.2 Timing system upgrade

The PPS timing system underwent several updates for the Run 3 data-taking. A new production
of 500 pm-thick diamond crystals, segmented in two or four channels, was procured from Element
Six (Didcot, UK). All the new detector planes present a double-diamond layout, consisting in two
aligned diamond sensors read out by the same front-end amplifier to optimise their signal to noise
ratio, with a total of three or four crystals per side (Fig. 3).

The readout chain, based on the NINO comparator and the HPTDC, was revised and further
optimised for timing resolution. Furthermore, an alternative readout based on the SAMPIC chip
was added, with the purpose of providing a more precise reference for the detector commissioning.

Finally, starting from 2023, each PPS sector implemented one additional timing station, bring-
ing the total to two stations (8 diamond planes) per side of CMS.

Via (1.3 mm) — <8 mm

Figure 3: Left: technical drawing of a tracking detector package. The flex hybrids are depicted in green,
while the stepping motor implemented to allow for the vertical movement is coloured in black. Center:
drawing of a timing detector plane, presenting the double-diamond layout (crystals are coloured in yellow).
Right: picture of a Run 3 timing detector package, presenting four detector planes.
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2. Tracking performance results

The data collected in 2023 have been used to preliminarily characterise the tracking detector
behaviour during the Run 3 data-taking. The observed particle distribution was highly non-uniform,

as expected in the PPS operating environment, with more than one order of magnitude differences
over ~ 1 mm distances (Fig. 4).
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Figure 4: Distributions representing the intersection of reconstructed tracks with an imaginary plane located
at each tracking station nominal location, in a reference frame where the LHC beam is in x, y = (0,0) mm,
during a typical data-taking. Reproduced from [3].

During the 2023 data-taking, two vertical movements of * 500 pm were performed after
the LHC delivered 8.8 fb~! and 18.5 fb~!, respectively. The efficiency of each tracking detector
station, evaluated with the methods presented in Ref. [5], was studied to observe the evolution of the
radiation damage as a function of the integrated luminosity, and the effect of the vertical movement.
Figure 5 clearly shows that a damage, initially not present, is formed in the sensor region that is
closest to the LHC beam (located in x, y = (0,0) mm). After a vertical movement is performed, a
new sensor region is irradiated and a new damage will appear.
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Figure 5: Efficiency of one of the detector stations at different irradiation points, quantified as LHC delivered
luminosity. Reproduced from [3].

Figure 6 right shows the average efficiency in a region (Fig. 6 left), which is vertically aligned
with the LHC beam and is designed to enclose the radiation damage generated at each of the
movement steps in the region of peak irradiation. This quantity acts as a qualitative figure of merit
to evaluate the detector performance at different irradiation levels, and shows that, after each vertical
movement, a sharp recovery is achieved.
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Figure 6: Left: track distribution (as presented in Fig.4), with, in red, the irradiation peak area used to
compute the peak average efficiency. Right: peak average efficiency for one of the tracking stations as a
function of the LHC delivered integrated luminosity.

3. Timing performance results

The PPS timing detectors are operating smoothly in Run 3 and collected 26.0 fb~! in 2023,
showing adequate hit occupancies in all channels (Fig. 7).
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Figure 7: Distributions of the hits per channel and plane, in the timing stations of sector 56, during a typical
data-taking run.

Preliminary results on the vertex position resolution have been derived by analysing low pileup
data (u = 1 average interactions per bunch-crossing). A minimum bias sample in which the central
CMS tracker reconstructed a single vertex with less than 10 tracks was used, selecting events with
at least one multi-RP proton Ref. [3] with timing information per PPS sector.

The vertex longitudinal coordinate zpps, timing Was determined using the PPS timing information
as zpps, timing = (¢/2)At, where c is the speed of light and At is the difference between the proton
arrival times in the two sectors (corrected for time-walk effects).

Figure 8 (left) presents the distribution of the difference between zpps, (iming and the vertex z
coordinate determined by the CMS tracker (Zyeriex), for events in which at least two diamond planes
were active in each of the timing RPs. A signal resolution of 1.9 cm is obtained when modelling
the spatial coordinates difference using two Gaussian distributions: one for the signal, and one for
the background.

This result shows a significant improvement with respect to the Run 2 performance (o, =
2.77 cm) and was obtained without accounting for differences in the resolution of each detector
channel, which will further enhance the resolution.
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Finally, the relation between zyerex and At was studied (Fig. 8 right), observing a good linear
correlation with a slope of 0.048 + 0.003 ns/cm (expected to be 2/¢, 0.066 ns/cm, for signal-only
events).
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Figure 8: Left: difference between the vertex z coordinates reconstructed with the PPS timing detectors
and the CMS central tracker. A double-gaussian fit is performed to estimate the signal resolution. Right:
correlation between the zyerex and Af. The average At as a function of zyereex 1S fitted with a straight line.

4. Summary

The Run 3 upgrades of the PPS detector system and preliminary results on its performance have
been presented. The tracking detector efficiency is in line with the expectations, and the effectiveness
of the vertical movement system in mitigating the radiation damage has been proven. The resolution
of the vertex z reconstruction via timing detectors was estimated, showing a substantial improvement
with respect to the Run 2 results.
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