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The ATLAS detector
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ATLAS%

ATLAS - ALFA

Elastic scattering

Roman Pot (RP) (vertical) stations at 
~ 240 m from ATLAS IP.

8 fiber detectors (2 x 10 layers; 0.5 
mm fibers; resolution ~ 35 um).

Fully integrated in ATLAS DAQ.

Material taken from P.Fassnacht
Forward Physics Working Group 
workshop - March 2016
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Forward detectors @ CMS
Hadronic 

Forward (HF)
CMS

(3.0 < |η| < 5.0)

CASTOR 

Hadronic 
Forward (HF)

(-6.6 < η < -5.2)

ZDC 

140m

ZDC 
(|η| > 8.1)

140m

Hadron Forward:
@11.2m from interaction 
point

Rapidity coverage: 3 < |η| < 5

Steel absorbers/quartz fibers 
(Long+short fibers)

0.175x0.175 η/φ segmentation

7

HF

BSC

Acceptance limited to |η| < 4.9 
at analysis level

Detector configuration 
during 2010 - 2011

W-absorbers/quartz plates
12 longitudinal modules/16 
azimuthal sectors
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HF

BSC

Acceptance limited to |η| < 4.9 
at analysis level

Detector configuration 
during 2010 - 2011

W-absorbers/quartz plates
12 longitudinal modules/16 
azimuthal sectors

Analogous forward detector instrumentation, at large 
pseudorapidity, present as well in ATLAS, in particular: 
Forward Calorimeter (FCal): Liquid argon sampling 
calorimeter (3.1 < |η| < 4.9). 
Minimum-bias trigger scintillators (MBTS): 
In front of each endcap calorimeter. Inner and outer octagonal 
rings w/ 8 and 4 counters respectively (2.07 < |η| < 3.86). 
LUCID: Forward Cherenkov detector (5.6 < |η| < 5.9).
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Roman Pots (RPs)
Detect outgoing protons at very small angles 
(elastic, diffractive and photon-induced processes).

The TOTEM detectors

8

~ 220 m

T1: 3.1 < |η| < 4.7
T2: 5.3 < |η| < 6.5
Detect charged particles 
from collision.

T1 T2 CASTOR (CMS)
IP5

Vertical RPs Horizontal RPs Cylindrical RPs 
(w/ CT-PPS)

Material taken from N. 
Minafra - Low-x 2016

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End
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The total and (in)elastic cross 
sections

ATLAS STDM-2015-22
arXiv:1607.06605

Luminosity dependent:

Luminosity independent:

ρ-independent:

TOTEM:
EPL 96(2011) 21002
EPL 101(2013) 21002
EPL 101(2013) 21004
PRL 111 (2013) 012001

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

http://inspirehep.net/record/1477585
http://arxiv.org/abs/1607.06605
http://dx.doi.org/10.1209/0295-5075/96/21002
http://dx.doi.org/10.1209/0295-5075/101/21002
http://dx.doi.org/10.1209/0295-5075/101/21004
http://dx.doi.org/10.1103/PhysRevLett.111.012001
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The total and (in)elastic cross 
sections

ATLAS STDM-2015-22
arXiv:1607.06605

Luminosity dependent:

Luminosity independent:

ρ-independent:

TOTEM:
EPL 96(2011) 21002
EPL 101(2013) 21002
EPL 101(2013) 21004
PRL 111 (2013) 012001

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

More on elastic scattering: 
Measurement of the total cross section from elastic scattering in pp-collisions at √s=8 TeV with the 
ATLAS detector, arXiv:1607.06605 
Measurement of Elastic pp Scattering at √s = 8 TeV in the Coulomb-Nuclear Interference Region – 
Determination of the ρ Parameter and the Total Cross-Section, CERN-PH-EP-2015-325 
Evidence for Non-Exponential Elastic Proton-Proton Differential Cross-Section at Low |t| and √s = 8 
TeV by TOTEM, Nucl. Phys. B 899 (2015) 527-546

http://inspirehep.net/record/1477585
http://arxiv.org/abs/1607.06605
http://dx.doi.org/10.1209/0295-5075/96/21002
http://dx.doi.org/10.1209/0295-5075/101/21002
http://dx.doi.org/10.1209/0295-5075/101/21004
http://dx.doi.org/10.1103/PhysRevLett.111.012001
http://arxiv.org/abs/1607.06605
http://cds.cern.ch/record/2114603
http://dx.doi.org/10.1016/j.nuclphysb.2015.08.010
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More on elastic scattering: 
Measurement of the total cross section from elastic scattering in pp-collisions at √s=8 TeV with the 
ATLAS detector, arXiv:1607.06605 
Measurement of Elastic pp Scattering at √s = 8 TeV in the Coulomb-Nuclear Interference Region – 
Determination of the ρ Parameter and the Total Cross-Section, CERN-PH-EP-2015-325 
Evidence for Non-Exponential Elastic Proton-Proton Differential Cross-Section at Low |t| and √s = 8 
TeV by TOTEM, Nucl. Phys. B 899 (2015) 527-546

See talk later today on “Total, elastic and inelastic 
pp cross sections at the LHC” by Tomas Sykora.

http://inspirehep.net/record/1477585
http://arxiv.org/abs/1607.06605
http://dx.doi.org/10.1209/0295-5075/96/21002
http://dx.doi.org/10.1209/0295-5075/101/21002
http://dx.doi.org/10.1209/0295-5075/101/21004
http://dx.doi.org/10.1103/PhysRevLett.111.012001
http://arxiv.org/abs/1607.06605
http://cds.cern.ch/record/2114603
http://dx.doi.org/10.1016/j.nuclphysb.2015.08.010
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The End

ATLAS STDM-2015-05
arXiv:1606.02625

See talk later today on “Total, elastic and inelastic 
pp cross sections at the LHC” by Tomas Sykora.

https://cds.cern.ch/record/2145896
http://inspirehep.net/record/1468167
http://arxiv.org/abs/1606.02625
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Sketch of single-diffractive event:

p (t,ξ)
LRG

Diffractive dissociation corresponds to a 
considerable fraction of the pp inelastic 
cross section.

Soft diffraction in general model 
dependent.

Defining and constraining diffractive 
component important ingredient in the 
tuning of MC generators at the LHC.

Single-diffractive 
dissociation (SD):

Double-diffractive 
dissociation (DD):

Central-diffractive 
dissociation (CD):

LRG: Large Rapidity Gap

Diffractive dissociation processes

12

t = (p - p’)2 ; ξ = (MX)2/s
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Diffractive topologies at detector level

LRG

Look at highest/lowest η of particles reconstructed in 
detector (ηmax/ηmin) for forward gaps (SD/DD)

Look at closest-to-zero positive/negative η of particles in 
detector (η0max/η0min) for central gaps (DD)

Use CASTOR to separate 
SD and DD contributions

CMS FSQ-12-005
Phys. Rev. D 92 (2015) 012003

13

http://cds.cern.ch/record/1547898?ln=en
http://dx.doi.org/10.1103/PhysRevD.92.012003
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CMS FSQ-12-005
Phys. Rev. D 92 (2015) 012003

�SD
vis = 4.06± 0.04 (stat.) +0.69
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�DD
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http://cds.cern.ch/record/1547898?ln=en
http://dx.doi.org/10.1103/PhysRevD.92.012003
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Diffractive cross sections (TOTEM)

16

�SD = 6.5± 1.3 mb
(3.4 GeV < Mdi↵ < 1.1 TeV)

TOTEM Preliminary

Material taken from N. 
Minafra - Low-x 2016

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End
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Probing hard diffraction
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Diffractive events where a hard scale is 
present: high-pT jets, W/Z’s, ... 
HERA/Tevatron: Breaking of QCD 
factorization in hadron-hadron collisions. 
Smaller cross sections than expected 
based on diffractive PDFs (dPDFs) 
convolved with partonic cross sections. 
Soft interactions between spectator patrons 
from incoming protons quantified by 
“rapidity gap survival probability” (<S2>), 
roughly independent of the hard process.

d

2
�

d⇠dt

=
X Z

dx1dx2 f (⇠, t) fIP (x1, µ) fp (x2, µ) �̂

⇠ =
M2

X

s

f (⇠, t) =
eBt

⇠2↵IP (t)�1

proton PDF

Partonic cross 
section

dPDF parameterisation:
Pomeron (and Reggeon) flux ⊗ pdf

Implemented in “hard-diffractive” MC’s, e.g. 
POMPYT, POMWIG, FPMC; also PYTHIA8, 
HERWIG++ etc.

17
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Evidence of hard diffraction

18

⇠̃ =
1p
s

X
pT e±⌘ ⇡ M2

X

s

Diffractive component is enhanced with 
respect to the non-diffractive (ND) in the low-ξ 
and high ΔηF (size of forward gap) region.
Information from central ATLAS apparatus 
(sum over all particles in event).
High ND contribution in diffractive kinematic 
region.

ATLAS STDM-2014-04
doi:10.1016/j.physletb.2016.01.028

http://inspirehep.net/record/1402356
http://dx.doi.org/10.1016/j.physletb.2016.01.028


ICHEP2016 - Chicago - August 3-10 2016 19

Evidence of hard diffraction

Requiring forward gap (ΔηF > 2), excess is 
seen at low ξ.
MC-based extraction of gap survival 
probability.

S2 = 0.16± 0.04 (stat.)± 0.08 (syst.)
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Evidence of hard diffraction

Requiring forward gap (ΔηF > 2), excess is 
seen at low ξ.
MC-based extraction of gap survival 
probability.

S2 = 0.16± 0.04 (stat.)± 0.08 (syst.)

CMS FWD-10-004
Phys. Rev. D 87 (2013) 012006

S2
data/MC = 0.12± 0.05 (LO MC)

S2
data/MC = 0.08± 0.04 (NLO MC)
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Total, inelastic & diffractive cross section measurements 
at the LHC

Hard diffraction

High-β*/Low pile-up running with proton tagging

CT-PPS and AFP: proton spectrometers at high-
luminosity 
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Outlook: CMS & TOTEM extended forward 
detectors

Services routing:

From Castor to Racks

Patch Panels

T2 Services routing:

From Castor to Racks

Patch Panels

T2

TOTEM T2
(In front of CASTOR 
position)

TOTEM RPs
(147, 220m)

Forward Shower 
Counters (59-114m)

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

July 2012: (β* = 90 m, 8 TeV)

Common CMS-TOTEM data taking at 
low pile-up with around 50 nb-1 
collected.

October 2015: (β* = 90 m, 13 TeV)

~ 400 nb-1 recorded (CMS/TOTEM) 
from around 700 nb-1.

<NInt/Bx> less than ~ 0.10.

TOTEM Roman Pots (RPs) to detect 
protons scattered from diffractive 
processes.

TOTEM T2 tracking stations at very 
forward angles

In 2012 Run also: Forward Shower 
Counters (FSC) covering |η| ~ 6-8.

Forward proton spectrometer associated with complete 
central coverage

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

ATLAS (ALFA) operational during high-β* running.
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Leading three jets ET = 65, 45, 27 GeV
proton Δp/p = -0.01 (z+)
proton Δp/p = -0.1 (z-)
M(pp, TOTEM) = 244 GeV
M(CMS) = 219 GeV
Σ pT (CMS) = 3.4 GeV
FSC empty in both sides

ECAL/HCAL ET  > 200 MeV
Track pT  > 1 GeV

Example: central dijet event candidate 
with two leading protons (2012 Run)

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

CMS-TOTEM event display: high-pT jets with leading protons 14
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RP stations - Sect 4-5

Run 198903 - Event 3478279

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

TOTEM Roman Pot stations - Sector 4-5

TOTEM T2

CMS DP-2013-004
CMS DP-2013-006
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Outlook: The CT-PPS Project
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LISHEP 2015 
 

Manaus, 2-9 August 2015 

Joao Varela, LIP/IST Lisbon  

Physics Prospects with the  
CT-PPS Forward Proton Spectrometer 

CERN-LHCC-2014-021  

CT-PPS TECHNICAL DESIGN REPORT 

CERN-LHCC-2014-021

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

CT-PPS 
timing 

CT-PPS 
tracking 2 

CT-PPS 
tracking 1 

Components installed in tunnel 

TCL 4  &  TCL 6  in 4-5 and 5-6  
Electrical patch panel 
Service lines for LV/HV/DAQ 
CT-PPS specific: 
•  2 * RP box  with RF shield in 4/5  
•  2 * RP box  with RF shield in 5/6     
•  1 * RP cylinder in 4/5       
•  1 * RP cylinder in 5/6 

CMS-TOTEM  
Precision Proton Spectrometer

https://cds.cern.ch/record/1753795
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Forward proton detectors

“3D” pixel sensors with 
columnar electrodes 

Detector concept 
•  The CMS-Totem Precision Proton Spectrometer (CT-PPS) will 

allow precision proton measurement in the very forward region on 
both sides of CMS in standard LHC running conditions 

•  Proton spectrometer uses machine magnets to bend protons 
•  Two stations for tracking detectors and two stations for timing 

detectors installed at ~205-215 m from the IP (on both sides) 

M. Gallinaro  - "CMS-TOTEM Precision Proton Spectrometer" - LHCFwd - CERN, Oct. 28, 2015 3 

timing detectors! tracking detectors!

New collimator TCL6 
to protect magnet Q6 !

Timing detectors: 
Measures the time-of-flight of 
scattered protons

Tracking detectors:
Measures the displacement of the 
scattered protons w.r.t. the beam

Timing detectors 

•  Proton timing measurement from both sides of CMS 
allows to determine the primary vertex, correlate it 
with the central detector’s, reject pileup 
–  Time resolution 10ps→2mm 
–  Reasonable segmentation 
–  Radiation hard 
–  Minimize impact on beam 

M. Gallinaro  - "CMS-TOTEM Precision Proton Spectrometer" - LHCFwd - CERN, Oct. 28, 2015 28 
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Soft diffraction workshop 25-26.6.2009

The End
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Soft diffraction workshop 25-26.6.2009

The End

ATLAS: AFP (ATLAS Forward Proton) 
Similar strategy concerning RPs and 
sensors. 
First arm under commissioning 
(2016/2017). 
Later installation of second arm and 
time-of-flight detectors.Position Detectors

technology: ATLAS IBL pixel sensors bonded
with FE-I4 readout chips

4 detectors in each station

pixel size: 50x250 µm2

single layer resolution: ∼6 µm in x (see talk
by Joern)

M. Trzebiński ATLAS Forward Proton Detectors 4/17

AFP Detectors

AFP TDR: CERN-LHCC-2015-009, ATLAS-TDR-024

Phase-1: AFP0+2 (2016)
2 horizontal Roman Pot stations at 205 and 217 m in
A6R1 – installed!

study beam background in low and high intensity runs

measure diffractive and exclusive events with one tag
(see talk by Rafal)

Phase-2: AFP2+2 (2017+)

add 2 horizontal RPs at 205 and 217 m in A6L1

install time-of-flight detectors in far stations on both
sides (see talk by Tom)

measure double tagged diffractive and exclusive events

deliver diffractive triggers to ATLAS

M. Trzebiński ATLAS Forward Proton Detectors 2/17

Position Detectors

technology: ATLAS IBL pixel sensors bonded
with FE-I4 readout chips

4 detectors in each station

pixel size: 50x250 µm2

single layer resolution: ∼6 µm in x (see talk
by Joern)

M. Trzebiński ATLAS Forward Proton Detectors 4/17

Material taken from M. Trzebinski - LHC 
Forward Physics WG - March 2016
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Soft diffraction workshop 25-26.6.2009

The End

CT-PPS status: 
First phase of operation during 2016 
using TOTEM silicon strip detectors. 
Several fb-1 of data already collected. 
Diamond (high resolution time-of-flight) 
detectors installed in cylindrical RP 
and under comissioning.
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Joao Varela, LIP/IST Lisbon  

Physics Prospects with the  
CT-PPS Forward Proton Spectrometer 

CERN-LHCC-2014-021  

CT-PPS TECHNICAL DESIGN REPORT 

Summary & Outlook

27

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

Detailed measurements of total and (in)elastic cross sections across LHC 
centre-of-mass energies. 

Direct measurements of diffractive cross sections (fiducial and extrapolated). 

Hard-diffractive processes observed at the LHC (CMS and ATLAS) from LRG 
method. Rapidity gap survival probability MC-based extraction. 

Study of BFKL dynamics from observation of dijets with a large rapidity gap. 

ATLAS RP system and common CMS-TOTEM data taking during special low 
pile-up and high-β* Runs at 8 and 13 TeV: studies of diffractive processes with 
full proton kinematics. 

ATLAS AFP and CT-PPS will enhance the physics reach at the LHC.  

Operation of Roman Pots at high luminosity. Timing detectors with high 
precision. Tracking detectors with 3D pixel sensors. 

Sensitivity to anomalous gauge couplings and search for new resonances.
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LISHEP 2015 - A. Vilela Pereira

dN/dη of charged hadrons at 13 TeV
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Charged hadron pseudorapidity density in inelastic pp collisions at 13 TeV; 
Central value: 5.49 ± 0.01 (stat.) ± 0.17 (syst.); 
First LHC paper at 13 TeV. CMS FSQ-15-001

Phys. Lett. B 751 (2015) 143

https://cds.cern.ch/record/2036310
http://dx.doi.org/10.1016/j.physletb.2015.10.004
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Forward pseudorapidity gap cross section

Forward pseudorapidity gap cross section from 
backward/forward edge of detector (up to HF only).
Hadron level definition directly related to that at 
detector level.
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Diffractive dijet candidate
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5.1 Reconstructed e
x distributions and determination of the relative POMPYT and PYTHIA6

normalisation 9

non-diffractive MC models. The best combination was obtained by minimising the difference
between the e

x distributions of the data and of the sum of non-diffractive and diffractive mod-
els. The relative contribution of diffractive dijets production and the overall normalisation of
the sum were found in this fit, and the diffractive contribution was scaled accordingly. The
overall normalisation of the fit result is not relevant. The effect of the calorimeter energy scale
uncertainty, estimated by varying by ±10% the energy of all PF objects not associated with the
leading jets, is shown by the band. The solid line in Fig. 6(a) indicates the result of the fit, ac-
cording to which the diffractive dijet cross section predicted by POMPYT should be multiplied
by a factor '0.23 to match the data. The uncertainty of this correction factor was estimated
by changing the fitting procedure and was found to be ⇠20%. Figure 6(b) presents the same
data compared to PYTHIA6 D6T + POMPYT; here the fit requires the POMPYT normalisation to
be scaled by a factor of '0.17.

ξ∼
dN

/d
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610

ξ
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-310 -210 -110

310

410

510

610 DATA
PYTHIA6 Z2 ND + POMPYT (x0.23) SD
PYTHIA6 Z2 ND
POMPYT (x0.23) SD

(a)

ξ
∼

-310 -210 -110

310

410

510

610 DATA
PYTHIA6 D6T ND + POMPYT (x0.17) SD
PYTHIA6 D6T ND
POMPYT (x0.17) SD

(b)

ξ
∼

-310 -210 -110

310

410

510

610

DATA
PYTHIA8 tune 1 ND + PYTHIA8 SD+DD (x2.5)
PYTHIA8 tune 1 ND
PYTHIA8 SD+DD (x2.5)

(c)

 > 20 GeV j1,j2

T
| < 4.4,  pj1,j2η,  |2 jet1jet→,  pp-1 = 7 TeV,  L = 2.7 nbsCMS,  

Figure 6: Reconstructed e
x distribution compared to detector-level MC predictions with and

without diffractive dijet production. The predictions of (a) PYTHIA6 Z2 + POMPYT, (b) PYTHIA6
D6T + POMPYT, and (c) PYTHIA8 tune 1 are shown (in all the cases the relative diffractive con-
tributions from the MC simulation are scaled by the values given in the legend). The error bars
indicate the statistical uncertainty, the band represents the calorimeter energy scale uncertainty.
The sum of the predictions of the two MC simulations is normalised to the number of events
in the corresponding distributions for the data.

Figure 6(c) compares the data to PYTHIA8 tune 1; both the single-diffractive and the double-
diffractive components are added to the non-diffractive part, all simulated by PYTHIA8. The
result of the fit is very different from that for POMWIG and PYTHIA6: the normalisation of the
diffractive components of PYTHIA8 needs to be multiplied by a factor '2.5 to match the data.
This large difference is a consequence of the different implementation of the pomeron flux in
PYTHIA8 and POMPYT.

In all three cases, after normalisation, the shape of the reconstructed e
x distribution in the data

is described satisfactorily by the MC models (PYTHIA6 Z2 + POMPYT resulting in the best de-
scription). However, the predicted non-diffractive component in the lowest e

x bin varies from
about 0.1% for PYTHIA6 D6T to as much as 10–20% for PYTHIA6 Z2 and PYTHIA8.

The effect of the hmax < 3 (hmin > �3) requirement is illustrated in Fig. 7, where the recon-

Dijet production

34

Distributions are obtained as a function of 
ξ+ and ξ-,  and averaged

A combination of PYTHIA6 (Tune Z2) and 
POMPYT is used to describe the data, 
where their relative contributions are 
obtained from a fit to the ξ distribution

Note that different MC tunes would imply 
considerable variations in relative yields

Suppression of events with high ξ values 
after ηmax < 3 (or ηmin > -3) selection, 
while low-ξ region is mostly unaffected    

Results in three ξ bins: (0.0003,0.002); 
(0.002,0.0045); (0.0045,0.01)
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Dijet cross section
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d�jj

d⇠̃
=

N i
jj

L · ✏ · Ai · �⇠̃i

Ai
MC =

N i(⇠̃Rec)
N i(⇠̃Gen)

Excess of events in low-ξ region with 
respect to non-diffractive MC’s PYTHIA6 
and PYTHIA8

POMPYT and POMWIG (LO) diffractive 
MC’s as well as the NLO calculation from 
POWHEG, using diffractive PDFs, are a 
factor ~5 above the data in lowest ξ bin

PYTHIA8 diffractive cross sections are 
considerably lower due to different 
pomeron flux parametrisation

Normalisation discrepancies can be interpreted 
as estimates (after subtracting proton 
dissociation) of rapidity gap survival probability:

L = 2.7 nb�1

Absolute
normalisation

(*) MC based subtraction of proton dissociation

S2
data/MC = 0.12± 0.05 (LO MC)

S2
data/MC = 0.08± 0.04 (NLO MC)(*)

(*)
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Forward gap selection in HF (3 < |η| < 4.9) 
Signed ηlepton distribution (ηlepton < 0 when 
e,μ opposite to the pseudorapidity gap)

Flat for non-diffractive,  asymmetric for diffractive 
events

Evidence of diffractive W production in the data

Fit for PYTHIA (ND) + POMPYT (SD):

(η-gap sample)
fSD = 50.0± 9.3(stat.)± 5.2(syst.) %
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“Central Exclusive” production
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g

g

g

p

p

p

γ

γ

p

(a)

1

g

g

g

p

p

p

H

p

(b)

1

Exclusive channel through exchange of color singlet, lowest order given by gluon-
gluon fusion, plus screening low-Q2 gluon 

Protons remain intact as in QED process, or dissociate in a low mass system, and 
are separated from the central system (γγ, H, etc.) by rapidity gaps 

Main theoretical uncertainties common among different final states. Higher cross 
section channels, such as γγ or dijets, can test predictions for central exclusive 
production of new states.
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p p

p p

TOTEM 
Roman Pots

TOTEM 
Roman Pots

Forward Shower 
Counters

59 - 114 m

220 m TOTEM T2

Forward Shower 
Counters

TOTEM T2

CMS-TOTEM central dijet events

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

38
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CMS-TOTEM detectors

39

Services routing:

From Castor to Racks

Patch Panels

T2 Services routing:

From Castor to Racks

Patch Panels

T2

TOTEM T2
(In trigger only)

TOTEM RPs
(220m)

TOTEM RPs
(220m)

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End
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Recorded data (2015 high-β*)
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Integrated Luminosity

LHC delivered : 0.74/pb

CMS recorded  :  0.68/pb

Totem recorded : 0.4/pb

Effective luminosity 
Totem Trigger & CMS data : 0.55/pb

Bunches Duration
(h)

Luminosity

(µb s)-1

Pileup

42 3.6 0.7 0.15

240 2.6 3.9 0.09

671 4.2 6.9 0.065

“ 2.7 10.6 0.095

“ 8.8 9.0 0.085

“ 3.3 7.6 0.07

“ 5.5 9.8 0.096

Physics runs: some statistics…..

Totem

V.
 A

va
ti

CMS overall recorded ~ 0.7 pb-1

TOTEM overall recorded ~ 0.4 pb-1

<NInt/Bx> less than ~ 0.10

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

ATLAS (ALFA) operational during high-β* 
running.
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p. 4Mario Deile –

Introduction: RP Projects at IP5

Complementary project (not covered here):

Operation at high β∗ (19 m, 90 m, > 1 km),
Low - medium lumi. (< 6 pb-1/day), special runs
all diffractive masses

Operation at low β∗ (< 1 m),
high luminosity (O(fb-1/day)), standard runs
diffractive masses > ~300 GeV

Timing Measurements in the 
Vertical Roman Pots of the 
TOTEM Experiment

Tracking and thin diamond timing 
detectors
in vertical Roman Pots

CMS-TOTEM Precision Proton 
Spectrometer (CT-PPS):

Tracking and Timing detectors
in horizontal Roman Pots

Æ general CT-PPS talk by M. Gallinaro
in this workshop[CERN-LHCC-2014-021]

β* = 0.55 m  (low β* = standard at LHC) β* = 90 m  (special development for RP runs)

Hit maps of simulated diffractive events for 2 optics configurationsDetector acceptance vs β*

42 p. 3Mario Deile –

Introduction: RP Projects at IP5

kinematic redundancy proton system – central system, e.g. MX
2 = ξ1 ξ2 s 

Process in Focus: Central Production:
(ξ1)

(ξ2)

• Tagging with double-arm proton detection

• Operation at pileup levels µ > ~0.15 : correlation proton vertex – central event vertex 
via proton time-of-flight difference

• Acceptance and luminosity depend on beam optics:

X = high ET jets, Z, WW, ZZ,   measured in central CMS detectors

i, j = photon, Pomeron / Odderon (gluonic) exchanges

β* = 0.55 m β* = 90 m

*

1
β

∝L

M. Deile, 2015
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CMS + TOTEM triggers: Summary
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V.
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CMS-TOTEM : Trigger Menu - 1

CMS

Tracker
At least 1 track

T2 T2

Empty Empty

RP RP

Totem Rate ~ 45 Khz

CMS HLT rate ~ 1.5-2 Khz

Right topology for low mass central diffraction, glueballs searches 

In Totem very high statistics of elastic scattering!

RomanPots Double arm & T2 Veto + at least 1 track in CMS-Tracker

New in 2015:
3 RP Units/arm !
Improved 
acceptance

In CMS: RP + T2 veto (L1) + Track (HLT)

  

CMS-TOTEM : Trigger Menu - 2

CMS

Tracker:
Any

T2 T2

Any Any

RP RP

Totem Rate ~ 5 Khz

CMS HLT rate ~ 5 Khz

Right topology for high mass central diffraction, missing mass searches

Elastic scattering “background” is excluded

RomanPots Double Arm  TopTop OR BottomBottom

RP “Top-top” / “Bottom-bottom”

  

CMS-TOTEM : Trigger Menu - 3

CMS
T2 T2

RP RP

CMS HLT rate ~ 500 hz

 Right topology for Single Diffractive Dijets, Exclusive Dijets

 And also : Double muon, Single Muon with HF gap, Min Bias (T2), ZeroBias

Dijets pT~ 20 GeV – pT ~ 32 GeV

CMS only: Jets, Double Muons (L1)

CMS HLT up to ~ 10 kHz
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CMS-TOTEM common data taking

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

L1
A

L1A

CMS L1
L1 Technical 

Triggers

L1 Algorithm 
Triggers (Jets, 

Muons)

TOTEM 
Readout

TOTEM
Roman Pot

Minimum-bias
Zero-Bias

CMS
Readout

Offline data 
synchronization

Subset of 
L1 triggers

HLT “Pass through”

Data streaming /
Reconstruction /

“N-tuples”

Data streaming /
Reconstruction /

“N-tuples”
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K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

CMS L1TOTEM
L1 TOTEM 0

CMS
Readout

CMS HLT
HLT Pixel 
Clusters

“L1 TOTEM 0”
TOTEM collects all RP triggered events
CMS selects only subset after HLT
Event synchronization offline
TOTEM Rate ~ 45 kHz
CMS Rate ~ 1.5 - 2 kHz

CMS-TOTEM common data taking: 
Low mass states + 2 protons
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Physics performance: 
Central Exclusive Production

46

10 Introduction

1.5 Central exclusive di↵raction

The term Central Exclusive Production (CEP) is used to indicate processes of the
type pp! p+�+ p, where the final state consists only of the two scattered protons
and the central system �. There is no hadronic activity between the central system
and the protons: they are separated by rapidity gaps. Figure 1.10 shows a sketch
of the process. The two gluons form a colorless system. The central system of mass
M is produced primarily by gluon fusion and to very good approximation obeys
a Jz = 0, C-even, P-even selection rule [16]. The main contribution comes when
the transverse momentum Qt of the second gluon, which screens the color flow, is
much smaller than M , but large enough for perturbative QCD to be applicable. The
amplitude for the process is then given by [16, 17]:

M = A⇡3

Z
d2Qt

Q4
t

fg

✓
x1, x

0
1, Q

2
t ,

M2

4

◆
fg

✓
x2, x

0
2, Q

2
t ,

M2

4

◆
. (1.12)

p

pp

p

x0
1 x1

x2

M
Qt

x0
2

Figure 1.10: Schematic diagram for Central Exclusive Production (CEP).

The fg parton densities are known as the “skewed unintegrated gluon densities”
of the proton. Not only do they depend on the transverse momentum exchanged
(thus unintegrated), but also on the two longitudinal momentum fractions carried
by the gluons (hence skewed).

In the region of interest, the longitudinal momentum fractions carried by the

gluons satisfy
⇣
x0 ⇠ Qtp

s

⌘
⌧
⇣
x ⇠ Mp

s

⌘
⌧ 1. In this region the skewed unintegrated

densities can be approximated by the usual (integrated) densities g (x, Q2) [16]:
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✓
x, x0, Q2

t ,
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4

◆
= Rg

@

@ ln Q2
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T

✓
Qt,

M

2

◆
xg
�
x, Q2

�
!

. (1.13)

The fg densities include each a Sudakov factor, T (Qt, µ), which gives the prob-
ability that the gluons do not radiate in their evolution from the scale Qt up to the
hard scale µ = M/2. It is only relevant for the hard gluon, i.e. the one initiating
the hard sub-process, and is given by:

T (Qt, µ) = exp

 
�
Z µ2

Q2
t

↵s (k2
t )

2⇡

dk2
t

k2
t

Z µ/(µ+kt)

0

 
zPgg (z) +

X

q

Pqg (z)

!!
,(1.14)

Central Exclusive Production as main Physics motivation:
i) photon-photon fusion
ii) gluon-gluon fusion in colour-singlet, JPC = 0++, state

High-pT system X detected by the CMS detectors at central 
pseudorapidity with high-energy, very low angle scattered 
protons detected by CT-PPS;
The two outgoing protons must balance perfectly the system X 
momentum, hence creating strong kinematical constraints;
Its mass MX is obtained from the momentum loss of the two 
protons, allowing to study invisible final states with difficult 
reconstruction in CMS;
The Physics potential includes the study of gauge boson 
production by photon-photon fusion and anomalous ɣɣWW, 
ɣɣZZ and ɣɣɣɣ couplings, search for new BSM resonances 
and the study of QCD in a new domain.

2

γ

γ
p

p

p

p

Figure 1: Sketch diagram showing the two-photon production of a central system. Unaltered protons leave the interaction at very small angles
! 100 µrad and the central system is produced alone in the central detector without any proton remnants.

A. Two-photon production cross section

Two-photon production in pp collision is described in the framework of the Equivalent Photon Approximation (EPA) [5]. The
almost real photons (low photon virtuality Q2 = −q2) are emitted by the incoming protons producing an objectX , pp → pXp,
through two-photon exchange γγ → X , see Figure 1. The photon spectrum of virtuality Q2 and energy Eγ is proportional to
the Sommerfeld fine-structure constant α and reads

dN =
α

π

dEγ

Eγ

dQ2

Q2

[

(

1 −
Eγ

E

) (

1 −
Q2

min

Q2

)

FE +
E2

γ

2E2
FM

]

(1)

whereE is the energy of the incoming proton of massmp,Q2
min ≡ m2

pE
2
γ/[E(E−Eγ)] the photon minimum virtuality allowed

by kinematics and FE and FM are functions of the electric and magnetic form factors. They read in the dipole approximation [5]

FM = G2
M FE = (4m2

pG
2
E + Q2G2

M )/(4m2
p + Q2) G2

E = G2
M/µ2

p = (1 + Q2/Q2
0)

−4 (2)

The magnetic moment of the proton is µ2
p = 7.78 and the fitted scaleQ2

0 = 0.71 GeV2. Electromagnetic form factors are steeply
falling as a function of Q2. That is the reason why the two-photon cross section can be factorized into the sub-matrix element
and two photon fluxes. To obtain the production cross section, the photon fluxes are first integrated overQ2

f(Eγ) =

∫ Q2

max

Q2

min

dN

dEγdQ2
dQ2 (3)

up to a sufficiently large value of Q2
max ≈ 2 − 4GeV2. The result can be written as

dN(Eγ) =
α

π

dEγ

Eγ

(

1 −
Eγ

E

) [

ϕ

(

Q2
max

Q2
0

)

− ϕ

(

Q2
min

Q2
0

)]

(4)

where the function ϕ is defined as

ϕ(x) = (1 + ay)

[

− ln(1 + x−1) +
3

∑

k=1

1

k(1 + x)k

]

+
(1 − b)y

4x(1 + x)3

+ c(1 +
y

4
)

[

ln
1 + x − b

1 + x
+

3
∑

k=1

bk

k(1 + x)k

]

(5)

M

Full simulation studies carried out for two benchmark channels:  
Exclusive WW production and Exclusive dijet production.

Introduction 

• Sep. 2013: CMS approves 
PPS program 

• Dec. 2013: Approval of 
CMS-TOTEM MoU 

• Sep. 2014: TDR published 
–  baseline design and 

alternative future solutions 
• Dec. 2014: Project 

approved by LHCC and 
Cern Research Board 

M. Gallinaro  - "CMS-TOTEM Precision Proton Spectrometer" - LHCFwd - CERN, Oct. 28, 2015 2 

https://indico.cern.ch/event/334693/ 
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Anomalous quartic couplings

47

6

There are only two four-dimension operators:

L0
4 =

1

4
g0gW (W⃗µ · W⃗µ)2

LC
4 =

1

4
gCgW (W⃗µ · W⃗ν)(W⃗µ · W⃗ ν) (13)

They are parameterized by the corresponding couplings g0 and gC . Using the explicit form of the SU(2)C triplet we see that
these Lagrangians do not involve photons. Clearly, it is not possible to construct any operator of dimension 5 since an even
number of Lorentz indices is needed to contract the field indices. Thus the lowest order interaction Lagrangians which involve
two photons are dim-6 operators. There are two of them:

L0 = −
πα

4Λ2
a0FαβFαβ(W⃗µ · W⃗µ) (14)

LC = −
πα

4Λ2
aCFαµFαν(W⃗µ · W⃗ ν) (15)

parameterized with new coupling constants a0, aC , and the fine-structure constant α = e2/(4π). The new scale Λ is introduced
so that the Lagrangian density has the correct dimension four and is interpreted as the typical mass scale of new physics.
Expanding the above formula using the definition of the SU(2)C triplet and expressing the product

W⃗µ · W⃗ν = 2

(

W+
µ W−

ν +
1

2 cos2 θW
ZµZν

)

(16)

we arrive at the following expression for the effective quartic Lagrangian

L0
6 =

−e2

8

aW
0

Λ2
FµνFµνW+αW−

α −
e2

16 cos2 θW

aZ
0

Λ2
FµνFµνZαZα

LC
6 =

−e2

16

aW
C

Λ2
FµαFµβ(W+αW−

β + W−αW+
β ) −

e2

16 cos2 θW

aZ
C

Λ2
FµαFµβZαZβ (17)

In the above formula, we allowed the W and Z parts of the Lagrangian to have specific couplings, i.e. a0 → (aW
0 , aZ

0 ) and
similarly aC → (aW

C , aZ
C ). From the structure of L0

6 in which the indices of photons and W are decoupled, we see that this
Lagrangian can be interpreted as the exchange of a neutral scalar particle whose propagator does not have any Lorentz index. A
such Lagrangian density conserves C−, P−, and T−parities separately and hence represents the most natural extension of the
SM.
The current best experimental 95% CL limits on the above anomalous parameters come from the OPAL Collaboration where

the quartic couplings were measured in e+e− → W+W−γ, e+e− → νν̄γγ (forWWγγ anomalous couplings), and e+e− →
qq̄γγ (for ZZγγ couplings) at center-of-mass energies up to 209GeV. The corresponding 95% confidence level limits on the
anomalous coupling parameters were found [13]

−0.020GeV−2 < aW
0 /Λ2 < 0.020GeV−2

−0.052GeV−2 < aW
C /Λ2 < 0.037GeV−2

−0.007GeV−2 < aZ
0 /Λ2 < 0.023GeV−2

−0.029GeV−2 < aZ
C/Λ2 < 0.029GeV−2 (18)

On the other hand, there has not been any direct constraint on the anomalous quartic couplings reported from the Tevatron so far.

2. Coupling form factors

The WW and ZZ two-photon cross sections rise quickly at high energies when any of the anomalous parameters are non-
zero, as illustrated in Figure 4. As it was already mentioned, the tree-level unitarity uniquely restricts the WWγγ coupling to
the SM values at asymptotically high energies. This implies that any deviation of the anomalous parameters aW

0 /Λ2, aW
C /Λ2,

aZ
0 /Λ2, aZ

C/Λ2 from the SM zero value will eventually violate unitarity. Therefore, the cross section rise have to be regulated
by a form factor which vanishes in the high energy limit to construct a realistic physical model of the BSM theory. At LEP
where the center-of-mass energy was rather low, the wrong high-energy behavior did not violate unitarity; however, it must be
reconsidered at the LHC. We therefore modify the couplings as introduced in (17) by form factors that have the desired behavior,

7
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Figure 4: Enhancement of the pp → pWWp and pp → pZZp cross section at
√

s = 14TeV with quartic-boson anomalous couplings aW
0 ,

aW
C , and aZ

0 , aZ
C from the SM values 95.6 fb and 0, respectively. The survival probability factor is not included.
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Figure 5: Missing mass distribution showing the effect of the form factor (19) on the cross section. The signal due to the anomalous coupling
appears for massesW > 800GeV. Both leptons are in the detector acceptance and above pT > 10GeV.

i.e. they modify the coupling at small energies only slightly but suppress it when the center-of-mass energyWγγ increases. The
form of the form factor that we consider

a →
a

(1 + W 2
γγ/Λ2)n

(19)

The exact form of the form factor is not imposed but rather only conventional and the same holds for the value of the exponent
n. Λ2 corresponds to the scale where new physics should appear and where the new type of production would regularize the
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Effective Lagrangian with quartic anomalous operators 
ɣɣWW and ɣɣZZ:
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The exact form of the form factor is not imposed but rather only conventional and the same holds for the value of the exponent
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Ansatz coupling form 
factors introduced to avoid 
violating unitarity at high 
energies:


