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What we collide at LHC
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CMS pp Data at LHC Run-2
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CMS Dataset Run-2 
• 2016-2018: 137 fb−1 of pp data “good for physics” 
• data-taking efficiency > 92% (2018: 94%) 
• number of pp interactions per beam crossing (PU): <μ> = 34

Excellent performance of the LHC in Run-2 
• max LHC luminosity (2018): 

 !max = 2.14 × 1034 cm−2s−1  
 (factor of 2 higher than designed 1034 cm−2s−1)

2015

2016

2017

2018

2012
2010-11

√s = 7, 8 TeV

√s = 13 TeV

 29.4 fb−1 

 163.6 fb−1 

LS1

CMS Triggers for Run-2 (1.6 kHz) 
• Standard triggers (leptons, jets, MET) 
• B-parking triggers (up to 5 kHz) 

 10B events enriched in un-biased B decays 
• Scouting triggers 

 reduced events with physics objects
Luminosity measurements: 1.2% in 2016, overall 1.6% for Run-2

CMS-LUM-17-003 
Submitted to EPJC

Phys. Briefing



Introduction to CMS-TOTEM Precision 
Proton Spectrometer
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- For measuring the kinematics of scattered protons very close to 
beam on both sides of CMS.

- Using LHC magnets to bend the protons.
- In standard running conditions (high luminosity), Synced with CMS.

TOTEM in a CMS environment [low-PU]:
o Tracking telescopes (T1 and T2) for the 

measurement of inelastic interactions in the 
3.2 ≤ |η| ≤ 6.5 range.

o Horizontal + vertical Roman pots (RPs) for 
the detection of forward scattered protons, 
measurement of ξp = 1 − |pf /pi |, and t=(pf
−pi)2

o So measurement of total, elastic, inelastic
cross section of proton.

(CMS–TOTEM) Precision Proton Spectrometer 
[high-PU]: 
o Horizontal Roman pots (RPs), located at > 200 

m from CMS interaction point.

o Tracking and timing components fully 
integrated in the CMS readout environment.

o designed for high-luminosity operation mode

o The total cost is ~1 MCHF



Experimental apparatus and challenge in LHC 
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Forward proton tagging
● (CMS-TOTEM) Precision Proton Spectrometer [CERN-LHCC-2014-021] or CT-PPS (2016-2017) 

→ PPS (2017-) used to detect forward protons deflected through LHC magnets

– array of tracking and timing detectors located at ~ 203-212 m from IP5

– main observables: longitudinal momentum loss �, 4-momentum transfer t = -q², and time 
difference between two arms (→ time of flight measurement) from 2017 on

● “New” CMS detector (part of cDAQ since mid-2016), benefiting from > 10 years TOTEM 
experience in pots operation, alignment & calibration

– multiple technologies used along LHC run 2 for tracking (silicon strips in 2016-17, 3D pixels in 
2017-18) and timing (diamond in 2017-18, UFSDs in 2017)

– over 110 fb¯¹ collected during the full period, analysis reported uses 9.4 fb-1

Date in 2016
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Forward proton tagging
● Main feature: detection of forward protons using LHC magnets: the (CMS-TOTEM) Precision Proton 
Spectrometer [CERN-LHCC-2014-021] or PPS
– array of tracking and timing detectors located at ~ 203-212 m from IP5

– main observables: longitudinal momentum loss  , 4-momentum transfer t = -q⇠, and time difference 
between two arms ( time of flight measurement) from 2017 on→

● “New” CMS detector (part of cDAQ since mid-2016), benefiting from > 10 years TOTEM experience 
in pots operation, alignment & calibration

– multiple technologies for tracking (silicon strips in 2016-17, 3D pixels in 2017-18) and timing (diamond in 
2017-18, UFSDs in 2017) used since then

– over 110 fb̄✓ collected during full LHC run 2

203.827 m
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Over 110 fb -1  (75%) of collected data during full LHC run 2 

o Roman Pots (RP) need to operate at few mm from the beam (~1.5 
mm) to maximize acceptance for low momentum loss (ξp) protons 
(horizontally and vertically)

o Moving during each fill of LHC so alignment is crucial.

o Limit impedance introduced by beam pockets 
– Monitor beam losses, showers, interplay with collimators, beam                     

impedance (heating, vacuum and beam orbit stability) 

o Sustain high radiation levels
– For 100/fb, proton flux up to 5x1015cm-2 in tracking detectors, 
1012neq/cm2 and 100Gy in photosensors and readout electronics.

o Reject background in the high-pileup (μ=50) of normal LHC running 



Physics Motivation of PPS
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Advantages of protons tagging and matching:

 Event-by-event constraints on √s of the 
interaction, independent of final state.

 Strong background suppression due to
simultaneous and precise measurements of 
the initial and final state kinematics

 Reduced theory uncertainties related to 
dissociation of the protons 

- Central exclusive production

pp → p X p
M(X) = M(pp) ∼ sqrt(ξ1ξ2s).

-photon or colour-singlet exchange in t-channel.

-Varieties of physics such as EW, QCD and BSM 
can be studied.

𝛾 − 𝛾 collider



PPS Detectors: Tracking
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Tracking detectors:
￭ Goal: measure proton momentum.

￭ Missing mass of 2 leading protons M(X) = M(pp) .

￭ Longitudinal momentum balance pz(X) 
=(pz(p1)+pz(p2)).

￭ Transverse momentum balance pT (X) = −(pT (p1) + 
pT (p2 )). 

￭ Technologies : silicon 3D pixels (6 planes per pot)

￭ Pixel size 100μm x 150μm; track resolution ~20μm

￭ Designed for high-lumi running with Multi-track 
capability 



PPS Detectors: Timing
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Timing detectors:
￭ Goal: identify primary vertex, correlate it with the central detectors ,reject 

pileup.
￭ σtime~10ps ⇒ σz~2mm allowing pileup rejection by a factor of approximately 

25. 
￭ Technologies: diamond/silicon

Event selection and backgrounds

• Event selection 

• 0-bias triggers 

• Exactly 1 vertex in central CMS 
tracker, with <= 10 tracks (DPE-
enhanced) 

• Exactly 1 multi-RP proton with 
timing information on each arm of 
PPS

9

• Backgrounds from coincidence of pileup 
protons (or beam backgrounds/showers) 
with the reconstructed vertex 

• Modeled as a Gaussian under 3 different 
assumptions: 

• With floating mean+width (agnostic to 
source) 

• Event-mixing, with both protons from 
different events than the central vertex 
(triple-coincidence) 

• Event-mixing, with 1 proton from the 
same event and one proton from a 
different event than the central vertex 
(~SD + pileup)

• Main interest for CT-PPS: collect sample for first 
attempts at calibrating forward proton timing 
detectors (diamonds + ultra-fast silicon) 

• Principle - if both protons stay intact, Δt(protons) 
measured by CT-PPS is correlated with vertex z 
position measured in central tracker/pixels 

• Needs detailed understanding of HPTDC 
settings, channel timing offsets, thresholds, etc. 

Low pileup fill & CT-PPS timing detectors
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FIG. 1: Leading-order diagrams for double-Pomeron exchange di-jet (left) and γ+ jet (right) production in proton-proton
collisions. The di-jet process is sensitive to the Pomeron gluon density and the γ+ jet process to the Pomeron quark densities.

The plan of the paper is as follows. In Section 2, we present more details about the theoretical description of hard
diffractive events in hadron-hadron collisions, and on their implementation into the forward physics Monte Carlo
(FPMC) program, which is used in our analysis. In Section 3, we discuss the sensitivity of the DPE di-jet process
to the gluon content of the Pomeron, this will be the first DPE measurement performed at the LHC. In Section 4,
we focus on the quark content of the Pomeron, and show the improvements that can be obtained by measuring DPE
photon-jet processes. Finally, in Section 5, we compare our results with those obtained in the SCI model, for the
photon-jet to di-jet cross section ratio. Section 6 is devoted to conclusions and outlook.

II. HARD DIFFRACTIVE PROCESSES AND THEIR IMPLEMENTATION IN FPMC

We shall focus on double Pomeron exchange processes in proton-proton collisions. The formulation of single- and
double-diffractive processes is very similar, those cross section can be obtained with simple modifications to what is
presented in this section. In addition, we write our formulae for the di-jet final state J + J +X , but they hold for
the photon-jet final state γ + J +X as well. The leading-order diagrams for those processes are pictured in Fig. 1,
and the following long-distance/short-distance factorization formula is used to compute the cross sections:

dσpp→pJJXp = SDPE

∑
i,j

∫
dβ1dβ2 fD

i/p(ξ1, t1,β1, µ
2)fD

j/p(ξ2, t2,β2, µ
2) dσ̂ij→JJX (1)

where dσ̂ is the short-distance partonic cross-section, which can be computed order by order in perturbation theory
(provided the transverse momentum of the jets is sufficiently large), and each factor fD

i/p denotes the diffractive parton
distribution in a proton. These are non-perturbative objects, however their evolution with the factorization scale µ is
obtained pertubatively using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi [14] evolution equations. The variables
ξ and t denote, for each intact proton, their fractional energy loss and the momentum squared transferred into the
collision, respectively.
Hard diffractive cross sections in hadronic collisions do not obey collinear factorization. This is due to possible

secondary soft interactions between the colliding hadrons which can fill the rapidity gap(s). Formula (1) is reminiscent
of such a factorization, but it is corrected with the so-called gap survival probability S which is supposed to account
for the effects of the soft interactions. Since those happen on much longer time scales compared to the hard process,
they are modeled by an overall factor. This is part of the assumptions that need to be further tested at the LHC. To
evaluate hard cross sections in the single diffraction case, one of the diffractive parton distributions in (1) is replaced
by a regular parton distribution, and the survival probability factor SSD is different as well.
To produce single diffractive and double Pomeron exchange events, FPMC uses diffractive parton distributions

extracted from HERA data [13] on diffractive DIS (a process for which collinear factorization does hold). These are
decomposed further into Pomeron and Reggeon fluxes fP,R/p and parton distributions fi/P,R :

fD
i/p(ξ, t,β, µ

2) = fP/p(ξ, t)fi/P(β, µ
2) + fR/p(ξ, t)fi/R(β, µ

2) with fP,R/p(ξ, t) =
eBP,Rt

ξ2αP,R(t)−1
(2)

• Reasons for low-pileup 

• Clean sample with low probability of multiple protons from in-
time or OOT pileup 

• Relatively low trigger thresholds (thanks to menu prepared by 
TSG/L1 + FSQ/HIN groups) for jet/hadronic triggers on 
“DPE” events

p

p

j

j

other stuff

other stuff

HEP2016 - Valparaiso - A. Vilela Pereira

Pile-up background rejection: Timing

15

𝑇𝑜𝐹𝐴 + 𝑇𝑜𝐹𝐴 and 𝑉𝑡𝑥

PPS ToF Backward PPS ToF Forward
Vertex

𝐿 𝐿

𝑧
𝑐 ⋅ Δt𝑐 ⋅ Δt

𝑧 = 𝑐 Δ𝑡 − 𝐿 = 𝐿 − 𝑐 Δ𝑡 =
𝑐
2
Δ𝑡 − Δ𝑡

𝐿 = 𝐿

𝑐 Δ𝑡 + 𝑐 Δ𝑡 = 𝐿 + 𝐿

D. Di Croce, 2015

2

Detectors

• Tracking detectors
– Goal: measure proton momentum
– Technology: silicon 3D pixels (6 planes per pot)

• Timing detectors
– Goal: identify primary vertex, reject “pileup”
– stime~10ps � sz~2mm
– Technology: silicon/diamond

M. Gallinaro  - "The Precision Proton Spectrometer at the LHC" - Biodola, May 26, 2018 14



Physics domain of CEP
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BSM in the High Mass Region 
Upper mass of central system 2 TeV in RunII and 2.7 TeV in HL-LHC

Direct BSM Searches : 
-new resonance, new spin 0 or 2 particles like axion, non-SM higgs,.. 
-new pair productions, Susy, Dark matter, magnetic monopole,….

Indirect BSM Searches and Electroweak Physics:
-Quartic Gauge Couplings with W Bosons, WW𝛾𝛾, WW𝛾
-Neutral Anomalous Quartic Gauge Couplings, 𝛾𝛾𝛾𝛾 and 𝛾𝛾ZZ 
-Non-resonant searches, kk gravition.

Standard Model Processes 
from tens of pb for di-jet production to a few fb for Higgs boson production. 

-QCD Physics 
-Electroweak Physics 
-Higgs Physics 
-Top Physics
-Photoproduction 



Direct BSM Searches: Inclusive slepton searches 
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Inclusive slepton searches

3

ATLAS SUSY Summary plot

Both
protons 
break 
up

ISR jet (for trigger purposes)

Leptons precisely 
measured in 
Central detector

Slepton: spin=0 partner of lepton
- decays to fermionic DM + leptons with BR=100%

Model 
dependent

Marek Taševský DM searches with forward protons at LHC        

13 TeV 2L 0 jets

13 TeV 2τ 0 jets

DM particle
candidate.
Large missing 𝐸𝑇
in Central
detector

Inclusive slepton searches

3

ATLAS SUSY Summary plot

Both
protons 
break 
up

ISR jet (for trigger purposes)

Leptons precisely 
measured in 
Central detector

Slepton: spin=0 partner of lepton
- decays to fermionic DM + leptons with BR=100%

Model 
dependent

Marek Taševský DM searches with forward protons at LHC        

13 TeV 2L 0 jets

13 TeV 2τ 0 jets

DM particle
candidate.
Large missing 𝐸𝑇
in Central
detector

Challenges of Inclusive searches:
o SM WW background contaminates any potential signal.
o Decay products have low momenta and often do not pass detector acceptance thresholds
o To trigger on such events, generally the presence of an additional jet or photon due to ISR is 

required, so the final-state particles with a boost in the transverse plane(generating a large 
missing transverse momentum

MSSM offers natural candidate for cold Dark Matter (DM), the Lightest Supersymmetric Particle 
(LSP), which is the stable lightest neutralino, '𝜒)*.

The sleptons (spin=0 partner of lepton) direct X-sections at the LHC are quite small so the LHC 
discovery potential and current experimental bounds are substantially weaker in comparison to 
other SUSY states.

compressed mass scenario, (ΔM = 𝑀,- - 𝑀'./0
small) is Motivated by cosmological observations, 

naturalness considerations, and (g-2) phenomenology
(𝑀,- =120-300 GeV , ΔM = 10,20 GeV ).



Direct BSM Searches: Excluisve slepton searches 
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Search for pair production of slepton in compressed mass 
scena with decays to fermionic DM + leptons with 
BR=100% .
Advantage of exclusivity & compressed 

mass 
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Outgoing proton 4-momentum 
measured in FPD

Lepton 4-momentum 
measured in Central detector

} 4-momentum of system of 
2 DM particles could be constrained
from photon & lepton 4-momenta

Incoming photon 
4-momentum can
(in principle) be
measured via FPD

FPD measures precisely mass of central 
system. If mass splitting                   low 
→ FPD can give quite a precise hint 
about 2𝑚𝐷𝑀

ξ𝑖 = 1 -
𝐸𝑝𝑖

′

𝐸𝑝𝑖
, i=1,2

measured 
precisely in FPD

Model 
independent

Marek Taševský DM searches with forward protons at LHC        

Proton missing energy can give quite a precise hint about 2𝑚𝐷𝑀 .

JHEP (2019) 2019, 010

Advantage of exclusive search:

Advantage of exclusivity & compressed 
mass 
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Marek Taševský DM searches with forward protons at LHC        

Outgoing proton 4-momentum measured precisely 

Lepton 4-momentum measured in central detector

4-momentum of system of 2 DM particles could be constrained from 
photons & lepton 4-momenta



Analysis strategy
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JHEP (2019) 2019, 010

Backgrounds:
1) Exclusive WW

2) Semi-exclusive dilepton production with proton from dissociation 
giving hit in FPD

3) Pile-up background: overlay of inclusive non-diffractive event in central 
detector with unrelated soft diffractive protons in FPD acceptance



Excluisve slepton searches: Results

JHEP (2019) 2019, 010 (𝑀,- , 𝑀'./0
) =(300,280)

(𝑀,- , 𝑀'./0
) =(120,110)

Improvemnet of tracker coverage to |𝜼| < 𝟒. 𝟎

Inclusive slepton searches

3
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Direct BSM Searches: limits on dark matter 
annihilation
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Phys. Rev. D 96, 015027 (2017)

Inclusive (ZZ, WW) +Pile-up events. 

Bremsstrahlung of the beam protons pp → pp𝛾𝛾

Background processes:

The sensitivity of the LHC on DM production  𝝈(𝛾𝛾 → 𝜒 ;𝜒) 

The indirect sensitivity of the LHC 𝝈(𝜒 ;𝜒 → 𝛾𝛾) 



Direct BSM Searches: Axion-like particles with proton 
tagging 

17

JHEP06(2018)131



Direct BSM Searches: Axion-like particles with proton 
tagging 
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JHEP06(2018)131



Quartic Gauge Couplings with W Bosons 
without proton tagging
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❉ In Run 1 of the LHC, investigated by CMS and ATLAS without proton tagging but only 
track restriction.

❉ Large backgrounds so only  e𝜇 𝜈? 𝜈@ (≈ 2% of total BR)considered.

❉ Large correction factors and systematic uncertainties needed for modelling of the 
central track multiplicity.

❉ without the constraints on the photon-photon collision energy provided by the protons, 
these analyses required the introduction of form factors to avoid unitarity-violating 
effects at very large masses, complicating the theory interpretation. 

JHEP 08 (2016) 119



Quartic Gauge Couplings with W Bosons 
with proton tagging
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✵ Only a few SM events are expected within the 
Run 2/3 PPS acceptance in this channel.

✵ the Run 1 limits on unitarized AQGCs could be 
exceeded by almost 2 orders of magnitude. 

✵ Due to high background rejection(kinematic 
constraints on protons) in high mass semi-
leptonic, full hadronic channels are allowed(opens 
70% of BF).

✵ preliminary Run-2 analyses using PPS of are in 
progress.

✵ limited by statistics in Runs 2 and 3. 

CMS-TDR-13 



Indirect BSM Searches :Triple\quartic gauge boson 
couplings in ww𝛾 production
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JHEP 07 (2020) 191
S.M.Etesami, S.Tizchang

Photon-photon initiated backgrounds(τ𝜏𝛾, ll𝛾)
Inclusive backgrounds with pile-up protons (τ𝜏𝛾 ,ll𝛾,tt𝛾,WZ𝛾,WZ𝛾)



Indirect BSM Searches Triple\quartic gauge boson 
couplings in ww𝛾 production
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JHEP 07 (2020) 191
S.M.Etesami, S.Tizchang



SM observation and constraints on the 
AQGCs
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Expected Limits on AQGc

SM observation

JHEP 07 (2020) 191
S.M.Etesami, S.Tizchang
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Thank you for your attention! 



PPS Alignment (In calibration fill) 
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 Alignment is of primary importance as it directly contributes to the 
reconstruction of proton momentum loss (ξ ).

 Assume 5% uncertainty, Dx ≈ 8 cm and ξ ≈ 0.05 yields a horizontal hit position 
uncertainty of 200 µ m. 

 This stage is performed with a special LHC fill.
 Consists of three steps, Beam-based alignment, Relative alignment among RPs,

Absolute alignment by ppàpp processes.
 1h time slices of the data, to examine time variation and to control systematic 

effects. 



PPS Alignment (In physics fill) 
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 The physics fills can be characterized by high intensity and only horizontal RPs 
inserted. 

 The procedure is data-driven for both horizontal and vertical alignment and 
therefore it is important to verify the stability of the LHC conditions (beam orbit, 
position of collimators, etc.) 

 It is based on the fact that the physics is the same in all fills. If the LHC 
conditions were stable, the same is true for the hit distributions observed in the 
RPs. 

 Therefore, the alignment can be achieved by matching the hit distributions from 
a physics fill to the previously aligned hit distributions. 

 For this method, it is obviously important to suppress non-physical background. 



Detector Acceptance(simulation)

27

TOTEM-TDR-003, CMS-TDR-013


