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The understanding of proton-proton collisions depends on a wide range of 
phenomena which manifest themselves by looking at low transverse 
momentum, or forward rapidities: 
Small-x QCD 
Underlying event, MPI & DPS 
Soft and hard diffraction, exclusive processses, γγ interactions, etc. 
In this presentation some selected results on these subjects from the CMS 
collaboration will be shown. 
For a full list of results and publications see:

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

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFSQ
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The understanding of proton-proton collisions depends on a wide range of 
phenomena which manifest themselves by looking at low transverse 
momentum, or forward rapidities: 
Small-x QCD 
Underlying event, MPI & DPS 
Soft and hard diffraction, exclusive processses, γγ interactions, etc. 
In this presentation some selected results on these subjects from the CMS 
collaboration will be shown. 
For a full list of results and publications see:

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

See D. Damião’s talk for results on diffractive and exclusive physics.

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFSQ
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Outline
The CMS detector and forward instrumentation 

Underlying event in pp collisions and DPS 

Low-x jet production 

Forward energy flow & particle production and inelastic 
cross section
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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

Forward detectors at CMS
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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
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CMS-TOTEM detectors

7

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)

TOTEM RPs
(147, 220m)

Forward Shower Counters 
(59-114m)

Common data taking during low-PU 
runs in 2012

K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

Prospects for Diffractive and Forward Physics at the LHC
CERN-LHCC-2006-039-G-124

http://cds.cern.ch/record/1005180?ln=en
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The structure of an event

Warning: schematic only, everything simplified, nothing to scale, . . .

p
p/p

Incoming beams: parton densities

T. Sjostrand

Underlying Event in pp collisions
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Resonance decays: correlated with hard subprocess

Underlying Event in pp collisions
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Final-state radiation: timelike parton showers

Underlying Event in pp collisions
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. . . with its initial- and final-state radiation

Underlying Event in pp collisions
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Underlying Event (0.9, 2.76, 7 TeV)
Charged particle and pT sum density in transverse region to 
highest pT jet well described by PYTHIA & HERWIG tunes. 

Good description of energy dependence.

14
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CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 3

UE ObservablesUE Observables
! “transMAX” and “transMIN” Charged Particle Density: Number 

of charged particles (pT > 0.5 GeV/c, |ηηηη| < 0.8) in the the maximum 
(minimum) of the two “transverse” regions  as defined by the 
leading charged particle, PTmax, divided by the area in ηηηη-φφφφ space, 
2ηηηηcut×2ππππ/6, averaged over all events with at least one particle with 
pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

 PTmax Direction 
∆φ∆φ∆φ∆φ    

“Toward” 

“TransMAX” “TransMIN” 

“Away” 

! “transMAX” and “transMIN” Charged PTsum Density: Scalar pT
sum of charged particles (pT > 0.5 GeV/c, |ηηηη| < 0.8) in the the
maximum (minimum) of the two “transverse” regions  as defined 
by the leading charged particle, PTmax, divided by the area in ηηηη-φφφφ
space, 2ηηηηcut×2ππππ/6, averaged over all events with at least one particle 
with pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

Note: The overall “transverse” density is equal to the average of the “transMAX” and “TransMIN”
densities. The “TransDIF” Density is the “transMAX” Density minus the “transMIN” Density

“Transverse” Density = “transAVE” Density = (“transMAX” Density + “transMIN” Density)/2

“TransDIF” Density = “transMAX” Density - “transMIN” Density

ηηηηcut = 0.8
Overall “Transverse” = “transMAX” + “transMIN”

CMS PAS FSQ-12-025

https://cds.cern.ch/record/1968979
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CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 29

DPS and the DPS and the ““Underlying EventUnderlying Event””
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DPS and the DPS and the ““Underlying EventUnderlying Event””
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CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 36

CMS DPS TunesCMS DPS Tunes

! PYTHIA 8 Tune CDPSTP8S2-Wj: Start with Tune 4C (CTEQ6L) and tune to the DPS sensitive 
observables in W + DiJet production by varying the 4 UE parameters.

 

 

Proton Proton 

 

! PYTHIA 8 Tune CDPSTP8S2-4j: Start with Tune 4C (CTEQ6L) and tune to the DPS sensitive 
observables in 4 Jet production by varying the 4 UE parameters.

19.0+4.7-3.0CDPSTP8S2-4j
25.8+8.2-4.2CDPSTP8S2-Wj

29.1CUETP8S1-HERAPDF1.5LO
27.8CUETP8S1-CTEQ6L1
30.34C

σσσσeff(mb)Tune

CMS W+DiJet Measurement
σσσσeff = 20.7 ± 0.8 (stat) ± 6.6 (sys)

7 TeV

A B
Double Parton Scattering

CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 30

DPS: Double Parton Scattering

DPS and the DPS and the ““Underlying EventUnderlying Event””

 

eff

BA
AB σ

σσ
σ =

 

Proton Proton 

 

 

 

Most of the time MPI are much “softer” than the primary “hard” scattering, however, 
occasionally two “hard” 2-to-2 parton scatterings can occur within the same hadron-
hadron.  This is referred to as double parton scattering (DPS) and is typically described in 
terms of an effective cross section parameter, σσσσeff, defined as follows:

1/(pT)4→ 1/(pT
2+pT0

2)2

where σσσσA and σσσσB are the inclusive cross sections for individual hard scatterings of type A 
and B, respectively, and σσσσAB is the cross section for producing both scatterings in the 
same hadron-hardon collision.  If A and B are indistinguishable, as in 4-jet production, a 
statistical factor of  ½must be inserted. 

 

“Underlying Event”“Underlying Event”

Independent of A and B
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Double Parton Scattering (DPS)

Single Parton Scattering (SPS)
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CMS PAS FSQ-12-028
J. High Energy Phys. 03 (2014) 032

4 3 DPS-sensitive observables

b =
S(passociated with signal vertex

T )

S(pall
T )

, (2)

where S(passociated with signal vertex
T ) is the sum of pT of all charged constituents of a jet associated

with the signal vertex and S(pall
T ) is the sum of pT of all charged constituents of a jet. Jets are

required to have b > 0.4 for further consideration in the analysis. Type-1 correction [35] is
applied on the reconstructed ET/ . This correction uses all corrected jets which have less than
0.9 of their energy in ECAL and pT > 10 GeV/c. Missing transverse energy is also corrected
for the modulation in f-direction which mainly arises due to f dependent variation of tracker
acceptance and calorimeter alignment. The correction factor is calculated as a function of the
number of reconstructed vertices and also as a function of SET. Events are required to have
ET/ > 30 GeV.

The transverse mass (MT) of the selected muon and ET/ is defined as:

MT =
q

2 ⇥ pµ
T ⇥ ET/ /c ⇥ (1 � cos(Df[µ, ET/ /c])), (3)

Where Df[µ, ET/ ] is the angle between the measured muon µ and the ET/ direction in azimuthal
plane. Transverse mass is required to be greater than 50 GeV/c 2 for events to be considered
as W event candidate. The kinematic distribution of jets in the selected events are reproduced
by MC simulations as shown in Fig. 2. Selected events are required to have at least 2 jets with
pT > 20 GeV/c and |h| < 2.0.

Table 2: Summary of selection criteria.

W ! µn selection Jet selection
Single muon trigger anti-kT PF jet with R = 0.5
Muon ID and isolation pT > 20 GeV/c, |h| < 2.0
Exactly one muon pT > 35 GeV/c, |h| < 2.1 b > 0.4
ET/ > 30 GeV/c DR(jet � µ) > 0.5
W transverse mass > 50 GeV/c 2

3 DPS-sensitive observables

It is possible to define several observables which are sensitive to discriminate DPS events from
the SPS ones. We are investigating the following observables:

• Df: azimuthal separation between the two selected jets. For DPS events the two jets
are independent from the first interaction and hence these jets are back-to-back in
azimuthal plane.

• Drel pT: it is defined as:

Drel pT =
|~pT(j1) + ~pT(j2)|
|~pT(j1)|+ |~pT(j2)| . (4)

In case of DPS events the two jets balance each other and hence Drel pT(j1, j2) will be
small. Here ~pT(j1) and ~pT(j2) are the transverse momentum vector of the leading
and sub-leading jets.

5

• DS: azimuthal angle between W and dijet system. In case of DPS events, the W and
dijet vector should be randomly oriented whereas in case of SPS event they tend to
be back-to-back. DS is defined as:

DS = arccos

 
~PT(µ, ET/ ).~PT(j1, j2)

|~PT(µ, ET/ )|.|~PT(j1, j2)|

!
, (5)

where, ~PT(µ, ET/ ) and ~PT(j1, j2) are the resultant transverse momentum vector of
(µ, ET/ ) and the two jets, respectively.

These variables are studied for two type of events selection:

• Exclusive 2 jets events: Events having a W candidate and exactly two jets with pT >
20 GeV/c and |h| < 2.0.

• Inclusive 2 jets events: Events having a W candidate and at least two jets with pT >
20 GeV/c and |h| < 2.0. In this event class DPS variables can be defined either taking
the leading two jets or the jet pair with best balance in pT. Considering balanced jet
pair might be a better choice but, here, we will report study of the DPS observables
for both options.

Figure 3 shows the comparison of data with MC simulations for the DPS-sensitive observables
at detector level. As seen from Fig. 3, we are selecting a sample of W + 2 jets events with
small background contaminations and which are nicely reproduced by MC predictions. The
dominant contribution comes from the top background while the QCD contribution is less
than half a percent. Table 3 reports the expected number of signal and backgrounds events for
5 fb�1 of integrated luminosity for exclusive and inclusive event selection.

Table 3: Number of events for 5 fb�1 of integrated luminosity for exclusive and inclusive event
selection.

Process exclusive selection inclusive selection
W! µn 228761 ± 12496 284439 ± 15538
W! tn 3723 ± 203 4736 ± 259
top 9360 ± 687 25210 ± 1850
Drell-Yan 5301 ± 256 6564 ± 317
diboson 2564 ± 263 3463 ± 355
µ-enriched QCD 350 ± 350 467 ± 467
data 243803 ± 494 315096 ± 561

4 Correction and systematic uncertainties

Sample of W + 2 jets events are selected as discussed in previous section. Contributions of
various backgrounds i.e. top, Drell–Yan, diboson, ”µ-enriched QCD” are estimated using sim-
ulated samples and subtracted from the data distributions.

Distributions of DPS-sensitive observables for selected data events are corrected for selection
efficiencies and detector effects. Data are corrected to stable particle-level (lifetime ct > 10 cm)
within a phase space given in Table 4.

Unfolding is performed using Bayesian method [40] which properly takes into account bin-
to-bin migration. The response matrix is created using the MADGRAPH Monte Carlo sample.

Predictions both at LO and NLO 
without MPI cannot describe the 
data. 
PYTHIA8 does not account for 
higher order contributions.

pT(jet) > 20 GeV; |η| < 2.0

https://cds.cern.ch/record/1542311
http://dx.doi.org/10.1007/JHEP03(2014)032
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Double Parton Scattering (DPS)

Single Parton Scattering (SPS)

CMS PAS FSQ-12-028
J. High Energy Phys. 03 (2014) 032
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At least 4 jets with pT > 
20 GeV (2 leading b-jets 
with |η| < 2.4 and 2 
lights-jets with |η| < 4.7); 
Predictions are in 
general able to describe 
well jet spectra, besides 
Herwig++; 

CMS PAS FSQ-13-010

https://cds.cern.ch/record/2012675
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At least 4 jets with pT > 
20 GeV (2 leading b-jets 
with |η| < 2.4 and 2 
lights-jets with |η| < 4.7); 
Predictions are in 
general able to describe 
well jet spectra, besides 
Herwig++; 
Distributions of 
correlation observables 
not fully described by 
any of the theoretical 
models (simulation of 
UE tuned to soft MPI).
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Studies of 2 b-jets + 2 jet @ 7 TeV (FSQ-13-010) (I/II)
Contact persons: Paolo Gunnellini, Hannes Jung, Pierre Van Mechelen
Data set: pp @ 7 TeV, ⇠ 3 pb�1

Status: pre-approved; PAS is frozen ! approval is on April 14

Further measurement of a 4-jet final state: multijet scenario with bb̄ production

Study of QCD evolution in a heavy favour scenario. Comparison with different MC
models and test of their performance (LO ME +PS, NLO ME +PS, multileg ME +PS )
Study and separate the different topologies for events coming from single chain and
double chain processes

The jets need to be associated in pairs: (! natural way
thanks to the different flavour)
The equal scale of the two jet pairs should suppress the
SPS contribution (at least 4 jets with pT > 20 GeV)

From phenomenology studies: DPS contribution: ⇠ 10 � 15% (with �eff = 20 mb)
(In four-jet selection with two different scales, DPS contribution ⇠ 5%)

10 / 37

CMS PAS FSQ-13-010

https://cds.cern.ch/record/2012675
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DPS: γ + 3 jets
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https://cds.cern.ch/record/2007815
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DPS: γ + 3 jets
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γ + 1 jet in central 
region with pT > 75 GeV 
and 2 jets with pT > 20 
GeV; 
Data overall well 
described by different 
models; 
Measurement not very 
sensitive to MPI (note 
high pT cuts).

CMS PAS FSQ-12-017

https://cds.cern.ch/record/2007815
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Outline
The CMS detector and forward instrumentation 

Underlying event in pp collisions and DPS 

Low-x jet production 

Forward energy flow & particle production and inelastic 
cross section
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Low-pT and forward jets

23
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Low-x region can be accessed with  
low-pT or very forward jets; 
Test of perturbative QCD evolution 
(DGLAP vs BFKL dynamics);
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Low-pT and forward jets

24

 [GeV/c]
T

Jet p
30 40 100 200 1000 2000

G
eV

/c
pb

dy T
dp

σ2 d

-510

-310

-110

10

310

510

710

910

1110

1310
 = 8 TeV                                     CMS Preliminaryspp 

21

 (low PU runs)-1 = 5.8 pb
int

open: L
 (high PU runs)-1 = 10.71 fbintfilled: L

NP ⊗NNPDF 2.1 NLO

)5 10×0.0 <|y|< 0.5 ( 
)4 10×0.5 <|y|< 1.0 ( 
)3 10×1.0 <|y|< 1.5 ( 
)2 10×1.5 <|y|< 2.0 ( 
)1 10×2.0 <|y|< 2.5 ( 
)0 10×2.5 <|y|< 3.0 ( 
)-1 10×3.2 <|y|< 4.7 ( 

)5 10×0.0 <|y|< 0.5 ( 
)4 10×0.5 <|y|< 1.0 ( 
)3 10×1.0 <|y|< 1.5 ( 
)2 10×1.5 <|y|< 2.0 ( 
)1 10×2.0 <|y|< 2.5 ( 
)0 10×2.5 <|y|< 3.0 ( 
)-1 10×3.2 <|y|< 4.7 ( 

Low-x region can be accessed with  
low-pT or very forward jets; 
Test of perturbative QCD evolution 
(DGLAP vs BFKL dynamics); 
Inclusive jet production cross section 
at rapidities |y| < 4.7 with 21 < pT < 
74 GeV (Anti-kT, R = 0.7 jets), 
combined with high-pT 
measurements.
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CMS PAS FSQ-12-031

https://cds.cern.ch/record/1564932
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Forward-central jet correlations

25

Azimuthal correlations between forward (3.2 
< η < 4.7) and central (|η| < 2.8) jets with pT 
> 35 GeV; 
Jets with large rapidity separation; 
Topologies with extra jet and vetoing extra 
jet between central/forward jets.

DGLAP-based MC predictions are able to 
describe observables considered; 
When MPI is turned off correlations are 
worse.

CMS PAS FSQ-12-008

https://cds.cern.ch/record/1643105


LISHEP 2015 - A. Vilela Pereira

Forward-central jet correlations

25

Azimuthal correlations between forward (3.2 
< η < 4.7) and central (|η| < 2.8) jets with pT 
> 35 GeV; 
Jets with large rapidity separation; 
Topologies with extra jet and vetoing extra 
jet between central/forward jets.

DGLAP-based MC predictions are able to 
describe observables considered; 
When MPI is turned off correlations are 
worse.

CMS PAS FSQ-12-008

See also: 
Azimuthal angle decorrelations of jets widely separated in rapidity in pp collisions at √s = 7 TeV 
CMS-PAS-FSQ-12-002 
Dijet production with a large rapidity gap between the jets 
CMS-PAS-FSQ-12-001

https://cds.cern.ch/record/1643105
https://cds.cern.ch/record/1547075
https://cds.cern.ch/record/2029345
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Leading charged particles/jets at small pT
Leading charged particles (|η| < 2.4, pT > 0.8 GeV) and leading charge-
particle jets (|η| < 1.9, pT > 1.0 GeV); 
Transition from perturbative to non-perturbative region. Saturation of parton-
parton cross section visible at pT values of O(1 GeV).

CMS-FSQ Run 2 Workshop                                              
CERN, April 9, 2015

Rick Field – University of Florida Page 30

DPS: Double Parton Scattering

DPS and the DPS and the ““Underlying EventUnderlying Event””

 

eff

BA
AB σ

σσ
σ =

 

Proton Proton 

 

 

 

Most of the time MPI are much “softer” than the primary “hard” scattering, however, 
occasionally two “hard” 2-to-2 parton scatterings can occur within the same hadron-
hadron.  This is referred to as double parton scattering (DPS) and is typically described in 
terms of an effective cross section parameter, σσσσeff, defined as follows:

1/(pT)4→ 1/(pT
2+pT0

2)2

where σσσσA and σσσσB are the inclusive cross sections for individual hard scatterings of type A 
and B, respectively, and σσσσAB is the cross section for producing both scatterings in the 
same hadron-hardon collision.  If A and B are indistinguishable, as in 4-jet production, a 
statistical factor of  ½must be inserted. 

 

“Underlying Event”“Underlying Event”

Independent of A and B

CMS PAS FSQ-12-032
arXiv:1507.00233

https://cds.cern.ch/record/1700112
http://arxiv.org/abs/1507.00233
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Outline
The CMS detector and forward instrumentation 

Underlying event in pp collisions and DPS 

Low-x jet production 

Forward energy flow & particle production and inelastic 
cross section

27
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dE/dη and cosmic rays
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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; 
Good agreement with dE/dη data.

http://cdsweb.cern.ch/record/1350822?ln=en
http://dx.doi.org/10.1007/JHEP11%282011%29148
http://dx.doi.org/10.1007/JHEP02%282012%29055
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Total inelastic cross section
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Phys. Lett. B 722 (2013) 5-27
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https://cds.cern.ch/record/1637959
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K. Österberg
Soft diffraction workshop 25-26.6.2009

The End

CMS PAS FSQ-12-026
Eur. Phys. J. C 74 (2014) 3053
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http://dx.doi.org/10.1140/epjc/s10052-014-3053-6
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The End

CMS PAS FSQ-12-026
Eur. Phys. J. C 74 (2014) 3053

http://cds.cern.ch/record/1546365
http://dx.doi.org/10.1140/epjc/s10052-014-3053-6
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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.); 
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Summary
CMS has a unique forward detector instrumentation, especially 
complemented by the TOTEM experiment. 

Joint physics programme with TOTEM at high luminosity (See João Varela’s 
talk on CT-PPS). 

Total inelastic cross section measured in pp and pPb. 

Underlying event measured at different collision energies and well modelled. 

Double Parton Scattering studied at different topologies (W+jets, 4 jets, 2 b-
jets + 2 jets, γ + 3 jets). 

New kinematic regions of QCD explored using forward and low-pT final 
states (MPI, DGLAP vs BFKL dynamics, non-perturbative domain, etc.). 

Connection with cosmic ray physics and models studied.  

First paper at 13 TeV: dN/dη of charged hadrons.
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CMS-FSQ Run 2 Workshop                                              
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50 GeV and two soft 
jets with pT > 20 GeV 
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MPI) agree only in 
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phase space; 
Possible indication of 
the need of DPS in 
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matched with PYTHIA 6 PS including the MPI simulation.
With the inclusion of parton showers, the NLO dijet
calculation can be applied for symmetric pT selections used
in this analysis. The description of inclusive jet cross
sections [2] and underlying event measurements [43,44]
has been verified for different PYTHIA tunes interfaced with
the POWHEGBOX [45,46].A good representation of these data
is obtained when the underlying event is provided by PYTHIA

6 tune Z2*. The agreement improves when the contribution
of the parton shower in the tune Z2* is decreased [by
changing the PYTHIA parameters PARP(67) and PARP(71)
to 1.0, from the default value of 4.0], since a hard emission is
already included the POWHEG matrix element. These param-
eters regulate the upper scale of the initial- and final-state
radiations, respectively. This modified tune is chosen for the
final comparison and it is referred to as Z2’ in the following.
TheMADGRAPH5 event generator [47,48]with CTEQ6L1 is
also used for the comparison. It produces parton-level events
with up to four partons in the final state on the basis of
leading-order (LO) ME calculations. The ME/PS matching
scale is taken to be 10GeV,within theMLM scheme [49,50].
The PS for MADGRAPH is provided by the PYTHIA 6 tune
Z2*, including the contribution of MPI. The goodness of this
tune has beenverified by comparison to the inclusive jet cross
sections and underlying event measurements. A good agree-
ment for the Z2* tune is obtained. Predictions from the
SHERPA 1.4.0 event generator [51] with CTEQ6L1 are also
considered. This event generator produces tree-level 2 →
2þ n ME matched to PS (in this analysis n ¼ 0 and 1 is
used). The MPI are based on the model used in the PYTHIA 6
underlying event, but with different parameter values [52].
The predictions for the SHERPA generator with these param-
eters give a good description of inclusive jet cross section
measurements but they are not able to reproduce the under-
lying event data, with discrepancies up to 20%. The PYTHIA,
HERWIG and SHERPA predictions are generated by using a
transversemomentumof theoutgoingpartons p̂T > 45 GeV.
For the MADGRAPH predictions, the pT sum of the four
partons, HT, is required to be HT > 100 GeV, while for the
hard process generated with POWHEG, p̂T > 15 GeV.
The differences between the Monte Carlo predictions of

PYTHIA, HERWIG, SHERPA and MADGRAPH lie in the hard
subprocess, as well as in the parton showering and MPI
description. PYTHIA and HERWIG use a 2 → 2 OðαS2Þ ME,
SHERPA uses up to 2 → 3 and MADGRAPH uses up to 2 → 4
MEs. POWHEG is a NLO prediction for dijets, using 2 → 2
and 2 → 3 MEs, but the selection of four-jet final states
requires at least one jet originating from the parton shower.
In MADGRAPH, the four jets can originate from the matrix
element, while in all the other simulations at least one jet
must come from the parton shower or MPI. Since exactly
four jets are required in the selection (and a veto is applied
on additional jets), only calculations that simulate jets
beyond the four selected jets can be used for comparison
with our data.

The detector response is simulated in detail by using the
GEANT4 package [53]. All simulated samples are processed
and reconstructed in the same manner as done for colli-
sion data.

IV. EVENT SELECTION AND ANALYSIS

The differential cross sections are measured for the
production of exactly four jets pp → 4jþ X with the
two leading (highest-pT) jets each having pT > 50 GeV
and two additional jets each with pT > 20 GeV, where X
stands for all jets and particles with pT < 20 GeV in the
acceptance region. The cross section as a function of
transverse momentum and pseudorapidity of the four jets
is measured. In addition, the normalized differential cross
sections are measured as a function of correlation
variables defined from the hard and soft pair of jets as
follows:

(i) the azimuthal angular differences between the jets
belonging to the soft pair

Δϕsoft ¼ jϕðjsoft1Þ − ϕðjsoft2Þj; (1)

(ii) the balance in transverse momentum of the two soft
jets

Δrel
softpT ¼ j~pTðjsoft1Þ þ ~pTðjsoft2Þj

j~pTðjsoft1Þjþ j~pTðjsoft2Þj
; (2)

(iii) the azimuthal angle ΔS between the two dijet pairs,
defined as

ΔS ¼ arccos
!

~pTðjhard1 ; jhard2Þ · ~pTðjsoft1 ; jsoft2Þ
j~pTðjhard1 ; jhard2Þj · j~pTðjsoft1 ; jsoft2Þj

"
;

(3)

where jsoft1ðjsoft2Þ and jhard1ðjhard2Þ stand for the leading
(subleading) soft and hard jet pairs, respectively. The
systematic uncertainties for the correlation observables
are smaller than those for the cross section measurements.
The data, recorded with the CMS detector in 2010 atffiffiffi
s

p
¼ 7 TeV, correspond to an integrated luminosity of

approximately 36 pb−1 with low-pileup conditions. The
mean value of overlapping pp interactions ranges between
1.5 and 3. The MC samples include simulated pileup
interactions with a distribution matching that in data. For
this study, two HLT trigger sets are analyzed: a trigger with
jet threshold of 30 GeV is used for leading jets with
50 < pT < 140 GeV, while for jets with pT > 140 GeV, a
trigger with threshold of 50 GeV is applied. In the region of
transverse momenta between 50 and 80 GeV, where the
trigger is not fully efficient, a pT-and η-dependent trigger-
efficiency correction is applied. The trigger efficiency
varies between 91% and 96%.
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The differences between the Monte Carlo predictions of
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on additional jets), only calculations that simulate jets
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The detector response is simulated in detail by using the
GEANT4 package [53]. All simulated samples are processed
and reconstructed in the same manner as done for colli-
sion data.
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production of exactly four jets pp → 4jþ X with the
two leading (highest-pT) jets each having pT > 50 GeV
and two additional jets each with pT > 20 GeV, where X
stands for all jets and particles with pT < 20 GeV in the
acceptance region. The cross section as a function of
transverse momentum and pseudorapidity of the four jets
is measured. In addition, the normalized differential cross
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follows:

(i) the azimuthal angular differences between the jets
belonging to the soft pair

Δϕsoft ¼ jϕðjsoft1Þ − ϕðjsoft2Þj; (1)

(ii) the balance in transverse momentum of the two soft
jets

Δrel
softpT ¼ j~pTðjsoft1Þ þ ~pTðjsoft2Þj

j~pTðjsoft1Þjþ j~pTðjsoft2Þj
; (2)

(iii) the azimuthal angle ΔS between the two dijet pairs,
defined as

ΔS ¼ arccos
!

~pTðjhard1 ; jhard2Þ · ~pTðjsoft1 ; jsoft2Þ
j~pTðjhard1 ; jhard2Þj · j~pTðjsoft1 ; jsoft2Þj

"
;

(3)

where jsoft1ðjsoft2Þ and jhard1ðjhard2Þ stand for the leading
(subleading) soft and hard jet pairs, respectively. The
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are smaller than those for the cross section measurements.
The data, recorded with the CMS detector in 2010 atffiffiffi
s

p
¼ 7 TeV, correspond to an integrated luminosity of

approximately 36 pb−1 with low-pileup conditions. The
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matched with PYTHIA 6 PS including the MPI simulation.
With the inclusion of parton showers, the NLO dijet
calculation can be applied for symmetric pT selections used
in this analysis. The description of inclusive jet cross
sections [2] and underlying event measurements [43,44]
has been verified for different PYTHIA tunes interfaced with
the POWHEGBOX [45,46].A good representation of these data
is obtained when the underlying event is provided by PYTHIA

6 tune Z2*. The agreement improves when the contribution
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changing the PYTHIA parameters PARP(67) and PARP(71)
to 1.0, from the default value of 4.0], since a hard emission is
already included the POWHEG matrix element. These param-
eters regulate the upper scale of the initial- and final-state
radiations, respectively. This modified tune is chosen for the
final comparison and it is referred to as Z2’ in the following.
TheMADGRAPH5 event generator [47,48]with CTEQ6L1 is
also used for the comparison. It produces parton-level events
with up to four partons in the final state on the basis of
leading-order (LO) ME calculations. The ME/PS matching
scale is taken to be 10GeV,within theMLM scheme [49,50].
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Z2*, including the contribution of MPI. The goodness of this
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and 2 → 3 MEs, but the selection of four-jet final states
requires at least one jet originating from the parton shower.
In MADGRAPH, the four jets can originate from the matrix
element, while in all the other simulations at least one jet
must come from the parton shower or MPI. Since exactly
four jets are required in the selection (and a veto is applied
on additional jets), only calculations that simulate jets
beyond the four selected jets can be used for comparison
with our data.

The detector response is simulated in detail by using the
GEANT4 package [53]. All simulated samples are processed
and reconstructed in the same manner as done for colli-
sion data.

IV. EVENT SELECTION AND ANALYSIS

The differential cross sections are measured for the
production of exactly four jets pp → 4jþ X with the
two leading (highest-pT) jets each having pT > 50 GeV
and two additional jets each with pT > 20 GeV, where X
stands for all jets and particles with pT < 20 GeV in the
acceptance region. The cross section as a function of
transverse momentum and pseudorapidity of the four jets
is measured. In addition, the normalized differential cross
sections are measured as a function of correlation
variables defined from the hard and soft pair of jets as
follows:

(i) the azimuthal angular differences between the jets
belonging to the soft pair

Δϕsoft ¼ jϕðjsoft1Þ − ϕðjsoft2Þj; (1)

(ii) the balance in transverse momentum of the two soft
jets

Δrel
softpT ¼ j~pTðjsoft1Þ þ ~pTðjsoft2Þj

j~pTðjsoft1Þjþ j~pTðjsoft2Þj
; (2)

(iii) the azimuthal angle ΔS between the two dijet pairs,
defined as

ΔS ¼ arccos
!

~pTðjhard1 ; jhard2Þ · ~pTðjsoft1 ; jsoft2Þ
j~pTðjhard1 ; jhard2Þj · j~pTðjsoft1 ; jsoft2Þj

"
;

(3)

where jsoft1ðjsoft2Þ and jhard1ðjhard2Þ stand for the leading
(subleading) soft and hard jet pairs, respectively. The
systematic uncertainties for the correlation observables
are smaller than those for the cross section measurements.
The data, recorded with the CMS detector in 2010 atffiffiffi
s

p
¼ 7 TeV, correspond to an integrated luminosity of

approximately 36 pb−1 with low-pileup conditions. The
mean value of overlapping pp interactions ranges between
1.5 and 3. The MC samples include simulated pileup
interactions with a distribution matching that in data. For
this study, two HLT trigger sets are analyzed: a trigger with
jet threshold of 30 GeV is used for leading jets with
50 < pT < 140 GeV, while for jets with pT > 140 GeV, a
trigger with threshold of 50 GeV is applied. In the region of
transverse momenta between 50 and 80 GeV, where the
trigger is not fully efficient, a pT-and η-dependent trigger-
efficiency correction is applied. The trigger efficiency
varies between 91% and 96%.

MEASUREMENT OF FOUR-JET PRODUCTION IN PROTON- … PHYSICAL REVIEW D 89, 092010 (2014)

092010-3

Studies of 4 jet @ 7 TeV (FSQ-12-013) (I/II)

Contact persons: Paolo Gunnellini, Hannes Jung
Data set: pp @ 7 TeV, ⇠ 36 pb�1

Status: Published (Phys. Rev. D 89 (2014) 092010)

Study and separate the different topologies for events coming from single chain (SPS) and
double chain (DPS) processes

SPS DPS

Different kinematical configuration can be exploited to
discriminate the two processes through the DPS-sensitive
observables

The jets need to be associated in pairs:
2 hard jets with pT > 50 GeV and
2 soft jets with pT > 20 GeV in |⌘| < 4.7

��soft = |�(jsoft1)� �(jsoft2)|

�rel
softpT = | ~pT (jsoft1)+ ~pT (jsoft2)|

| ~pT (jsoft1)|+| ~pT (jsoft2)|

�S = arccos
⇣

~pT (jhard1,jhard2)· ~pT (jsoft1,jsoft2)
| ~pT (jhard1,jhard2)|·| ~pT (jsoft1,jsoft2)|

⌘

8 / 37

CMS PAS FSQ-12-013
Phys. Rev. D 89 (2014) 092010

https://cds.cern.ch/record/1604787
http://dx.doi.org/10.1103/PhysRevD.89.092010
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Leading charged particles/jets at small pT

41

)
Tm

in
r(

p

4−10

3−10

2−10

1−10

1

10

CMS  = 8 TeVspp 
| < 6.5η > 40 MeV) > 0 in 5.3 < |

T
 (pchN

| < 2.4ηLeading charged particles, |

Data
Pythia 6 Z2*
Pythia 6 CUET
Pythia 6 (default, MPI on)
Pythia 6 (default, MPI off)
Pythia 6 (default, MPI off, no sat)

 [GeV]
T min

p
1 10

 M
C

/D
at

a

0.5

1

1.5  = 9 GeV
T, min

MC scaled to data at p
)

Tm
in

r(
p

4−10

3−10

2−10

1−10

1

10

CMS  = 8 TeVspp 
| < 6.5η > 40 MeV) > 0 in 5.3 < |

T
 (pchN

| < 2.4ηLeading charged particles, |

Data
Pythia 8 4C
Pythia 8 CUET
Pythia 8 MONASH
QGSJetII-04
EPOS LHC
Herwig++ UE-EE-5C

 = 9 GeV
T, min

MC scaled to data at p

 [GeV]
T min

p
1 10

 M
C

/D
at

a

0.5

1

1.5



LISHEP 2015 - A. Vilela Pereira 42

Leading charged particles/jets at small pT
)

Tm
in

r(
p

-410

-3
10

-210

-110

1

10

Data
Pythia 6 Z2*
Pythia 6 CUET
Pythia 6 (default, MPI on)
Pythia 6 (default, MPI off)
Pythia 6 (default, MPI off, no sat)

CMS  = 8 TeVspp 

| < 6.5η > 40 MeV) > 0 in 5.3 < |
T

 (p
ch

N

| < 1.9ηLeading charged-particle jets, |
, R = 0.5tanti-k

 = 14.3 GeV
T, min

MC scaled to data at p

 [GeV]
T min

p
1 10

 M
C

/D
a

ta

0.5

1

1.5

)
Tm

in
r(

p

-410

-3
10

-210

-110

1

10

Data
Pythia 8 4C
Pythia 8 CUET
Pythia 8 MONASH
QGSJetII-04
EPOS LHC
Herwig++ UE-EE-5C

CMS  = 8 TeVspp 

| < 6.5η > 40 MeV) > 0 in 5.3 < |
T

 (p
ch

N

| < 1.9ηLeading charged-particle jets, |
, R = 0.5tanti-k

 = 14.3 GeV
T, min

MC scaled to data at p

 [GeV]
T min

p
1 10

 M
C

/D
a

ta

0.5

1

1.5



LISHEP 2015 - A. Vilela Pereira

0 1 2 3 4 5 6

η
/d

ch
dN

2

3

4

5

6

7

8
-1bµ = 8 TeV, L = 45 sCMS-TOTEM, Inclusive pp

<-5.3η<6.5 or -6.5<η1 in 5.3<≥ chN

Data 
Pythia6 Z2*
Pythia8 4C
Herwig++ EE3-CTEQ6L1
EPOS LHC
QGSJetII-04

|η|0 1 2 3 4 5 6

M
C

 / 
D

at
a

0.8

1

1.2

dNch/dη in central + forward region

43

Services routing:

From Castor to Racks

Patch Panels

T2 Services routing:

From Castor to Racks

Patch Panels
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K. Österberg
Soft diffraction workshop 25-26.6.2009
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http://cds.cern.ch/record/1546365
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dNch/dη at 13 TeV (tracklets)
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dN/dη: tracklets

11

● Using pairs of pixel barrel layers 
(3 combinations)

● Insensitive to alignment, 
very robust

● Has its own vertexing 
(extremely efficient)

● straight tracklets, sharp 
correlations in Δη and Δφ

http://arxiv.org/abs/1507.05915 
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dNch/dη at 13 TeV (tracks)
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Forward energy flow

Minimum bias Dijets

G
enerator level

46

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
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Total inelastic cross section

CMS PAS FWD-11-001

p p 

hard-scattering event 

p p 

p p 

P (n) =

(L�)

n

n!

exp

�L�

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

47

http://cms-physics.web.cern.ch/cms-physics/public/FWD-11-001-pas.pdf
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CMS Preliminary

Total inelastic cross section

CMS (ext.)
�(pp) = 68± 2.0 (Syst.)

±2.4(Lum.)

±4(Ext.) mb

p p 
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
48

http://cms-physics.web.cern.ch/cms-physics/public/FWD-11-001-pas.pdf
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Total inelastic cross section
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Auger 

Phys. Rev. Lett. 109, 062002 (2012)


