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QCD measurements at the LHC
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‣ Introduction: LHC and experiments

‣ QCD at the LHC

‣ Soft QCD

‣ Hard QCD

Outline:

‣ Summary

Disclaimer: obviously there are many results we will not be able to show in this talk! This talk is an attempt 
to present some of the “latest” results on QCD measurements at the LHC. For a complete list of results, 
please check:

http://aliceinfo.cern.ch/ArtSubmission/publications

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

http://cms-results.web.cern.ch/cms-results/public-results/publications/

http://cern.ch/amoraes
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The Large Hadron Collider

QCD measurements at the LHC: 
- test predictions of QCD phenomena at high(est) energies with large 

statistical samples of rare processes;
- detector allow measurements with unprecedented precision and fiducial 

coverage (wide x-coverage; unprecedented high-Q2 interactions)

http://cern.ch/amoraes
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Detector Coverage

(ROUGHLY)

V. Chiochia (Uni. Zürich) – Phenomenology of Particle Physics, HS2010

Pseudorapidity
Particles produced at θ=90° have zero pseudorapidity
High |η| values are equivalent to very shallow scattering angles
Typical coverage of central detectors extends to |η|~3. 

Coverage of high rapidities (θ<5°) achieved with detectors at large z positions
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The Large Hadron Collider: pp collisions
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The LHC has also delivered 
several runs on pA and AA 
collisions.

https://lpc.web.cern.ch
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The 2018 data-taking run at the LHC has begun

On Saturday, 28 April 2018, the LHC successfully injected 1200 
bunches of protons into the machine and collided them. This 
formally marks the beginning of the LHC’s 2018 physics season.  

The target for LHC this year is to achieve 60 inverse femtobarns 
(fb-1) of proton-proton collisions delivered to both ATLAS and 
CMS,

http://cern.ch/amoraes
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“Needle in a haystack” problem!

Higgs boson (?)

SUSY decay (?)

heavy resonance (?)

monojet (?)

4th generation (?)

…

p-p collisions are messy!

QCD background

Unprecedented pile up

QCD at the LHC: why bother?

http://cern.ch/amoraes
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p

p

QCD at the LHC

• Essentially all physics at high-energy 
hadron colliders is connected to the 
interactions of  quarks and gluons 
(small & large transferred 
momentum). 

‣ Hard processes (high-pT): well 

described by perturbative QCD 

‣ Soft interactions (low-pT): require 

non-perturbative 
phenomenological models 

 Soft Interactions: Problems with 
strong coupling constant, αs(Q2), 
saturation effects,…

 On average, inelastic hadron-hadron collisions 
have low transverse energy, low multiplicity.

http://cern.ch/amoraes
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!10Total and elastic pp cross-section

The TOTEM collaboration has measured the pp total cross section at √s=13TeV with a luminosity-independent 
method.  

Using dedicated β∗=90m beam optics, the Roman Pots were inserted very close to the beam.  

The inelastic scattering rate has been measured by the T1 and T2 telescopes during the same LHC fill.  
After applying the optical theorem the total proton-proton cross section is σtot=(110.6±3.4) mb, well in 
agreement with the extrapolation from lower energies. 

http://cern.ch/amoraes
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!11Inelastic pp cross-section

The inelastic proton-proton cross section versus √s.  

Inelastic interactions are selected using rings of plastic 
scintillators (MBTS) in the forward region 
(2.07<｜η｜<3.86) 

Phys. Rev. Lett. 117 (2016) 182002

Proton-proton inelastic cross section at √s=13 TeV in two phase 
space regions, where ξ=M2/s, compared to different models 
and to the ATLAS result.  

The analysis is based on events with energy deposits in the 
forward calorimeters, which cover η of −6.6 < η < −3.0 and 
+3.0 < η < +5.2 (HF and CASTOR).  

σ(ξ > 10−6) = 67.5 ± 0.8 (syst) ± 1.6 (lumi) mb  

σ(ξX > 10−7 or ξY > 10−6) = 68.6 ± 0.5 (syst) ± 1.6 (lumi) mb 

arXiv:1802.02613v1  

Submitted to J. High Energy Phys. (Feb 2018)

A cross section of 68.1 ± 1.4 mb is measured in the 
fiducial region ξ=M2X/s > 10−6 

When extrapolated to the full phase space, a 
cross section of 78.1 ± 2.9 mb is measured. 

http://cern.ch/amoraes
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!12Charged Particle Density

502 Page 8 of 22 Eur. Phys. J. C (2016) 76 :502

mechanism in PYTHIA 8 and by the hydrodynamical evo-
lution model in EPOS. The QGSJET- II generator, which
has no model for colour coherence effects, describes the data
poorly. For low nch, PYTHIA 8 A2 and EPOS underesti-
mate the data, where PYTHIA 8 MONASH agrees within
the uncertainties. For higher nch all generators overestimate
the data, but for nch > 40, there is a constant offset for both
PYTHIA 8 tunes, which describe the data to within 10 %.
EPOS describes the data reasonably well and to within 2 %.

The mean number of primary charged particles per unit
pseudorapidity in the central η region is measured to be
6.422 ± 0.096, by averaging over |η| < 0.2; the quoted
error is the systematic uncertainty, the statistical uncertainty
is negligible. In order to compare with other measurements,
it is corrected for the contribution from strange baryons
(and therefore extrapolated to primary charged particles with
τ > 30 ps) by a correction factor of 1.0121 ± 0.0035. The
central value is taken from EPOS; the systematic uncertainty
is taken from the difference between EPOS and PYTHIA
8A2 (the largest difference was observed between EPOS and
PYTHIA 8 A2) and the statistical uncertainty is negligible.
The mean number of primary charged particles after the cor-
rection is 6.500 ± 0.099. This result is compared to previous
measurements [1,2,9] at different

√
s values in Fig. 5. The

predictions fromEPOS andPYTHIA 8MONASHmatch the
data well. For PYTHIA 8A2, the match is not as good as was
observed when measuring particles with pT > 500 MeV [9].
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Fig. 5 The average primary charged-particle multiplicity in pp inter-
actions per unit of pseudorapidity η for |η| < 0.2 as a function of the
centre-of-mass energy

√
s. The values for the other pp centre-of-mass

energies are taken from previous ATLAS analyses [1,2]. The value for
particles with pT > 500 MeV for a

√
s = 13 TeV is taken from Ref. [9].

The results have been extrapolated to include charged strange baryons
(charged particles with a mean lifetime of 30 < τ < 300 ps). The data
are shown as black triangles with vertical errors bars representing the
total uncertainty. They are compared to various MC predictions which
are shown as coloured lines

5 Conclusion

Primary charged-particle multiplicity measurements with the
ATLAS detector using proton–proton collisions delivered by
the LHC at

√
s = 13 TeV are presented for events with

at least two primary charged particles with |η| < 2.5 and
pT > 100 MeV using a specialised track reconstruction algo-
rithm. A data sample corresponding to an integrated luminos-
ity of 151µb−1 is analysed. The mean number of charged par-
ticles per unit pseudorapidity in the region |η| < 0.2 is mea-
sured to be 6.422 ± 0.096 with a negligible statistical uncer-
tainty. Significant differences are observed between the mea-
sured distributions and the Monte Carlo predictions tested.
Amongst the models considered, EPOS has the best overall
description of the data as was seen in a previous ATLAS mea-
surement at

√
s = 13 TeV using tracks with pT > 500 MeV.

PYTHIA 8 A2 and PYTHIA 8 MONASH provide a rea-
sonable overall description, whereas QGSJET- II does not
describe ⟨pT⟩ vs. nch well but provides a reasonable level of
agreement for other distributions.
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Fig. 4 Primary charged-particle multiplicities as a function of a pseu-
dorapidity η and b transverse momentum pT, c the primary charged-
particle multiplicity nch and d the mean transverse momentum ⟨pT⟩
versus nch for events with at least two primary charged particles with
pT > 100 MeV and |η| < 2.5, each with a lifetime τ > 300 ps. The
black dots represent the data and the coloured curves the different MC

model predictions. The vertical bars represent the statistical uncertain-
ties, while the shaded areas show statistical and systematic uncertainties
added in quadrature. The lower panel in each figure shows the ratio of
the MC simulation to data. As the bin centroid is different for data and
simulation, the values of the ratio correspond to the averages of the bin
content
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nch > 2

｜η｜< 2.5

pT > 100 MeV

Amongst the models considered, EPOS has the best overall 
description of the data using tracks with pT > 500 MeV.  

PYTHIA 8 A2 and PYTHIA 8 MONASH provide a reasonable 
overall description . 

Particle multiplicity at different c.m. energies, with 
different phase space selections: Important input to 
generator tuning!  

http://cern.ch/amoraes
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!13Charged Particle Multiplicity

Eur. Phys. J. C 77 (2017) 852

Results are based on information from the Silicon Pixel Detector and the Forward 
Multiplicity Detector of ALICE, extending the pseudorapidity coverage of the earlier 
publications and the high-multiplicity reach.  

The measurements are compared to results from the CMS experiment and to PYTHIA, 
PHOJET and EPOS LHC event generators.Multiplicity distributions over a wide pseudorapidity range ALICE Collaboration

0 20 40 60 80 100 120

)
ch

N
P(

4−10

3−10

2−10

1−10

1

10
ALICE, INEL

 = 0.9 TeVspp, 
)1 10×| < 3.4 (η|

| < 2.0η|

PHOJET

PYTHIA 6 (Perugia 0)

PYTHIA 8 (Monash)

EPOS (LHC)

chN
0 20 40 60 80 100 120

| <
 2

.0
η|

1

2

3
40 20 40 60 80 100 120

| <
 3

.4
η|

1

2

3

4

Ra
tio

s 
to

 M
C

0 50 100 150 200

)
ch

N
P(

5−10

4−10

3−10

2−10

1−10

1

10
ALICE, INEL

 = 7 TeVspp, 
)1 10×| < 3.4 (η|

| < 2.0η|

PHOJET

PYTHIA 6 (Perugia 0)

PYTHIA 8 (Monash)

EPOS (LHC)

chN
0 50 100 150 200

| <
 2

.0
η|

1

2

3
40 50 100 150 200

| <
 3

.4
η|

1

2

3

4

Ra
tio

s 
to

 M
C

Figure 7: Comparison of multiplicity distributions for INEL events to PYTHIA 6 Perugia 0, PYTHIA 8
Monash, PHOJET and EPOS LHC at 0.9 (left) and 7 TeV (right). Combined systematic and statistical
uncertainties are shown as bands.

tails of the multiplicity distributions. PYTHIA 8, with the Monash tune that uses LHC data, reproduces
the tails for the wider pseudorapidity range, but shows an enhancement in the peak region. EPOS LHC
models the distributions well, both in the first bins, which are dominated by diffractive events, and in the
tails.

The evolution of the multiplicity distributions with the center-of-mass energy
p

s can be studied using
the KNO variable Nch/hNchi [27]. KNO scaling violation is observed if the tails of the distributions
increase with increasing energy. The violation increases when going to larger pseudorapidity ranges.
This behavior was already observed at central rapidities [4], and, therefore, it is not investigated any
further.

The multiplicity distributions at 7 TeV are compared to those from the IP-Glasma model [12]. This
model is based on the Color Glass Condensate (CGC) [26]. It has been shown that particle multiplicities
are generated following an NBD within the CGC framework [28]. Moreover, the multiplicity distribution
generated by the decay of the Glasma flux tubes [29] is a NBD with parameter k (see following Sect.) µ
Q

2
s S?, in which Qs is the gluon saturation scale and S? is the transverse overlap area of the collision [12].

The CGC based IP-Glasma model, therefore, has a built-in source of multiplicity fluctuations. In Fig. 8,
the distribution for |h | < 2.0 is shown together with the IP-Glasma model distributions as a function
of the KNO variable Nch/hNchi. The IP-Glasma distribution, shown in green stars, generated with a
fixed ratio between Qs and density of color charge, thus introducing no fluctuations. The blue squares
distribution is generated with fluctuations of the color charge density around the mean value following a
Gaussian distribution with a width of s = 0.09. The black diamonds distribution includes an additional
source of fluctuations, dominantly of non-perturbative origin, from stochastic splitting of color dipoles
that is not accounted for in the conventional frameworks of CGC [13]. In the IP-Glasma model shown,
the evolution of color charges in the rapidity direction still needs to be implemented and in the present

14
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!14The underlying event

Measurement of the underlying event activity in pp 
collisions at 13 TeV, using inclusive Z boson 
production events (CMS).

arXiv:1711.04299
Submitted to J. High Energy Phys. (Nov 2017)

Measurement of the underlying event activity in pp 
collisions at 13 TeV associated to the leading charged 
particle (ATLAS).

JHEP03(2017)157
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Measurement of charged pion, kaon, and proton production in 

proton-proton collisions at √s = 13 TeV 

PRD 96 (2017) 112003

Transverse momentum spectra have been measured for 
different charged hadron species produced in inelastic pp 
collisions at 
√s=13 TeV.  

Charged pions, kaons, and protons are identified from the 
energy deposited in the silicon tracker and the reconstructed 
particle trajectory.  

The yields of such hadrons at rapidities |y|<1 are studied as 
a function of the event charged particle multiplicity 
measured in the pseudorapidity range |η|<2.4. 

As observed in lower-energy data, the <pT> and the ratios 
of particle yields are strongly correlated with event particle 
multiplicity. 

No significant dependence with the c.m. energy is 
observed. 

http://cern.ch/amoraes
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Enhanced production of multi-strange hadrons in high-multiplicity 

proton-proton collisions

Nature Physics 13, 535–539 (2017)

ALICE presented the first observation of strangeness 
enhancement in high-multiplicity proton–proton collisions.  

They found that the integrated yields of strange and multi-
strange particles, relative to pions, increases significantly 
with the event charged-particle multiplicity.  

The measurements are in remarkable agreement with the 
p-Pb collision results, indicating that the phenomenon is 
related to the final system created in the collision.  

In high-multiplicity events strangeness production reaches 
values similar to those observed in Pb–Pb collisions, where 
a QGP is formed. 

http://cern.ch/amoraes
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!17Heavy Flavor production vs Multiplicity
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 • Yield of D mesons (|y|<0.5), HF-decay muons (2.5 < y < 4) and J/Ψ (|y| < 0.9) show faster-than-
linear increase with charged-particle multiplicity at central rapidity 

Feature not related to hadronisation, but rather to production process. 

 • Observed a qualitative agreement with models assuming: 
- Multi-parton interactions influencing HF production (PYTHIA8, EPOS3 w/ hydro)  
- Contributions of higher Fock-states (Kopeliovich et al.)  
- Soft-particle saturation (Ferreiro: percolation, PYTHIA8: color reconnection) 

http://cern.ch/amoraes
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!18Observation of the doubly charmed baryon: Ξ++cc

Ξ++cc→Λ+c K- π+ π+

m(Ξcc++) = 3621.40±0.72±0.27±0.14 MeV/c2

LHCb: largest recorded c,b-hadron yields – hard quark mass 

scale as opportunity for QCD studies.

Phys. Rev. Lett. 119, 112001 (2017)

http://cern.ch/amoraes
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!19Measurement of inclusive jet and dijet cross-sections 
in pp collisions at 13 TeV

Inclusive jet and dijet cross-sections are measured in pp collisions at a √s=13 TeV.  
The measurement uses a dataset with an integrated luminosity of 3.2 fb−1 recorded in 2015 with the ATLAS detector.  
Jets are identified using the anti-kt algorithm with a radius parameter value of R=0.4.  

The inclusive jet cross-sections are measured as a function of the jet pT, covering the range from  
100 GeV to 3.5 TeV, and |y|≤3.  

The double-differential dijet production cross-sections are presented as a function of the dijet mass, covering the range 
from 300 GeV to 9 TeV.  

Next-to-leading-order, and next-to-next-to-leading-order for the inclusive jet measurement, perturbative QCD calculations 
corrected for non-perturbative and electroweak effects are compared to the measured cross-sections.

arXiv:1711.02692 submitted to JHEP
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!20Measurement of inclusive jet and dijet cross-sections 
in pp collisions at 13 TeV

Ratios of the NLO and NNLO pQCD 
predictions to the measured inclusive jet 
cross-sections, shown as a function of the 
jet pT in six |y| bins for anti-kt jets with 
R=0.4.  

The NLO predictions are calculated using 
NLOJET++ with the MMHT 2014 NLO PDF 
set.  
The NNLO predictions are calculated 
using NNLOJET with pTjet as the QCD scale 
and the MMHT 2014 NNLO PDF set.  

The grey bands show the total data 
uncertainty including both the systematic 
(JES, JER, unfolding, jet cleaning, 
luminosity) and statistical uncertainties. 

arXiv:1711.02692 submitted to JHEP

Summary of χ2/dof values obtained from a global 
fit using all pT and rapidity bins, comparing the 
inclusive jet cross-section and the NLO pQCD 
prediction corrected for non-perturbative and 
electroweak effects for several PDF sets and for 
the two scale choices.
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!21
The strong coupling constant: αS(Q)

Least precisely known of all 
couplings

Impacts ”all” LHC cross-sections.

Key for precise SM studies.  

BSM physics (e.g. new coloured 
sectors).  

Uncertainties: ±4% σ(ggH), ±7%  

H→cc, ±4% H→gg

JHEP 03 (2017) 153

  33/47Soft and Hard QCD Processes in CMS, WE-QCD2017                                                                                                                                                                  D. Sunar Cerci

The strong coupling constant The strong coupling constant αα
ss

Diifferent approaches

 Inclusive jets: least square minimization on p
T
(y) spectrum using NLO parton level predictions.

 Multijet: 3-jet to 2-jet cross section ratio R
32

, insensitive to many theor. and exp. systematics.

 Triple differential cross section together with PDF ft.

JHEP 03 (2017) 156

α
S

PDG = 0.1181 ± 0.0011 

JHEP 03 (2017) 156

CMS PAS-SMP-16-008

CMS PAS-SMP-16-011
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Triple differential dijet cross-section and PDFs

EPJC 77 (2017) 746  37/47Soft and Hard QCD Processes in CMS, WE-QCD2017                                                                                                                                                                  D. Sunar Cerci

Triple-differential dijet cross sectionTriple-differential dijet cross section  

 Cross sections measured as a function of: <p
T
>, half the rapidity separation: y*=1/2|y

1
y

2
| and boost of the two leading jets

y
b
=1/2|y

1
+y

2
|

 Apart from the boosted region, the data are well described by the predictions at NLO accuracy over many orders of
magnitude.

 

arXiv:1705.02628
Submitted to EPJ C

Triple differential dijet cross section 
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!23Study of dijet events with a large rapidity gap between the 
two leading jets in pp collisions at √s=7 TeV

The measured CSE fractions have been compared to the results of the D0 
and CDF experiments at √s=1.8 TeV.  
A factor of two decrease of the CSE fraction measured at √s=7 TeV with 
respect to those at lower collision energies is observed. 

The next-to-leading-logarithmic BFKL calculations describe many features of the data, but none of the implementations 
is able to simultaneously describe all the features of the measurement.

arXiv:1710.02586

Accepted for publication 
in Eur. Phys. J. C

pT
jet > 40GeV 

1.5 < |ηjet| < 4.7 (jets in opposite hemispheres) 

Events with no charged particles with pT > 0.2 GeV in the interval −1 < η < 1 
between the jets are observed in excess of calculations that assume no color-
singlet exchange 
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!24
Measurements of forward jets

The differential jet cross section in the pseudorapidity interval −6.6<η<−5.2 in proton-proton collisions at 13 TeV fully corrected 
for all detector effects is shown in the range 3 <pT < 13 GeV.  

Due to the significant experimental uncertainties all of the models are essentially consistent with the data. However, it is 
interesting to note that all the PYTHIA tunes tend to slightly overpredict the cross section, while the two Gribov-Regge models 
EPOS-LHC and QGSJetII.4 tend to underpredict the cross section.  

CMS-PAS-FSQ-16-003
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!25AFP and CT-PPS

Search for a centrally produced pair of oppositely charged 
leptons with forward proton tag. 

First observation of proton-tagged γγ collisions at the 
electroweak scale 

5.1 σ excess over background 
Demonstrated that AFP is capable of 
selecting a highly diffractive-enriched 
sample 

arXiv:1803.04496 [hep-ex]  

(submitted to JHEP) 
ATL-PHYS-PUB-2017-012 

http://cern.ch/amoraes


Dr Arthur Moraes (CBPF)

ht
tp

:/
/c

er
n.

ch
/a

m
or

ae
s

Buenos Aires, 11th May 2018

!26

HARD 
INTERACTION 

(THE MAIN EVENT)

UNDERLYING 
EVENT (ISR, FSR, 

REMNANTS)

MPI, ALMOST 
INDEPENDENT OF 

HARD SCATTER 
GEOMETRY

Proton-proton collisions: the event structure
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!27Measuring Double Parton Scattering

Why measure it?

Ø insight on parton spatial density: 

�DP = m
�A�B

2�eff

- large σeff: parton uniformly distributed 
inside the nucleon, σDP small.

- small σeff: highly concentrated parton 
spatial density, σDP large.

Ø better understanding of non-perturbative 
QCD dynamics

Ø accurate estimation of backgrounds for 
many rare new physics processes as well as for 
Higgs boson searches.

- important for the definition of central 
jet veto cuts.

- is the rate of MPI really independent of 
the process?

- correlations?

http://cern.ch/amoraes


Dr Arthur Moraes (CBPF)

ht
tp

:/
/c

er
n.

ch
/a

m
or

ae
s

Buenos Aires, 11th May 2018

!28

Double parton scattering in four-jet events 
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Figure 7. Comparison between the distributions of the variables (a) ∆pT
34 and (b) ∆φ34, defined

in eq. (6.3), in four-jet events in data and the sum of the SPS, cDPS and sDPS contributions, as
indicated in the legend. The sum of the contributions is normalized to the cross-section measured
in data and the various contributions are normalized to their respective fractions obtained from the
fit. In the sum of contributions, statistical uncertainties are shown as the dark shaded area and the
light shaded area represents the sum in quadrature of the statistical and systematic uncertainties.
The ratio of the sum of contributions to the data is shown in the bottom panels.
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in data and the various contributions are normalized to their respective fractions obtained from the
fit. In the sum of contributions, statistical uncertainties are shown as the dark shaded area and the
light shaded area represents the sum in quadrature of the statistical and systematic uncertainties.
The ratio of the sum of contributions to the data is shown in the bottom panels.
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The ratio of the sum of contributions to the data is shown in the bottom panels.
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data and from Pythia6 was of the order of 0.2%, a negligible difference compared to the

statistical uncertainty of σeff .

An additional correction of +4% is applied to the measured DPS cross-section due to

the probability of jets from the secondary interaction overlapping with jets from the primary

interaction. In this configuration, the anti-kt algorithm merges the two overlapping jets

into one, and hence the event cannot pass the four-jet requirement. The value of this

correction was determined from the fraction of phase space occupied by a jet. It was also

determined directly in AHJ and good agreement between the two values was observed.

Finally, the measurements of the dijet and four-jet cross-sections can be used to cal-

culate the effective cross-section, yielding

σeff = 14.9 +1.2
−1.0 (stat.) +5.1

−3.8 (syst.) mb . (8.3)

This value is consistent within the quoted uncertainties with previous measurements, per-

formed by the ATLAS collaboration and by other experiments [16–30], all of which are

summarized in figure 8. Figure 9 shows σeff as a function of
√
s, where the AFS result

and some of the LHCb results are omitted for clarity. Within the large uncertainties, the

measurements are consistent with no
√
s dependence of σeff . The σeff value obtained is

21+7
−6% of the inelastic cross-section, σinel, measured by ATLAS at

√
s = 7 TeV [73].

9 Normalized differential cross-sections

To allow the results of this study to be used in future comparisons with MPI models,

the distributions of the variables used as input to the NN were corrected for detector

effects. The corrections were derived using an iterative unfolding, producing an unfolding

matrix for each observable, relating the particle-level and reconstructed-level quantities.

These matrices were derived using samples of four-jet events selected from the AHJ and

Pythia6 samples by imposing the cuts detailed in eq. (5.1) on particle jets. The AHJ

sample generated with the AUET1 tune was used to derive the unfolding matrix. The

distributions were unfolded with the Bayesian unfolding algorithm, implemented in the

RooUnfold package [74], using two iterations.

The unfolding matrices derived from AHJ were taken as the nominal matrices and

the differences observed when using the matrices derived from Pythia6 were used as an

additional systematic uncertainty, typically of the order of a few percent in each bin.

The total systematic uncertainty of the differential distributions in data was obtained by

summing in quadrature the uncertainty due to MC modelling in a given bin with the

systematic uncertainties in this bin due to the JES and jet energy and angular resolution

uncertainties, while preserving correlations between bins. Figure 10 shows the normalized

differential cross-section distribution in data for the ∆pT
34 and ∆φ34 variables compared

to the particle-level distributions in the AHJ samples generated with the AUET1 and

AUET2 tunes. The particle-level distributions in the AUET2 AHJ sample overestimate

the normalized differential cross-section distributions in data in the regions ∆pT
34 ≤ 0.15 and

∆φ34 ≥ 2.8, demonstrating the excess of the DPS contribution in this sample compared

to the data. On the other hand, the DPS contribution in the data is underestimated by
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Figure 9. The effective cross-section, σeff , as a function of the centre-of-mass energy,
√
s, for a

representative set of measurements [17–30]. The inner error bars (where visible) correspond to the
statistical uncertainties and the outer error bars represent the sum in quadrature of the statistical
and systematic uncertainties. Dashed arrows indicate lower limits. For clarity, measurements at
identical centre-of-mass energies are slightly offset in

√
s.

at least two jets with pT ≥ 20 GeV and |η| ≤ 4.4. One of the dijet samples was further

constrained such that it contained at least one jet with pT ≥ 42.5 GeV.

The contribution of hard double-parton scattering to the production of four-jet events

was extracted using an artificial neural network. The four-jet topology originating from

hard double-parton scattering was represented by a random combination of events selected

in data. The fraction of events corresponding to the contribution made by hard double-

parton scattering in four-jet events was determined to be,

fDPS = 0.092 +0.005
−0.011 (stat.)

+0.033
−0.037 (syst.) . (10.1)

After combining this result with measurements of the dijet and four-jet cross-sections in

the appropriate phase space regions, the effective cross-section was determined to be

σeff = 14.9 +1.2
−1.0 (stat.) +5.1

−3.8 (syst.) mb .

This value is 21+7
−6% of the measured value of σinel at

√
s = 7 TeV and is consistent with

previous measurements performed at various centre-of-mass energies and in various final

states. It is compatible with a model in which σeff is a universal parameter that does

not depend on the process or phase space. To facilitate future studies of the dynamics

of multi-parton interactions, distributions of observables sensitive to the presence of hard

double-parton scattering are also presented.
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Figure 8. The effective cross-section, σeff , determined in various final states and in different exper-
iments [16–30]. The inner error bars (where visible) correspond to the statistical uncertainties and
the outer error bars represent the sum in quadrature of the statistical and systematic uncertainties.
Dashed arrows indicate lower limits and the vertical line represents the AFS measurement published
without uncertainties.

the prediction obtained with the AUET1 tune. These comparisons demonstrate the power

of these distributions to constrain MPI models and tunes. In section A, the normalized

differential cross-sections in data for the remaining variables are compared to the particle-

level distributions in the AHJ samples generated using the AUET1 and AUET2 tunes.

10 Summary and conclusions

A measurement of the rate of hard double-parton scattering in four-jet events was per-

formed using a sample of data collected with the ATLAS experiment at the LHC in 2010,

with an average of approximately 0.4 proton-proton interactions per bunch crossing, cor-

responding to an integrated luminosity of 37.3 ± 1.3 pb−1. Three different samples were

selected, all consisting of single-vertex events from proton-proton collisions at a centre-

of-mass energy of
√
s = 7 TeV. Four-jet events were defined as those containing at least

four reconstructed jets with pT ≥ 20 GeV and |η| ≤ 4.4, and at least one jet having

pT ≥ 42.5 GeV. Two additional dijet samples were selected with the requirement of having
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!29Constraints on the double parton scattering cross section from 
same-sign W boson pair production

Schematic diagram corresponding to the 
production of a same-sign W boson pair 
via the DPS process.

A first search for same-sign W boson pair production via double-parton scattering (DPS) in pp 
collisions at a center-of-mass energy of 8 TeV has been presented.  

The analyzed data were collected by the CMS detector at the LHC during 2012 and 
correspond to an integrated luminosity of 19.7 fb−1. 

The results presented here are based on the analysis of events containing two same-sign W 
bosons decaying into either same-sign muon-muon or electron-muon pairs.  

Several kinematic observables have been studied to identify those that can better 
discriminate between DPS and the single-parton scattering (SPS) backgrounds. 

JHEP 02 (2018) 032
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!30Constraints on the double parton scattering cross section from 
same-sign W boson pair production

Schematic diagram corresponding to the 
production of a same-sign W boson pair 
via the DPS process.

No excess over the expected contributions from SPS processes is observed.  

A 95% confidence level (CL) upper limit of 0.32 pb is placed on the inclusive cross section for same-sign WW 
production via DPS.  

A corresponding 95% CL lower limit of 12.2 mb on the effective double-parton cross section is also derived, 
compatible with previous measurements as well as with Monte Carlo event generator expectations.

JHEP 02 (2018) 032
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!31

Summary

Data from the LHC provides a unique and rich environment to perform QCD studies.

From soft-QCD to very-high pT jets, LHC detectors are testing QCD as never before!

This talk covered a small sample of results published recently:

Inelastic pp cross-section

Charged Particle Density

Charged Particle Multiplicity

The underlying event

Measurement of charged pion, kaon, and proton production

Production of multi-strange hadrons in high-multiplicity pp collisions

Measurement of inclusive jet and dijet cross-sections

Study of dijet events with a large rapidity gap between the two leading jets

Double Parton Scattering

Heavy flavor production
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Extras...
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test of perturbative QCD
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!34July 2015: LHCb announces the observation of exotic 
Pentaquark particles!

Λb→J/Ψ K- p

Studied the mass spectrum of  J/Ψ p: can only be 
explained by pentaquarks! 

(tightly bound quark states ?)

(meson-baryon molecule ?)
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Bose-Einstein correlations of same-sign charged pions in the 
forward region in pp collisions at √s = 7 TeV 

The signature for Bose-Einstein correlations is observed 
in the form of an enhancement of pairs of like-sign 
charged pions with small four-momentum difference 
squared.  

The charged-particle multiplicity dependence of the 
Bose-Einstein correlation parameters describing the 
correlation strength and the size of the emitting source is 
investigated.  

The measured correlation radius is found to increase as 
a function of increasing charged-particle multiplicity, 
while the chaoticity parameter is seen to decrease.  
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Figure 3. Correlation radius R as a function of activity. Error bars indicate the sum in quadra-
ture of the statistical and systematic uncertainties. The points are placed at the centres of the
activity bins.
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Figure 4. Chaoticity parameter λ as a function of activity. Error bars indicate the sum in
quadrature of the statistical and systematic uncertainties. The points are placed at the centres of
the activity bins.

It should be noted that the fit quality using the parameterisation, eq. (2.3), is poor (see

figure 2). The χ2 values are equal to 591, 623 and 621 for 386 degrees of freedom for low,

medium and high activity classes, respectively. The difference between the fitted function

and the data points, visible in the whole Q range, is particularly large in the low-Q BEC

signal region below 0.2GeV/c2. This indicates that the approximate parameterisation of

eq. (2.3) does not reproduce the measured distribution properly. Such an effect is observed

also by other experiments [29, 30]. This may introduce an additional systematic uncertainty

in the theoretical interpretation of the fit results.
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It should be noted that the fit quality using the parameterisation, eq. (2.3), is poor (see

figure 2). The χ2 values are equal to 591, 623 and 621 for 386 degrees of freedom for low,

medium and high activity classes, respectively. The difference between the fitted function

and the data points, visible in the whole Q range, is particularly large in the low-Q BEC

signal region below 0.2GeV/c2. This indicates that the approximate parameterisation of

eq. (2.3) does not reproduce the measured distribution properly. Such an effect is observed

also by other experiments [29, 30]. This may introduce an additional systematic uncertainty

in the theoretical interpretation of the fit results.
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