
Forward physics results 
from CMS

A. Vilela Pereira (CMS Collaboration)
INFN Torino

LISHEP 2011 (XI International School on High Energy Physics)
Centro Brasileiro de Pesquisas Físicas, Rio de Janeiro, Brasil

4 -10 July 2011

https://indico.cern.ch/conferenceDisplay.py?confId=114948
https://indico.cern.ch/conferenceDisplay.py?confId=114948
https://indico.cern.ch/conferenceDisplay.py?confId=114948
https://indico.cern.ch/conferenceDisplay.py?confId=114948


Forward physics?

2



Forward physics?

2

Proton-proton collisions are complicated..

Their understanding depends on a wide range of phenomena many of 
which manifest themselves by looking forward, e.g.:

Low-x QCD & pdf’s, diffraction, γ interactions, underlying event & MPI, 
etc.

In this presentation will cover some of the results on these subjects from 
the CMS collaboration, mostly with the data set collected during 2010
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CMS PAS FWD-11-001: Measurement of the inelastic pp cross section at 7 TeV
CMS PAS FWD-10-005: Measurement of the exclusive two-photon production of muon pairs
CMS PAS FWD-10-001: Observation of diffraction at 900 and 2360 GeV
CMS PAS FWD-10-007: Observation of diffraction at 7 TeV
CMS PAS FWD-10-008: Forward Energy Flow and Central Track Multiplicities in W and Z 
boson Events at 7 TeV
CMS PAS FWD-10-011: Forward energy flow
CMS PAS FWD-10-003: Measurement of forward jets at 7 TeV
CMS PAS FWD-10-006: Cross section measurement for simultaneous production of a central 
and a forward jet at 7 TeV

Proton-proton collisions are complicated..

Their understanding depends on a wide range of phenomena many of 
which manifest themselves by looking forward, e.g.:

Low-x QCD & pdf’s, diffraction, γ interactions, underlying event & MPI, 
etc.

In this presentation will cover some of the results on these subjects from 
the CMS collaboration, mostly with the data set collected during 2010
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Forward detectors @ CMS
Hadronic 

Forward (HF)
CMS

(3.0 < |η| < 5.0)

CASTOR 

Hadronic 
Forward (HF)

(5.2 < |η| < 6.6)

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
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pp (visible) inelastic cross section

γγ (exclusive) interactions

Soft and hard diffraction

Central/forward correlations in hard interactions

Forward energy flow and multiple parton interactions

Forward and central-forward jet production
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Total inelastic cross section

CMS PAS FWD-11-001

p p 

hard-scattering event 

p p 

p p 

P (n) =
(Lσ)n

n!
exp−Lσ

Additional (pile-up) interactions in 
a bunch crossing give an unbiased 
source of inelastic events

Probability follows a Poisson 
distribution that depends on the 
bunch luminosity and total cross 
section:

From the number of extra 
interactions versus luminosity the 
total (visible) cross section can be 
extracted
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Total inelastic cross section

CMS (ext.)
σ(pp) = 68± 2.0 (Syst.)

±2.4(Lum.)
±4(Ext.) mb

p p 

ar
X
iv
:1
10
4.
03
26

Procedure counts only (extra) 
events for which a vertex is 
reconstructed

Correct for the inelastic cross 
section for events with a 
minimum number of charged 
particles in the central region 
(pT > 200 MeV, |η| < 2.4)

Minimum number of (2) 
charged particles is roughly 
equivalent to a cut-off at ξ ~ 
6.10-5

MC dependent extrapolation 
to total inelastic cross section

ξ > 6.10-5

CMS PAS FWD-11-001
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pp (visible) inelastic cross section

γγ (exclusive) interactions

Soft and hard diffraction

Central/forward correlations in hard interactions

Forward energy flow and multiple parton interactions

Forward and central-forward jet production
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Exclusive γγ→μμ production
CMS PAS FWD-10-005

p p

p p

γ

γ

µ
+

µ
−

p p

p

γ

γ

µ
+

µ
−

p

p

γ

γ

µ
+

µ
−

Exclusive γγ→μμ events: 2 muons and nothing else

Main background to pure QED process from single and 
double proton dissociation processes, where the 
proton fragments in a low mass state

Standard candle for exclusive processes at the LHC 
and candidate for absolute luminosity measurement
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Measurement restricted to well 
controlled kinematic region (pT(μ) > 4 
GeV, |η| < 2.1, m(μμ) > 11.5), 
rejecting Υ photo-production

Exclusivity condition requires a 
primary vertex with exactly 2 muons 
and no other track within 2 mm

Signal extracted with a binned 
maximum likelihood fit to the pT(μμ) 
distribution

Largest systematics from track veto efficiency (data driven - pile-up 
sensitive)
Good agreement between data and LPAIR MC (signal and proton 
dissociation)
Potential to become competitive luminosity monitor at the LHC

σ (p + µµ + p) = 3.38+0.58
−0.55(stat.)± 0.16(syst.)± 0.14(lum.)pb

Highest mass 
event at ~77 GeV

CMS PAS FWD-10-005
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pp (visible) inelastic cross section

γγ (exclusive) interactions

Soft and hard diffraction

Central/forward correlations in hard interactions

Forward energy flow and multiple parton interactions

Forward and central-forward jet production
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Sketch of single-diffractive event:

p (t,ξ)
LRG

Inclusive 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

Diffraction in minimum-bias
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t, ξ = (MX)2/s
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-1bµdt = 20 L"

LRG

p (t,ξ)

Observation of diffraction

ξ ~ ∑(E + pz) when proton scattered in 
z-plus directions.

ξ ~ ∑(E - pz) when proton scattered in 
z-minus directions.

Inclusive diffractive cross section peaks 
at small values of ξ:  σ ~ 1/ξ.

Observation of diffractive peak in data.
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Main systematic effect due to ±10% energy 
scale variation.

N.B. Plots are uncorrected

ξ = (MX)2/s

CMS PAS FWD-10-001
CMS PAS FWD-10-007
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Inclusive diffraction characterized by 
Large Rapidity Gap (region in rapidity 
devoid of hadronic activity).

No energy deposition (or zero 
multiplicity) in HF.

Gap definition at detector level.
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√s dependence
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Enhancing diffractive component
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High-multiplicity diffractive events in 
PYTHIA8 & PHOJET

PYTHIA8 & PHOJET describe fairly 
well the shape of the data both at 
low and high multiplicity region

PYTHIA6 D6T-based tunes have a 
relatively soft spectrum and cannot 
describe the data

CMS PAS FWD-10-007
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Enhancing diffractive component
High-multiplicity diffractive events in 
PYTHIA8 & PHOJET

PYTHIA8 & PHOJET describe fairly 
well the shape of the data both at 
low and high multiplicity region

PYTHIA6 D6T-based tunes have a 
relatively soft spectrum and cannot 
describe the data

PYTHIA6 tunes P0 & Z1 are able to 
describe high-multiplicity region in 
diffractive enhanced sample, though 
not behavior in low energy region, 
where diffractive contribution is 
dominant

CMS PAS FWD-10-007
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W→eν(μν) events with a LRG
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CMS PAS FWD-10-008

W 

LRG 

∆ηLRG ≡ 5.0− η̃

Single-vertex events to reject pile-up

Gap size (Δη) distributions for W 
candidate events

Note that LRG events from non-diffractive 
MC events as well

Large dependence on MC tune
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W→eν(μν) events with a LRG

lepton
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LRG selection in HF (3 < |η| < 5)

Signed ηlepton distribution (ηlepton < 0 
when e,μ opposite to the LRG)

fSD = 50± 9.3(stat.)± 5.2(syst.)%

Flat for non-diffractive,  asymmetric for diffractive 
events

Evidence of diffractive W production in the data

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

(uncorrected)
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pp (visible) inelastic cross section

γγ (exclusive) interactions

Soft and hard diffraction

Central/forward correlations in hard interactions

Forward energy flow and multiple parton interactions

Forward and central-forward jet production
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Underlying event in hard interactions

W/Z W/Z

IP

W/Z
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Central vs Forward energy flow
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Central vs Forward energy flow
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Central and 
forward activity 
with increasing 
forward 
deposition in the 
opposite side

CMS PAS FWD-10-008

e,μ
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pp (visible) inelastic cross section

γγ (exclusive) interactions

Soft and hard diffraction

Central/forward correlations in hard interactions

Forward energy flow and multiple parton interactions

Forward and central-forward jet production
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Forward energy flow

Minimum bias Dijets

Energy flow in the forward 
region particularly sensitive 
to the underlying event (UE) 
dynamics

Important input in the 
tuning of multi-parton 
interactions (MPI) models at 
the LHC

Measurement of the 
forward energy flow (dE/
dη) in minimum bias and 
dijet events

Performed in the range 
covered by the HF 
calorimeter (3 < |η| < 5)

√s dependence from results 
at both 0.9 and 7 TeV

CMS PAS FWD-10-011

G
enerator level
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Forward energy flow

CMS PAS FWD-10-011

√
s

dE/dη increases with η
√s dependence

Slightly steeper spectrum 
compared to most MC 
generators

Clear effect of multi-
parton interactions in 
MC’s

27
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Forward energy flow

√sCMS PAS FWD-10-011

dE/dη increases with η
√s dependence

Slightly steeper spectrum 
compared to most MC 
generators

Clear effect of multi-
parton interactions in 
MC’s

Higher dE/dη for events in 
which a hard scale is 
present 

No generator/tune fully 
describes the data
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dE/dη and cosmic rays MC’s
Regge-based Monte Carlo generators 
for cosmic ray (proton) interactions in 
the atmosphere (EPOS, QGSJET, 
SIBYLL)

LHC data important for model 
extrapolations to ultra high energies
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pp (visible) inelastic cross section

γγ (exclusive) interactions

Soft and hard diffraction

Central/forward correlations in hard interactions

Forward energy flow and multiple parton interactions

Forward and central-forward jet production
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Forward jets
x1P 

p 

x2P 

p 

D
G

L
A

P
 

Access to low-x region by measuring 
very forward jets

Sensitive to low-x gluon pdf’s down to 
x ~ 10-5 

Test of perturbative QCD evolution 
(DGLAP, BFKL)

x =
Q√
s
e−y
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Inclusive forward jet cross section
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CMS PAS FWD-10-003

Anti-kT (R=0.5) jets

3.2 < |η| < 4.7, 35 < pT < 150 GeV

Agreement within errors to 
theoretical prediction, LO & NLO 
MC’s

Systematic uncertainty dominated 
by Jet Energy Scale (20 - 30%)

Jet pT resolution: 3-6%

Model (unfolding): 3%

Luminosity: 4%
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Central-forward jets
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Simultaneous production of a 
central and forward jet

Analogous selection as in inclusive 
forward jet measurement (extra 
central jet with |η| < 2.8)

PYTHIA in general overestimates 
the data, with a steeper spectrum, 
while HERWIG describes the data 
better  
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Central-forward jets
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Systematic uncertainty dominated 
by Jet Energy Scale: ~25%

Jet pT resolution: < 5%

Model (unfolding): ~2-5% (central) 
< 10% (forward)

Pile-up: < 5%

Luminosity: 4%
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Simultaneous production of a 
central and forward jet

Analogous selection as in inclusive 
forward jet measurement (extra 
central jet with |η| < 2.8)

PYTHIA in general overestimates 
the data, with a steeper spectrum, 
while HERWIG describes the data 
better  
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Forward physics @ CMS 

!"#"$#!""%!"#$%#&'()*+,-+'$,.)'/01'234'5,676%'(7#7,#%%

Low-x QCD with forward jets

Underlying event tuning & cosmic 

rays shower modeling

Exclusive di-muon production & 

absolute luminosity measurements

Vector meson photoproduction

Observation of hard-diffraction

Physics with proton taggers @ high-

luminosity

!"#$%&'

()()

!*# (3 < |!| < 5)

(5.2 < |!| < 6.6) (|!| > 8.1)

Physics with 1 pb-1 - 100 pb-1

N.B. No pile-up assumed

All results assume "s = 14 TeV

~1yr BC (Before Collisions)
A look at the past..



Summary

36

The CMS Forward Physics program covers a wide range of measurements:
➡ pp inelastic cross section
➡ γγ interactions
➡ diffraction
➡ central & forward energy flow
➡ forward jet production 

which enrich our knowledge of proton-proton interactions at the highest 
energies and give unique information for the modeling & tuning of Monte 
Carlo generators at the LHC 

Benchmark channels for exclusive & diffractive physics with near beam 
proton detectors at the LHC - see talk on AFP (ATLAS) & HPS (CMS)

Forward instrumentation around CMS essential to fully develop such a 
physics program



Backup
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Forward physics

!"#"$#!""%!"#$%#&'()*+,-+'$,.)'/01'234'5,676% (7#7,#%!

Low-x QCD & BFKL 

dynamics studies

!-mediated processes 

& absolute luminosity 

determination

Hard diffraction and 

rapidity gap survival 

determination

Discovery physics w/ 

near beam detectors

Monte Carlo tuning

! Most energy deposited between 8 < |y| < 9

! Main CMS/ATLAS calorimeters: |y| < 5

Energy flow at LHC Elastic and 

diffractive protons
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Figure 2.2: Fits from the COMPETE collaboration [5] to all available pp and pp̄ scattering data
with statistical (blue solid) and total (green dashed) error bands, the latter taking into account the
discrepancy of the two Tevatron measurements. The outermost curves (dotted) give the total error
band from all parameterisations considered.

2.1 Total pp cross-section

A precise measurement of the total pp cross-section σtot and of the elastic scattering over a large
range in the squared four-momentum transfer t (section 2.2) is of primary importance for distin-
guishing between different models of soft proton interactions.

Figure 2.2 summarises the existing measurements of σtot from low energies up to collider
and cosmic-ray energies. Unfortunately the large uncertainties of the cosmic-ray data and the 2.6
standard-deviations discrepancy between the two final results from the Tevatron [3, 4] make an
extrapolation to higher energies uncertain, leaving a wide range for the expected value of the total
cross-section at the LHC energy of

√
s = 14TeV, typically from 90 to 130 mb, depending on the

model used for the extrapolation.
TOTEM will measure σtot and the luminosity L simultaneously by taking advantage of the

Optical Theorem:

L σ2
tot =

16π
1+ρ2 · dNel

dt

∣∣∣∣
t=0

. (2.1)

With the additional relation
L σtot = Nel +Ninel (2.2)

one obtains a system of 2 equations which can be solved for σtot or L . The parameter

ρ =
R[ fel(0)]
I [ fel(0)]

, (2.3)

– 4 –
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DIS 2011
Lauren Tompkins

Proton Cross-Sections

! Total proton-proton ! at 7 TeV:
! 20% elastic, 80% inelastic

! Diffractive contribution: ! D/! inel ~0.2-0.3

! Total proton cross-section is 
typically measured 2 ways:
! Forward elastic cross-section at colliders 

(Optical Theorem)

! Cosmic ray air showers 

! Specialized experiments/detectors at 
LHC for these measurements:
! Totem

! ALFA 

2

! Well-defined, direct measurements of !inel is an important 
complement to these measurements 
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Total inelastic cross section

σ(Nchg ≥ 2; pT > 200 MeV; |η| < 2.4) 58.7 ± 2.0 (Syst.) ± 2.4(Lum.)
σ(Nchg ≥ 3; pT > 200 MeV; |η| < 2.4) 57.2 ± 2.0 (Syst.) ± 2.4(Lum.)
σ(Nchg ≥ 4; pT > 200 MeV; |η| < 2.4) 55.4 ± 2.0 (Syst.) ± 2.4(Lum.)
σ(Npart ≥ 3; pT > 200 MeV; |η| < 2.4) 59.7 ± 2.0 (Syst.) ± 2.4(Lum.)

σinel.(pp) 68 ± 2.0 (Syst.) ± 2.4(Lum.) ± 4(Ext.)
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Exclusive γγ→μμ production

43



Data vs MC

Fair agreement with PYTHIA6 
tunes D6T, DW, CW & Z1;

PYTHIA6 tune P0, as well as 
PHOJET considerably higher 
than data;

PYTHIA8 also does not agree 
well with the data.
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Enhancing diffractive component
Look at events with no activity in one 
side: E(HF+) < 8 GeV.

Suppressed non-diffractive 
contribution.

PYTHIA6 describes well inclusive 
spectrum shown before, but not 
diffractive enriched sample.

PYTHIA8 and PHOJET describe 
better tails of distributions, however 
not low energy region.

Test description 
of diffractive 
system (MX)



Enhancing diffractive component
Look at events with no activity in one 
side: E(HF+) < 8 GeV.

Suppressed non-diffractive 
contribution.

PYTHIA6 describes well inclusive 
spectrum shown before, but not 
diffractive enriched sample.

PYTHIA8 and PHOJET describe 
better tails of distributions, however 
not low energy region.

Different PYTHIA6 tunes show 
similar behavior (consistent since 
diffractive description does not 
change).
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Meaning of E ± pz

Momentum and energy conservation:      
E(Pomeron)  +  E(proton 1) = E(X)
pz(Pomeron) +  pz(proton 1) = pz(X)

Recall: in SD events proton loses almost none of its initial momentum.

If proton 1 moves in positive z direction: E(proton 1) - pz(proton 1) ≈ 0 (and proton 2, and Pomeron, move in the 
negative z direction)

Hence:
E(Pomeron) - pz(Pomeron) ≈ 2E(Pomeron) ≈ E(X) - pz(X)

i.e. ξ = 2E(Pomeron)/√s ≈ (E(X) - pz(X))/√s

Conversely, if proton 1 moves in the negative z direction (and proton 2, and Pomeron, in the positive z direction), 
E(proton 1) + pz(proton 1) ≈ 0, hence: 

E(Pomeron) + pz(Pomeron) ≈ 2E(Pomeron) ≈ E(X) + pz(X)

i.e. ξ = 2E(Pomeron)/√s ≈ (E(X) + pz(X))/√s

X

proton 2

proton 1

Pomeron
pp --> pX
pPomeron −−> X

• Σ(E ± pz) runs over all calo towers

• Measure for the momentum of the Pomeron = 
momentum loss of the proton
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Diffractive dijet candidate
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Diffractive dijet candidate

49

pT (jet1) = 43.5 GeV,  pT (jet2) = 36.9 GeV 
! (jet1)  = 0.83,          ! (jet2)  = 2.55 

E(! < 3.0) > 1.5 GeV    pT(track) > 0.5 GeV 
E(! " 3.0) > 2.0 GeV 



Underlying event in hard interactions
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dE/dη

CMS PAS FWD-10-011
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Forward jets

 GeV/c  
T

p
40 60 80 100 120 140

E
X

P
. 
U

n
c
e
rt

a
in

ty
 [

%
]

-40

-20

0

20

40

60

80 | < 4.7!=7 TeV), 3.2 < |s jet +X ("pp 

-1
 L dt = 3.14 pb#

, R = 0.5 CALOTAnti-k

Total uncertainty (luminosity included)

JES 

 resolution & unfolding
T

p

CMS Preliminary

 GeV/c  
T

p
20 40 60 80 100 120 140 160

T
h

e
o

ry
 U

n
c
e
rt

a
in

ty
 [

%
]

-30

-20

-10

0

10

20

30 | < 4.7!=7 TeV), 3.2 < |s jet +X ("pp , R = 0.5 CALOTAnti-k

CMS PreliminaryTotal uncertainty

NP (Pythia - Herwig)

 0.002± = s#$PDF with 

Scale (6-Point)

 GeV/c  
T

p
20 40 60 80 100 120 140 160

T
h

e
o

ry
 U

n
c
e
rt

a
in

ty
 [

%
]

-30

-20

-10

0

10

20

30

40

50

60
| < 4.7!=7 TeV), 3.2 < |s jet +X ("pp , R = 0.5 CALOTAnti-k

CMS PreliminaryTotal uncertainty

NP (Pythia - Herwig)

HERAPDF

Scale (6-Point)

53



P. Skands
MB & UE Working Group

March 2010

54



P. Skands
MB & UE Working Group

March 2010

55



P. Skands
MB & UE Working Group

March 2010

56



57

Minus Side!Plus Side!



58

p
LRG

p

LRG


