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Forward physics 

CMS detector

Forward calorimeter (HF)

Very forward calorimeter (CASTOR)

Recent forward physics measurements at CMS

Pseudorapidity dependence of the energy and transverse energy density                   
CMS PAS FSQ-15-006

Inclusive energy spectrum in the very forward direction                                                               
JHEP 08 (2017) 046 (Published: August 11, 2017)

Very forward inclusive jet cross section in pp collisions                                                              
CMS PAS FSQ-16-003.

Very forward inclusive jet cross sections in p+Pb collisions                                                   
CMS PAS FSQ-17-001. 

Summary 
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Forward physics

Wide range of physics subjects: low-x QCD, soft and hard diffraction, central exclusive production, 
underlying event and multiple interactions (MPI) characteristics, hadronic MCs for cosmic rays, Higgs 
production via vector-boson-fusion and more. 

particles usually produced at small polar angles w.r.t. to beam (large rapidity) and/or events contain large 
rapidity gaps (Δη ≳ 4) devoid of hadronic activity.

low-x QCD 

gluon saturation, 
parton structure and evolution; test of DGLAP and BFKL dynamics.  
low-x parton distribution functions (PDFs) and MPI. 
accessible via e.g., forward jets
low-pT and forward rapidity

soft diffraction (X = anything)
hard diffraction (X = jets, W, Z..)

large fraction (~20%) of total pp cross section, 
non-perturbative QCD, dPDFs, rapidity gap 
survival probability. 

Elastic and diffractive processes

Elastic SD DD
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Detector upgrade during Long Shutdown 1. 
Upgrade of forward calorimeters with new photomultiplier tubes.
Measurements in the forward region require low pile-up runs.

Analyses use early 2015 data with special LHC beam conditions. 
<μ> ≈ 0.05 - 1.5. 

pile-up: average number of pp interactions per bunch crossing.

June 2015: LHC experiments back in 
business at record energy of 13 TeV

2.8 fb-1 @ B = 3.8 T

https://twiki.cern.ch/twiki/bin/view/CMSPublic/
LumiPublicResults 

CMS Detector

beam line detectors such as FSC (Forward Shower Counters), ZDC (Zero Degree Calorimeter) 
and instruments (T2 and TOTEM RPs) from TOTEM experiment are not shown in this picture.

CMS average pile-up 
in 2015; <μ> = 14
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11.2 m away from IP5. At both sides of CMS: HF- and HF+
Rapidity coverage: 3 < |η| < 5.2
Long+short quartz fibers. (Electromagnetic and Hadronic) 
Energy scale ±10% 
Measurement of: 

• inelastic and diffractive cross sections, 
• forward energy flow, 
• jet spectra, 
• forward & backward jet correlations. 

Also serves as minimum bias detector.

HF: Hadron Forward

steel absorber

long and short fibers
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Forward Calorimeter (HF)
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2 Electromagnetic modules
12 Hadronic modules 

Very Forward Calorimeter (CASTOR)
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Tungsten-Quartz-Cherenkov sampling 
calorimeter. The most forward 
conventional calorimeter at LHC. 
14 m away from IP5. Only at minus side. 
Rapidity coverage: -6.6 < η < -5.2. 
No segmentation in η. Present energy 
spectra instead of pT. 
Energy scale ±17%. 

Measurement of: 
• inelastic and diffractive cross 

sections, 
• forward energy flow and 

underlying event, 
• jet spectra. 

CASTOR: Centauro And STrange Objects Research 
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Earlier measurement at lower center-of-mass energies:
Measurement of energy flow at large pseudorapidities in pp collisions at sqrt(s) = 0.9 and 7 TeV, 
JHEP 11 (2011) 148.

Measurement of the pseudorapidity dependence of the energy and transverse 
energy density in pp collisions at 13 TeV with CMS, CMS PAS FSQ-15-006.

Measurement of the inclusive energy spectrum in the very forward direction in 
proton-proton collisions at 13 TeV, JHEP 08 (2017) 046.

Energy flow measurements
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Energy flow in the forward region

dE/dη rises sharply with η in the very forward 
region. Large spread of model predictions in 
the forward. 

Multiple parton interactions (MPI) are not well 
understood. The energy dependence of MPI is 
not well known. 

Study parton showers (initial-state radiation) in 
the forward region. 

Another way to study underlying event. Great 
input for tuning of UE parameters in the forward 
region.

The extension of the measurements to large 
pseudorapidities and higher centre-of-mass 
energies is significant for modeling of UE. 

Motivation:

Interesting in its own right. Also important in order to have under control the backgrounds of 
many processes at the LHC. 
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Forward energy flow & Limiting fragmentation

proton-proton collisions at 13 TeV. 
low pile-up runs from 2015, B = 0 T. 
Energy flow in 3.15 < |η| < 6.6
Sum up calorimeter energies for two event classes:

Soft-inclusive events
Non-single diffractive (NSD) enhanced events

Observables: 
dE / dη (sum of particle energies in each η bin.
dET / dηʹ   (ηʹ = η - ybeam)

Correction to particle level:
Non-single diffractive (NSD) 

enhanced events
double side activity (HF AND)

Soft-inclusive inelastic events
single side activity (HF OR)

ξ = max(ξX, ξY)

Δη: largest rapidity gap

X system Y system

Event classes

5 GeV

4 GeV 4 GeV

CMS PAS FSQ-15-006Analysis:
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Model predictions differ a lot in HF region, 3.15 < |η| < 5.2. 
All models agree with the data in the lowest bin and in CASTOR bin within uncertainties. 
PYTHIA8 CUETP8M1 describes the data well over the whole range. 

17-29 Aug, ICNFP2017, Greece

dE/dη Soft-inclusive inelastic events

events with 
ξ > 10-6
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dE/dη NSD-enhanced events

at least one particle at each 
side of HF acceptance

Model predictions are closer to each other. 
PYTHIA8 CUETM1 also describes NSD data except the first |η| bin.
EPOS-LHC and QGSJetII describe the data within the uncertainties over the 
whole |η| range. 
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Limiting fragmentation dET/dηʹ

Compared to earlier CMS measurement at lower centre-of-mass energies (0.9 and 7 TeV), 
JHEP 11 (2011) 148.
The the stable particle level definition is the same as that of the previous measurement.
Results are consistent with the hypothesis of limiting fragmentation. 

17-29 Aug, ICNFP2017, Greece

at least two charged 
particles in 3.9 < |η| < 4.4

Shifted pseudorapidity variable; 
ηʹ = η - ybeam  (ybeam = beam 
rapidity)

Soft particle production is 
independent of centre-of-mass 
energy in the beam 
fragmentation region, ηʹ ~ 0. 
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proton-proton collisions at 13 TeV, low pile-up runs from 2015 (B = 0 T).
Soft-inclusive events (single-arm selection)
inclusive energy of particles in -6.6 < η < -5.2. 

beam 

Observable: 
dσ / dE; differential cross section for inclusive 
particle production as a function of energy: 

Total energy spectrum
energy from all modules 

Electromagnetic energy spectrum
energy from first 2 modules 

Hadronic energy spectrum
energy from last 12 modules
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Very forward energy spectra
JHEP 08 (2017) 046

Corrected to the particle level for ξ > 10-6. Corrected also for all other detector effects.
The most significant uncertainty source is CASTOR energy scale uncertainty (17%). 

very sensitive to MPI!

Analysis:
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Total energy spectrum (dσ/dE)

None of the models reproduce all features of the data. 
The shape is significantly sensitive to MPI parameter settings. Great input for tuning of MPI parameters. 
PYTHIA8 CUETP8M1 without MPI is ruled out by the data. 
The spectrum is best described by EPOS-LHC and QGSJETII.4.

pT0Ref ~ MPI pT cutoff scale. 
= 2.4024 for CUETP8M1.

17-29 Aug, ICNFP2017, Greece

MPI

peak at low 
energy

peak at 
zero energy

cosmic ray models PYTHIA8 (sensitivity to MPI and UE)
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Electromagnetic energy spectrum (dσ/dE)

Relatively well described by most of the models within uncertainties. 
Only PYTHIA8 4C+MBR and SIBYLL 2.3 fail to describe the slope in soft part. 
No bump at low energy. 
EM spectrum is very sensitive to MPI. 

17-29 Aug, ICNFP2017, Greece

cosmic ray models PYTHIA8 (sensitivity to MPI and UE)
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Hadronic energy spectrum (dσ/dE)

Peak at low energy is due to hadronic component. 
Sensitivity to MPI in hadronic component is also visible. 
Well described soft part by CR models. EPOS-LHC and QGSJetII differ a lot in high energy tail. 
CUETP8M1 overestimates the data particularly in high-energy part. Better with 4C+MBR. 

17-29 Aug, ICNFP2017, Greece

cosmic ray models PYTHIA8 (sensitivity to MPI and UE)
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Measurement of the very forward inclusive jet cross section in pp collisions 
at 13 TeV with CMS, CMS PAS FSQ-16-003.

Very forward inclusive jet cross sections in p+Pb collisions at √sNN = 5.02 TeV           
CMS PAS FSQ-17-001. 

proton-proton collisions

proton-lead collisions

Very forward jet measurements
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Very forward jets

Low-x gluon density in proton is not known very well.

17-29 Aug, ICNFP2017, Greece

At small values of 𝑥, partons form
a dense ("saturated") system.

low pT jets in forward rapidity → serve as probe for low-x
jet production in CASTOR →

Forward jet cross sections constrain low-x gluon PDFs. 

Motivation:

pp collisions at 13 TeV (low pile-up runs from 2015). 
Measure jet energy in -6.6 < η < -5.2 and convert Ejet to pT by a factor of cosh(5.9). 
Correct for all detector effects in 3 GeV < pT < 13 GeV.            

Observable: dσ / dpT                                    

Analysis:

CMS PAS FSQ-16-003

very forward and very low pT!
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CASTOR energy scale (CES) uncertainty is the dominant (%17). 
All models agree with the data within the large uncertainty. 
All PYTHIA flavors slightly overestimate the data. 
EPOS-LHC and QGSJetII tend to decrease with increasing pT. 

17-29 Aug, ICNFP2017, Greece

Very forward jets in pp collisions at 13 TeV

jet pT spectrum normalized by 𝓛 jet yield normalized by # of visible jets
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Results are very sensitive to multiple parton interactions. 
A moderate sensitivity to PDF set of the model. 

Any sensitivity to PDF or MPI?

17-29 Aug, ICNFP2017, Greece

Very forward jets in pp collisions at 13 TeV

jet pT spectrum normalized by 𝓛 jet yield normalized by # of visible jets
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Very forward jets in p+Pb collisions at 5.02 TeV 

CASTOR

p+Pb
(proton towards CASTOR)

Pb+p
(ion towards CASTOR)

CASTOR

Gluon density in heavy ion is larger than in proton. 
Enhanced saturation effects in p+Pb collisions. 

More perturbative saturation scale (Qs) compared to 
saturation scale in pp collisions.

Very sensitive to non-DGLAP parton evolution schemes.

proton lead data from 2013. 
double arm selection to suppress photon-induced and 
diffractive events.
Measure jet energy in -6.6 < η < -5.2. 
jet pT ≥ 4 GeV.
All results are presented in the (boosted) lab frame, 
instead of the centre-of-mass frame. 

Motivation:

Analysis:

CMS PAS FSQ-17-001

Observable: dσ / dE as a function of jet energy in p+Pb and Pb+p collisions. Also, ratio of 
p+Pb / Pb+p cross section as a function of energy. 
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Cross section for p+Pb and Pb+p

HIJING describes the data well over the whole range.
EPOS and QGSJetII fail progressively to describe the 
data with increasing jet energies. 
Energy scale uncertainty is the dominant. 

Model predictions lie below the data at low-energy 
bins (up to ~1.2 TeV). 
Discrimination between data and models at higher 
energy bins is not perfect due to large uncertainty.
Energy scale uncertainty is the dominant. 

cross section for p+Pb
(p towards CASTOR)

cross section for Pb+p
(Pb towards CASTOR)
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Cross section ratio p+Pb / Pb+p

Energy scale uncertainty largely cancels 
out. Allows for a better discrimination 
between data and models.

None of the models are able to describe 
the full spectrum. 

HIJING describes the shape well but not 
good in normalization. That means 
HIJING underestimates high energy part 
in Pb+p data. 

EPOS and QGSJetII fail to describe the 
shape at high energy. Most likely 
because they strongly underestimate 
p+Pb data. 

ratio of the cross sections 
for p+Pb / Pb+p
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Recent measurements (mostly from Run 2) in the forward and very forward 
pseudorapidities of CMS are presented. 

Results are found to be sensitive to underlying event (UE) settings and provide 
valuable inputs for tuning studies. 

Comparisons with earlier measurements can help to reveal the energy 
dependence of UE parameters. 

Jet reconstruction in CASTOR (-6.6 < η < -5.2), and measurements in both pp 
and pA collisions possesses unique sensitivity to nonlinear evolution effects. 

CMS has a very rich and active forward physics program. For all public results: 
 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFSQ 
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Summary
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