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CMS + TOTEM

• Several joint activities of CMS+TOTEM, of relevance for γγ and γp physics 

• Common data-taking in high-β* LHC runs 

• Common triggers - separate data samples merged offline 

• Special optics allows access to low-ξ/low mass processes 

• CT-PPS (CMS TOTEM Precision Proton Spectrometer) 

• Operation at highest LHC intensities 

• Fully integrated DAQ and software 

• Large integrated luminosity for BSM searches and rare SM processes  

• -> main focus of this talk
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Prospects for γγ physics with proton tagging (I)

• Significant rate of very high energy γγ collisions 
in pp collisions at the LHC 

• Well beyond energy range of γγ physics at 
LEP, HERA, Tevatron, RHIC 

• Ideal case when forward scattered protons can 
be detected and matched to the central system 

• Strong background suppression 

• Event-by-event constraints on √sγγ 

• Reduced theory uncertainties related to 
dissociation of the protons
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Physics motivations

– Study the colourless interactions, where large rapidity gaps are expected
(e.g. the P PP processes)
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– In particular, two-photon interactions:

– Precision measurement of the + process
– Search for anomalous behaviours of the VV couplings (AQGCs)
– Probe the 750 GeV two-photon mass region (e.g. arXiv:1512.05751)

– New resonances searches through CEPs
– CoM system precisely known (overconstrained central system)

– LHC as a gluon-gluon collider:
– Study the pQCD behaviour of exclusive productions
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Fig. 2. Cross sections for various two-photon processes, pp →
pXp, as a function of the minimal photon-photon c.m.s. energy
W0. The pp → pµ+µ−p cross section has been computed for
pµ

T > 2 GeV and |ηµ| <3.1. No cut is applied for the other
processes.

Processes σ [fb] Generator
γγ → µ+µ− 72 500 lpair [22]

W +W− 108.5 mg/me
F+F− (m = 100 GeV) 4.064 //

F+F− (m = 200 GeV) 0.399 //

S+S− (m = 100 GeV) 0.680 //

S+S− (m = 200 GeV) 0.069 //

H → bb (m = 120 GeV) 0.154 //

Table 1. Cross sections for several two-photon processes pp →
pXp (F stands for fermion, S for scalar), obtained using two
generators. The pp → pµ+µ−p cross section has been com-
puted for pµ

T > 2 GeV and |ηµ| <3.1.

Realistic studies, including acceptance cuts, of the in-
teresting γγ processes at the lhc are presented in the fol-
lowing sub-sections. All generated processes were hadro-
nised using the modified pythia generator3 [23].

3 First public pythia release including the photon interac-
tions based on the epa is available starting from version 6.412.

2.2 Muon pairs

Two-photon exclusive production of muon pairs at the
lhc has a well known cross section, and requires very
small hadronic corrections [24]. Its large cross section,
reaching σ = 72.5 pb for muons at significant trans-
verse momenta (see Tab. 1), and the small theoretical
uncertainty makes it a perfect candidate for the lhc
absolute luminosity measurement. Thanks to its striking
signature the selection procedure is very simple. It just
requires two opposite charge muons within the central
detector acceptance (|η| < 2.5), at transverse momenta
above some not too high threshold (pµ

T > 3 or 10 GeV).
The cross sections after acceptance cuts (σacc), with or
without the requirement of at least one vfd tag, are
presented in Tab. 2.

Cross section [fb] pµ
T > 3 GeV pµ

T > 10 GeV

σacc 21 600 1 340

σacc (with vfd tag) 7 260 1 270

Table 2. Cross section for pp → pµ+µ−p after applying ac-
ceptance cuts defined by |ηµ| < 2.5 and two lower values for
pµ

T , with and without vfd tagging.

As a result, about 400 muon pairs should be de-
tected in a 12 h long run at the average luminosity of
5×1032 cm−2s−1. Another interesting application of these
exclusive dimuon events is the possibility to perform the
absolute calibration of the very forward detectors. Indeed,
since the momentum of the produced muons is expected
to be very well measured by the central tracking detector,
the forward proton energy can be precisely predicted using
the kinematics constrains. This would, in turn, provide a
very good control of the photon energy reconstruction [7].
A precise re-calibrations of the vfds in case of misalign-
ment of the lhc beamline elements would also be possible.
Furthermore, the large cross section could even allow to
perform run-by-run calibrations, as the requirement of at
least one vfd tag results in more than 150 events per
run [25].

2.3 W and Z boson pairs

The two-photon exclusive production of WW and ZZ
pairs is particularly well suited for studies of anomalous
quartic gauge couplings (aqgcs) γγWW and γγZZ.
Such anomalous couplings appear in many extensions
of the sm, and in particular could directly reveal the
exchange of new, heavy bosons [26,27].

In the sm, the two-photon cross section of exclusive W
pair production, pp → pW+W−p, is large, about 108 fb−1.
The topology resulting from fully muonic decay of both W
bosons still has a sizable cross section after applying ba-
sic acceptance cuts for both muons, as shown in Tab. 3.

arXiv:0908.2020

http://arxiv.org/abs/arXiv:0908.2020


)σdistance to beam (
8 10 12 14 16 18 20 22

Vi
si

bl
e 

cr
os

s 
se

ct
io

n 
[fb

]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

WW signal→γγSM 

Misreconstructed signal

10ps resolution
 final state)µWW (e

simulation 
CMS-TOTEM 

 [GeV]γγW
0 500 1000 1500 2000 2500 3000

-1
Ev

en
ts

 / 
10

0f
b

0
1

2

3
4

5

6
7

8

9

10

σ10 
σ15 
σ20 

10ps resolution
 final state)µWW (e

simulation 
CMS-TOTEM 

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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mass distributions are shown for signal and for the background exclusive ⌧⌧ event yields. The missing
mass M

X

=

p
s · ⇠1 · ⇠2 (also indicated as W

��

in Figure 36) is estimated from the reconstructed values
of the two leading protons, ⇠1 and ⇠2. The yields of exclusive ⌧⌧ background events are multiplied by a
factor of 10, in order to allow comparison of the shapes.
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Figure 36: Azimuthal angle difference between the two leading leptons (top, left), transverse momentum
of the dilepton pair (top, right), leading lepton transverse momentum (bottom, left), and missing mass
(bottom, right) for signal and background events, and in the presence of exclusive WW events due to
AQGC processes. Distributions are shown after the full event selection, for an integrated luminosity of
100 fb�1. Histograms are stacked, except for that of the exclusive ⌧⌧ background, which is not stacked
and is multiplied by a factor of 10.

Table 6 summarizes the cross sections (in fb) after each selection cut. Cross sections include the branch-
ing fractions and are given for the dominant SM processes within the geometrical and detector accep-
tance. A small contribution from incorrectly reconstructed exclusive WW signal events, where at least
one of the leading protons comes from a pileup or SD/DPE event, is also estimated separately.

Table 7 summarizes the cross sections (in fb) for the expected exclusive WW events due to AQGC for
two different values of the coupling parameters, a

W

0 and a

W

C

. Cross section values include the branching
fractions and are given for the dominant SM processes within the geometrical and detector acceptance.
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Prospects for γγ physics with proton tagging (II)

• Detailed simulation studies of several 
final states: W+W-, dijets, γγ  

• Promising sensitivity in several 
topics 

• Electroweak physics and indirect 
new physics searches  

• Anomalous couplings, loop-level 
effects 

• Direct searches 

• New resonances, exotically 
charged particles, etc.

CERN-LHCC-2014-021
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CT-PPS in 2016
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CT-PPS: 2016 configuration

• 2 horizontal Roman Pots in 210m region 
from IP5, equipped with Si-strips 

• RF shielding for insertion at high 
luminosity 

• 1 cylindrical RP, equipped with fast-
timing diamond detectors
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CT-PPS Project 

CMS → 
3 Horizontal Roman Pots 

Timing Detectors

Diamonds : Installation 
June 2016

Fast Silicon : end 2016

Tracking Detectors

TOTEM Si-Strips : operative

3D Pixel: end 2016 

Measure the diffractive proton

CT-PPS 
timing

CT-PPS 
tracking 2

CT-PPS 
tracking 1

towards IP



CT-PPS: 2016 operations

• Original concept: commissioning in 2016, physics 
data-taking in 2017 

• Decision in early 2016 to advance data-taking 
by 1 year, thanks to use of existing TOTEM Si-
strip detectors 

• Data acquisition and reconstruction software fully 
integrated, strip tracking detectors commissioned 
in a short time 

• Total of ~15fb-1 collected with Si-strip tracking in 
RPs inserted 15σ from the beam 

• ~2.5fb-1 also together with diamond timing 
detectors

7

• Calibration procedures for alignment and optics established



Alignment procedure
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Alignment of CT-PPS detectors in 2016 5
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Fig. 7: Illustration of alignment with elastic-scattering hit distributions, using a 1h-slice of data. See text for
description.

• Alignment procedure performed in 2 steps 

• 1: Absolute alignment 

• 2: Fill-by-fill alignment 

• Step 1: Use elastic scattering (pp→pp) events, in 
special alignment runs where both horizontal and 
vertical RPs approach very close to the beam 

• Step 2: Use inclusive sample of protons 
triggered by central CMS detectors 

• Match distribution of proton track positions 
to that of alignment runs



Optics determination
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• Final physics variable of interest is the proton momentum loss “ξ“ 

• Reconstruction from measured RP track position requires precise 
knowledge of LHC optics & dispersion Dx 

• Standard TOTEM optics matching with elastic events [New J. 
Phys. 16 (2014) 103041] using measured quadrupole strengths 

• Dispersion calibration using L_y(x) = 0 point 

• LHC lattice/optics matching of crossing-angle and quadrupole 
positions using measured dispersions and the beam position as 
measured by RPs and BPMs"  

• Final result is a (non-linear) calibration of ξ vs. the 
measured track x position 

• Overall ξ resolution of ~5.5% 



2016 optics before TS2 (data-calibrated):  
β* = 0.4 m, αX = 370 µrad, mild orbit bump, RPs @ 15σ

no acceptance

no acceptance

no acceptancesingle arm

single arm

ξ
1

ξ2

1

1

TCL4 (B1)

TCL4 (B2)

double arm

M2 = ξ1 ξ2 s 

Putting things together - physics acceptance
• Overall acceptance depends on 

invariant mass and rapidity of the 
central system 

• For 2016 LHC optics before LHC 
technical stop 2 (late August) 

• Acceptance for seeing both 
protons at mid-rapidity and 
m =360GeV-~2TeV 

• Acceptance for seeing 1 
proton at lower masses and 
forward rapidity
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• Different acceptance in the final months of 2016 due to change of LHC crossing angle 



Physics with 2016 data 
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γγ→μμ with forward protons (New)
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• Apply all calibrations to analysis of a 
well-known SM process 

• γγ→μμ with one or both protons intact 

• Single arm events are used to 
extend acceptance to lower 
masses 

• ξ of the μμ pair can be related to 
the true ξ of the proton 

• Backgrounds primarily Drell-Yan or 
double proton dissociation events  

• Can fake a signal when 
overlapping with pileup protons 
or beam background



Event selection and backgrounds
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• Data sample based on ~10fb-1 taken with consistent optics collected in 2016 
prior to TS2 

• Events selected with m(μμ)>110GeV, above the Z-peak 

• Backgrounds are suppressed by requiring the μμ vertex be separated from 
other tracks, and the two muons be back to back in φ 

• Signal candidates required to have ξ(μμ) and ξ(RP) matching within 2σ of 
resolution 

• “Data-driven” estimate of remaining backgrounds, using inclusive Z→μμ events 
in coincidence with pileup/background protons 

• Total background estimate: 1.47 ±0.06 (stat.) ±0.52 (syst.)



Observed ξ correlations
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Left arm Right arm

• Total of 17 events have ξ(μμ) consistent with RP acceptance  

• 12 with matching ξ(μμ) and ξ(RP) (red points) 

• Εstimated significance for observing 12 events for a background of 1.47 ±0.06 (stat.) ±0.52 (syst.):  
4.3σ



Event properties

• Dimuon invariant mass + rapidity consistent 
with single arm acceptance (yellow bands) 

• No double-tagged events observed 
(green diamond) - consistent with SM 
cross section * efficiency 

• Spectrum extends to m(μμ)=341 GeV 

• => Tagged γγ collisions at the EWK 
scale! 

• Several times beyond previous 
measurements with proton tags 
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Physics prospects - 2016 data
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• Several additional physics topics 
already planned with 2016 data 

• Example search: for γγ→γγ  and 
Neutral quartic gauge couplings 
(forbidden in SM)  

• Expect this channel to provide best 
sensitivity at LHC 
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Physics topics with CT-PPS: beyond standard model
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• Process sensitive to anomalous couplings: γγWW , γγZZ, γγγγ;
motivated by studying in detail the mechanism of electroweak symmetry
breaking, predicted by extradim. models

• Best possible sensitivity at the LHC
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Physics topics with CT-PPS: beyond standard model
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• Part of program to explore quartic gauge couplings with photons: γγ→γΖ, γγ→ΖΖ, 
γγ→WW (with timing detectors)



Outlook for 2017
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Outlook for 2017 - detectors

• Several upgrades to detectors ready for the 
upcoming 2017 LHC run 

• Installation of new 3d Si pixel detector 
detector packages 

• Increased radiation hardness and 
granularity for tracking

18

• Timing detectors: diamond detectors operated already in late 2016 

• Upgraded front end readout electronics, active precision reference clock system 
for 2017 

• Installation of 1 plane of fast silicon timing technology



Outlook for 2017 - physics acceptance
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• Additional Roman Pots at 220m 
upgraded for high luminosity data 
taking 

• Used to house new pixel 
tracking detectors

• With 2017 LHC optics, extends low mass reach for double tagged events to 
nearly  ~300 GeV 

• Improved acceptance for SM calibration processes 

• Similar to acceptance foreseen in CT-PPS TDR



Summary
• With its 2016 operation, CT-PPS has proven for the first time the feasibility of operating a near-beam 

proton spectrometer at a high luminosity hadron collider on a regular basis. 

• Safe RP insertions, detector commissioning, full integration of DAQ and reconstruction software 
established 

• Collected >15fb
-1

 of data in high luminosity runs with good physics acceptance, thanks to the LHC 
machine/optics experts 

• RP alignment and optics corrections derived from alignment runs + inclusive proton samples, based on 
methods previously used in TOTEM 

• Methods applied to a first analysis of the “standard candle” γγ->μμ process with single proton tagging 

• >4σ signal for electroweak scale single proton-tagged γγ collisions at the LHC 

• Major upgrades to CT-PPS RPs, tracking, and timing detectors after 2016 run  

• Ready for 2017 LHC run!
20

Ref: PPS-17-110, TOTEM-NOTE-2017-003
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