
(Brief) notes on alignment with the PPS Roman 
Pots at the LHC 
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PPS (Precision Proton Spectrometer)

2

• Horizontal Roman Pots ~200-220m from LHC Point 5 (CMS) 

• Began as a joint project of CMS+TOTEM in 2016, CMS sub-detector since 2018 

• Designed to operate in standard LHC conditions, with low-beta* and very high luminosity/pileup 

• Recorded >100fb-1 for physics in LHC Run 2 (2016-2018) 

• Two horizontal tracking RPs (3D pixels), with 1 horizontal timing RP (diamond) in between 

• During special alignment runs, also make use of the vertical RPs (Si-strip detectors) of the TOTEM 
collaboration2. The CMS detector and PPS 3

Figure 1: 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 and
the outgoing proton in the clockwise beam direction. The accelerator magnets are indicated
in grey and the collimator system elements in green. The horizontal RPs are marked in red.
The vertical RP units are indicated in dark grey; they are part of the TOTEM experiment. The
vertical RPs are not used during high luminosity data taking; nevertheless, they provide PPS
with a reference measurement for the calibration and alignment of the detectors.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [1].

The PPS detectors

Figure 1 shows the layout of the RP system installed at around 200–220 m from the CMS in-
teraction point (IP5), along the beam line in the LHC sector between the interaction points
5 and 6, referred to as sector 56. A symmetric set of detectors is installed in LHC sector 45.
Some RPs approach the beam vertically from the top and bottom, some horizontally. During
standard machine operation, scattered protons undergo a large displacement in the horizontal
direction and a small vertical displacement at the RP positions. The horizontal RPs are hence
used. The vertical RPs are used in special configurations of the machine and in low luminosity
proton-proton fills for the calibration and alignment of the detectors.

Each detector arm consists of two RPs instrumented with silicon tracking detectors that measure
the transverse displacement of protons with respect to the beam, and one RP with timing de-
tectors to measure their time-of-flight. The tracking RP closer to the IP is referred to as “near”,
the other as “far”. Silicon strip sensors with a reduced insensitive region on the edge facing the
beam were initially used [11]. Each RP hosted 10 silicon strip sensor planes, half at a +45� an-
gle and half at a �45� angle with respect to the bottom of the RP. These sensors cannot sustain
a large radiation dose and cannot identify multiple tracks in the same event. They have for this
reason been gradually replaced by new 3D silicon pixel sensors: one RP (in each arm) during
the 2017 data taking run and all tracking RPs in 2018 were instrumented with 3D pixel sensors.
Each such RP hosts six 3D pixel sensor planes [3]. A summary of the RP configurations used in
different years is provided in Table 1.

The difference between the proton arrival times in the detectors on both sides of the IP is used to
reject background events with protons from pileup interactions, or beam-halo particles. Timing
detectors were operational in 2017 and 2018, with four detector planes hosted in a single RP.
They consisted of single- and double-sided single crystal chemical vapour deposition (scCVD)
diamond sensor planes [12], and one plane of ultra-fast silicon sensors [13] during the 2017
data taking.

(symmetric on other arm)
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Alignment fill
• At least once/year, the LHC performs a dedicated Roman Pot alignment fill 

• During the initial intensity ramp up, and after any major changes to the machine conditions 
or interventions on the Roman Pot detector packages 

• Maximum energy and nominal intensity, but only 1-2 colliding bunches 

• Both the PPS horizontal RPs, and the TOTEM vertical RPs (normally not used for standard 
high-intensity physics runs) are inserted  

• This fill consists of 2 parts 

1.Beam-based alignment 

2.Data-taking for physics alignment and optics matching
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1: Beam-based alignment

5
p. 5Mario Deile   –[from our poster @ IPAC 2011] Poster at IPAC2011

Procedure is illustrated  
for vertical RPs, similar for  
horizontal PPS RPs

Used to calculate physics  
position settings and limits,  
programmed for all  
subsequent insertions in  
high-lumi fills



2a: Alignment for physics
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• After the beam-based alignment, LHC continues the fill with all RPs inserted closer than normal 

• By exceptionally having the vertical RPs inserted, a sample of elastic scattering (pp->pp) is recorded to 
constrain horizontal position and possible x-y rotations 

• By having the RPs inserted close to the beam there is an overlap between the horizontal and vertical RPs, 
allowing relative alignment of RPs 

• Data collected in this fill is also used to perform the optics matching, needed to reconstruct the proton ξ, t
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2b: Alignment for physics
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• After the alignment fill, corrections are derived after every RP insertion+retraction throughout 
the year by matching track distributions to the alignment fill reference data (assuming the 
physics is always the same) 

• Provides fill-by-fill corrections for absolute and relative near-far alignments, that are used to 
reconstruct the physics data
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Figure 8: Example of per-fill alignment results (2017 post-TS2, sector 56 or near RP in sector
56). Horizontal axis represents LHC fills where PPS was active (only some explicitly listed).
The colours indicate two values of crossing angle. Rows from top to bottom: absolute horizon-
tal alignment, near-far relative horizontal alignment, absolute vertical alignment and near-far
relative vertical alignment.
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Figure 6: Left: illustration of absolute horizontal alignment (fill 5424, 2016 post-TS2, far RP
in sector 45). Black: data from reference “alignment” fill, blue: data from a physics fill before
alignment and red: data from the physics fill, aligned to match with the black reference. Right:
illustration of horizontal near-far relative alignment (fill 7052, 2018 and sector 45). Red: mean
value of xF � xN as function of xN. Blue: fit and extrapolation to the horizontal beam posi-
tion (vertical green line, e.g. from the left plot). The value of the relative near-far alignment
correction is indicated by the magenta dot.

5, where the value of S corresponds to the slope of the red line. The x dependence of the S

function is generated by the LHC optics, cf. Section 6: y is mostly given by the vertical effective
length, Ly(x), and x is largely correlated with x because of the large horizontal dispersion,
cf. Eq. (12). The optics has been verified to be stable in time and therefore S(x) is suitable
for matching observations between different fills. Furthermore, the function from Eq. (6) is
convenient because of its slope character: vertical misalignments (shifts in y) cause no bias and
unavailable parts of the phase space (e.g. because of localised radiation damage) do not have
any detrimental impact since the slope can still be determined from the available part. The
matching procedure is illustrated in Figure 6, left: the S(x) curve from the test fill (blue) is
shifted left and right until the best match with the S(x) curve from the reference fill (aligned
with the method from Section 5.1) is found. The shift between the blue and red curves is then
used as the alignment correction.

The relative alignment between the RPs within the same arm is then refined with a dedicated
method with a better sensitivity – good calibration of the relative alignment is essential for
the multi-RP proton reconstruction, cf. Figure 37. The relative near-far alignment method is
based on comparing horizontal track positions in the near and far RPs, xN and xF, respectively.
The procedure is illustrated in Figure 6, right: the profile xF � xN vs. xN (red) is extrapolated
(blue dashed) to the value of xN corresponding to the beam position (green). The extrapolated
value of xF � xN (magenta dot) then gives the relative-alignment correction. In general, the
xF � xN difference can be generated either by misalignments (independent of the horizontal
position) or by the optics (roughly proportional to horizontal displacement from the beam). The
extrapolation to the beam position, where the displacement from beam is ⇡ 0, thus suppresses
the optics contribution and keeps the misalignment component only.

The vertical alignment is obtained by extrapolating (blue) the observed vertical profile (red) to
the horizontal beam position (green) as shown in Figure 7 where the alignment correction is
marked with the magenta dot. The extrapolation to the beam position suppresses the optics

Alignment fill reference data 
Physics fill data, uncorrected 
Physics fill data, after alignment
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