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Charged tracks multiplicity studies at 7TeV

Look at events with hard jets

Characterize the underlying event (UE) using track multiplicity and 
transverse momentum density as function of the event hard scale (jet pT)

Study the topologies sensitive to the UE

Transverse regions

more active transverse region “transv-max”

less active transverse region “transv-min”

“transv-diff ”: difference between observables in “transv-max” and 
“transv-min”

Data well described by most of the generators
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Double parton interactions
Poorly understood process

And possibly not negligible in several searches and 
measurements 

ATLAS and CMS measure the double parton 
interactions (DPI) in events with W+2jets

Use peculiar kinematics of a 2→2 process to 
distinguish DPI in W+2jets
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advocated here, the kinematics of the W boson and the dijet systems are decorrelated. Therefore,
the momenta of the two jets must compensate each other in the transverse plane, orienting them
back-to-back in azimuthal angle, rendering, in principle, this angular separation between the
jets a useful observable. However, due to the distortion of this variable by various systematic
effects, in particular multiple proton–proton interactions (pile-up) and the underlying event, in
this analysis the balance in transverse momenta of the two jets is used instead, quantified by

1jets = |EpJ1
T + EpJ2

T |, (10)

where EpJ1
T and EpJ2

T are the transverse momentum vectors of the two leading jets. Anticipating a
potentially large dependence of 1jets on the jet energy scale, another observable, the transverse
momentum of the dijet system normalized by the sum of the individual transverse momenta,
1n

jets, is constructed,

1n
jets = |EpJ1

T + EpJ2
T |

|EpJ1
T | + |EpJ2

T | . (11)

The distribution of 1n
jets is employed to drive the fit from which f (D)

DP is obtained, while the
distribution of 1jets allows further checks.

4. The ATLAS detector

The ATLAS detector [36] comprises a superconducting solenoid surrounding the inner detector
(ID), as well as electromagnetic and hadronic calorimeters and a large superconducting toroid
magnet system instrumented with muon-detection chambers. The ID system is immersed
in a 2 T axial magnetic field and provides tracking information for charged particles in a
pseudorapidity range matched by the precise measurements of the electromagnetic calorimeter.
The silicon pixel and microstrip tracking detectors cover the pseudorapidity1 range |⌘| < 2.5.
The transition radiation tracker, which surrounds the silicon detectors, can perform tracking
up to |⌘| = 2.0 and contributes to electron identification. The liquid-argon electromagnetic
calorimeter is divided into one barrel (|⌘| < 1.475) and two end-cap components (1.375 < |⌘| <
3.2). It uses an accordion geometry to ensure fast and uniform response, and fine segmentation
for optimum reconstruction and identification of electrons and photons. The iron/scintillator tile
hadronic calorimeter consists of a barrel covering the region |⌘| < 1.0, and two extended barrels
in the range 0.8 < |⌘| < 1.7. The muon spectrometer is based on three large superconducting
toroids with coils arranged in an eight-fold symmetry around the calorimeters, covering a range
of |⌘| < 2.7. Over most of this range, precision measurements of the track coordinates in the
principal bending direction of the magnetic field are provided by monitored drift tubes. At
large pseudorapidities (2.0 < |⌘| < 2.7), cathode strip chambers with higher granularity are used
in the innermost station. The ATLAS detector has a three-level trigger system consisting of
level-1, level-2 and the event filter (L1, L2 and EF). The L1 trigger rate at design luminosity
is approximately 75 kHz. The L2 and EF triggers reduced the recorded event rate in 2010 to
approximately 200 Hz.
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre
of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring,
and the y-axis points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal
angle around the beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = �ln tan(✓/2). The
rapidity of a particle with respect to the beam axis is defined as y = 1

2 ln E+pz

E�pz
.

New Journal of Physics 15 (2013) 033038 (http://www.njp.org/)

Small dependence 
on the energy scale

http://iopscience.iop.org/1367-2630/15/3/033038/
http://iopscience.iop.org/1367-2630/15/3/033038/
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Double parton interactions
Studied DPI sensitive kinematical distributions at particle level

Multileg generators needed to describe well W+2jets in single parton interactions
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Double parton interactions
~35% of uncertainty on the 
measured total cross 
section

Need more precision 
and differential 
measurements (e.g. as 
function of pT)

Exploit other signatures 
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is the differential double-parton interaction cross section for the inclusive

Table 2. Summary of fractional systematic uncertainties on σeff.

Systematic source Uncertainty [%]
f (D)DP 24
Background & lepton response 5
Luminosity 3
Total systematic +33

−20
Total statistical 17

http://iopscience.iop.org/1367-2630/15/3/033038/
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Inclusive jets cross sections at 7 and 8 TeV

Small spread among the NLO 
QCD calculation obtained using 
different PDF sets,

but ABKM09

Sensitivity to the gluon PDF
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Gluon PDF from jet data
Using ratios of cross sections at 2.76 and 7 TeV to constrain the gluon content 
of the proton

ATLAS data sensitive to the high-x region

Improved uncertainties are obtained when it is used in combination to the 
HERA data 
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ATLAS and CMS measurements of αs

Ratio of 3-jet to 2-jet cross sections used to measure the strong coupling

Precision comparable to previous measurements
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Photon cross sections

Why study the QCD with photons

Testing event generators used in searches

Tool to constrain the gluon PDF

Background dominated by π and η decays
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γ+jets cross section
Overall good description of the data 
is obtained by event generators and 
NLO QCD predictions

Data uncertainties starts to challenge 
the theory predictions
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γ+jets cross section
NLO QCD predict softer photon pT 
spectrum? 

More data is needed!
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γγ cross section
γγ cross sections shows great sensitivity to beyond LO effects and 
even beyond NLO

NNLO QCD or multileg generators are mandatory to understand 
the data 
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Intrinsic strange PDF

Early measurement of W/Z cross 
sections already provide an handle on 
the sea-quark content of the proton

Measurements used to fit the 
strange quark PDF

The data push the strange PDF to 
higher density values 
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Muon charge asymmetry in W production

Great sensitivity to quarks PDFs at low-x

Using a template fit to the missing ET for the signal 
extraction

NNLO QCD calculation interfaced with various PDFs sets
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Double differential Drell-Yan cross section 

Drell-Yan measured in the mass range 
between 15 to 1500 GeV

NNLO QCD describe well the data in the 
full mass range

But electroweak corrections are no more 
negligible with the current data precision
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Drell-Yan production at high mass
Electroweak corrections needed to 
understand the data 

Sensitivity to photon induced lepton 
pairs production (γγ→ll) 

Need to understand the photon 
PDF as best as we can
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Gauge bosons pT

Early measurements at 7 TeV and 8 TeV of the Z and W pT 
spectrum  

Only a limited part of the collected data has been used

Expected significant improvement with larger datasets
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Gauge bosons pT: lepton angular correlations

Exploit new observable to study the pT 

spectrum of the electroweak bosons

Uncertainties in the data significantly smaller 
than the uncertainty on the theory predictions
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Outline Produzione inclusiva di bosoni W/Z W/Z + jets W/Z + heavy flavors Migliorare “la teoria” usando i dati Conclusioni e prospettive

Correlazione angolare dei leptoni prodotti in Z/�⇤ ! ``
Phys. Lett. B 720 (2013) 32-51

Correlazione angolare dei leptoni prodotti in Z/�⇤ ! `` è sensibile all’impulso trasverso della Z.
Misurare la distribuzione dell’angolo �⇤⌘: �⇤⌘ = tan(�acop/2) sin(✓⇤⌘) .

�acop = ⇡ � ��(`+ , `�) , cos(✓⇤⌘) = tanh


(⌘(`� )�⌘(`+ ))
2

�
.
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N. Orlando for ATLAS and CMS20-09-2013

Azimuthal correlation in Z+jets events

Azimuthal correlations between pairs of jets and Z-jets 
measured for multiplicities up to three jets

Good agreement between data and multileg generators 

“Simple” leading order paradigm not enough to 
describe the data
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Fig. 4. Normalized !φ(Z, j1) distributions for the leading jet in the inclusive jet multiplicity bins Njets ! 1,! 2, and ! 3: (a) all pZ
T and (b) pZ

T > 150 GeV. Plots in (c)
and (d) show the corresponding ratios of the data (solid points), and of other MC predictions, relative to MadGraph. The ratio for pythia MC is not included in these plots.
The error bars on the data points represent their statistical uncertainties, the solid yellow shaded band around the points represents the sum of statistical and systematic
uncertainties taken in quadrature, while the cross-hatched (cyan) bands reflect the statistical uncertainties on the MadGraph calculations. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this Letter.)

to their reconstructed quantities. Two alternative representations
of the response matrix, one generated from MadGraph (baseline)
and the other from sherpa, are used in this procedure, and half of
the difference of the propagated results is used to define their sys-
tematic uncertainty. The unfolding of data to the particle level is
performed using the Singular Value Decomposition method [41],
implemented in the RooUnfold package [42]. The total systematic
uncertainty due to the unfolding procedure is < 5% for azimuthal
correlations and < 2% for the thrust analysis.

Among the azimuthal observables, the distribution of !φ(Z, j1)
has the largest systematic uncertainty. This variable is particularly
sensitive to the jet-energy scale, which can affect jet multiplic-
ity, and thus the acceptance of events that enter in the !φ(Z, j1)
distribution. The uncertainty on jet-energy scale varies between 1
and 3% [37], and results in an uncertainty of 2–4% on the distribu-
tion in !φ(Z, j1), increasing monotonically for decreasing angles.
The impact from the resolution on pT is estimated by changing

jet resolutions by ±10% (corresponding to about one standard de-
viation) [37], and comparing the unfolding correction before and
after these changes. This yields a dependence of ≈ 1% in the
normalized azimuthal distributions. The uncertainty from pileup
is estimated by changing in simulation the number of generated
minimum-bias interactions by ±5%. The resulting uncertainty is 4%
for !φ(Z , j1) ≈ 0, which decreases to a negligible uncertainty for
!φ(Z , j1) ≈ π . The overall systematic uncertainty on !φ(Z, j1) is
about 5–6% at values of !φ(Z, j1) ≈ 0 and about 2% at values close
to π .

The dominant systematic uncertainty on the thrust distribu-
tion, which corresponds to about 2%, is from the uncertainty in
jet-energy scale, and can be understood as follows. When the en-
ergy scale is increased, more jets enter the two sums in Eq. (1),
and both sums tend to shift to larger values. Conversely, when the
jet-energy scale is decreased, their values decrease. The contribu-
tion from uncertainty in jet-energy resolution is found to affect
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Z+jets studies: inclusive jet multiplicities

Study topologies 
with large jet 
multiplicities

NLO Monte Carlo 
not enough

Data very well 
described by 
multileg predictions
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W+charm

Sensitive to the strange parton 
distribution function

Charm hadrons identification is a 
challenge 

Combination of exclusive charm 
decays identification and soft muon 
tagging is exploited
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W+charm 
Room for improving the 
understanding of the strange 
quark content of the proton

Only preliminary results are 
available at LHC
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W+b

Important channel to understand QCD 
predictions for massive quarks production

Background for searches as well as single 
top properties measurements

.. but

Backgrounds is hard to control at high 
jet multiplicity

24

A
T

L
A

S
 JH

EP
 0

6 
(2

01
3)

 0
84

C
M

S
 C

M
S-

PA
S-

SM
P-

12
-0

26

)2,J
1

R(JΔ 
0 1 2 3 4 5 6

Ev
en

ts

0
20
40
60
80

100
120
140
160
180
200
220
240

Data
W+bb
W+cc
W+c
W+jj
tt

tt / 
QCD
Z+jets/VV
MC Uncertainty

= 7 TeVsCMS Preliminary

-1 L dt = 5 fb∫

Number of Jets
0 1 2 3 4 5 6 7 8 9

Ev
en

ts

0

5000

10000

15000

20000

25000
Data
single top
tt

W+b
W+c
W+light
Multijet
Z
WW+WZ

ATLAS

 1*muon, NJet 

-1 Ldt = 4.6 fb0
 = 7 TeVs

CombNN
3 4 5 6 7 8 9 10

Ev
en

ts
 / 

0.
5 

U
ni

ts
 o

f C
om

bN
N

0

1000

2000

3000

4000

5000 Data
W+b
W+c
W+light
single top
tt

Multijet
Z
WW+WZ

ATLAS

electron, NJet = 1

-1 Ldt = 4.6 fb0
 = 7 TeVs

CombNN
3 4 5 6 7 8 9 10

Ev
en

ts
 / 

0.
5 

U
ni

ts
 o

f C
om

bN
N

0

500

1000

1500

2000

2500
Data
W+b
W+c
W+light
single top
tt

Multijet
Z
WW+WZ

ATLAS

muon, NJet = 2

-1 Ldt = 4.6 fb0
 = 7 TeVs

1 tag 1 tag and ≥1 jet 1 tag and ≥2 jets

2 tags

http://link.springer.com/article/10.1007/JHEP06%25282013%2529084
http://link.springer.com/article/10.1007/JHEP06%25282013%2529084
https://cds.cern.ch/record/1537320?ln=en
https://cds.cern.ch/record/1537320?ln=en


N. Orlando for ATLAS and CMS20-09-2013

W+b
W+bb well described by NLO QCD and LO multileg calculations

Some tensions in the W+b cross section

W+bb well predicted by NLO QCD as well as LO multileg calculations
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W+b
Data underestimated especially at high pT

More evident when including the single top 
in the signal definition
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B-hadron angular correlations in Z+bb

Z+bb allows more 
precise 
measurements 
compared to W+bb

Background very 
small

Emerging picture is 
controversial 

4F and 5F 
predictions 
significantly 
different
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B-hadron angular correlations in Z+bb

Angular correlation of b-hadrons in events with Z 
bosons gives further insight into the interplay 
between the production mechanisms

Data distributions profiles well reproduced by 
theory predictions
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Conclusions
A wide spectrum of QCD measurements have been performed by 
ATLAS and CMS

Most of the analysis make use of small amount of available Run1 
data

Work toward the completion of all the 2011 data analysis is ongoing 

Use the 2012 dataset to perform more precise and/or more 
differential measurements

Extend the phase space

Multi-differential measurements

Validation of complex event generators used in searches 

PDFs fits

Monte Carlo tunes

29
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Z+b
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Lepton angular correlations
Data sensitive to different generators
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Z+jets studies: pT spectrum
Transverse momentum spectrum of the leading, 2th 
leading and 3th leading jet

Small bump observed in the Alpgen prediction for 
the leading jet pT
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Charged tracks multiplicity studies at 8TeV

Triggering soft pp collisions 
with TOTEM

Events dominated by 
single diffractive and 
non-single diffractive 
collisions

Observed large differences 
between the MC 
generators 

If the minimum pT cut 
on the tracks is raised 
(pT>1GeV), the 
discrepancies becomes 
larger
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Azimuthal correlation in Z+jets events

Angular 
correlations also 
measured in the 
boosted regime

Multileg and 
NLO QCD 
predictions  
describe well 
the data
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Fig. 6. Normalized !φ( ji , j j) distributions for the inclusive Njets ! 3 jet multiplicity bin: (a) all pZ
T and (b) pZ

T > 150 GeV. Plots in (c) and (d) show the ratios of the data and
other MC predictions, relative to MadGraph, as described in Fig. 4.

taken in quadrature are presented as solid yellow shaded bands.
The statistical uncertainty from the MadGraphMC is displayed as
a cross-hatched band for each distribution.

Overall, the measured distributions in !φ(Z, j1) agree within
uncertainties with the predictions from MadGraph. The predic-
tions from sherpa underestimate the measured distributions by
about 10% whereas powheg predictions overestimate by about
10%. The disagreements with sherpa and powheg (as well as be-
tween the two models) become less pronounced at larger inclusive
jet multiplicities (Fig. 4). For Njets = 1, the Z boson and the ac-
companying parton are completely correlated, and !φ(Z, j1) ≈ π
(Fig. 1(a)). When !φ(Z, j1) " π , the presence of additional hard
QCD radiation is implied. Certain configurations of jets with
!φ(Z, j1) < π/2 probe events where the Z boson is in the same
hemisphere as the leading jet, and the #pT of the Z boson is there-
fore balanced by at least two (or more) subleading jets emitted in
the opposite hemisphere (Fig. 1(b)). The importance of the multi-
parton LO + PS approach, as reflected in MadGraph and sherpa,
can be seen when the data are compared to stand-alone pythia
at !φ(Z, j1) < 2.5 and Njets ! 1. For higher jet multiplicities of

Njets ! 2 and ! 3, the distribution in !φ(Z, j1) becomes more
isotropic, although a strong correlation remains at !φ = π .

Within uncertainties, good agreement is observed between the
data and MadGraph, sherpa, and powheg event generators for
Njets ! 3. Stand-alone pythia is also consistent with the dis-
tributions in !φ(Z, j3) and !φ( j2, j3). In pythia, these high-
multiplicity configurations are generated exclusively from the PS
contribution. The important role of the PS approximation in mod-
ifying the kinematics predicted from fixed-order calculations is
emphasized in powheg, where its predictive power in a multijet
environment (Njets ! 3) is evident in Figs. 4–6. While powheg rep-
resents an NLO prediction only for the leading jet, and additional
radiation is modeled exclusively using parton showers, good agree-
ment is observed for data with Njets ! 3.

For the region pZ
T > 150 GeV, the !φ(Z, j1) distributions be-

come more isotropic as jet multiplicity increases. In addition, and
contrary to the result for all pZ

T, the angular distributions between
the subleading jets !φ( ji, jk) also become isotropic (Fig. 6(b)). The
improved performance of pythia in this region is consistent with
the increased phase space available for parton emission. A similar

CMS Collaboration / Physics Letters B 722 (2013) 238–261 243

Fig. 5. Normalized !φ(Z, ji) distributions for the inclusive Njets ! 3 jet multiplicity bin: (a) all pZ
T and (b) pZ

T > 150 GeV. Plots in (c) and (d) show the ratios of the data and
other MC predictions, relative to MadGraph, as described in Fig. 4.

the transverse thrust by 1%, and the uncertainties from selec-
tion efficiencies are < 2% for the entire range of lnτT, while the
uncertainties from pileup and background subtraction have neg-
ligible impact. The first conclusion is implied in Eq. (1), as soft
additional pileup energy added to the hard jets contributes simul-
taneously to both the numerator and denominator and, to first
order, cancels in the ratio. The second conclusion follows from the
fact that the transverse thrust is measured in the inclusive Z +!1-
jet sample, where the signal purity is almost 99%, and background
subtraction has therefore only a minimal impact on the measure-
ment of lnτT.

For pZ
T > 150 GeV the uncertainties on the azimuthal variables

and on lnτT are evaluated following the same procedure as de-
scribed above. However, in addition to the uncertainties originating
from previously discussed effects, the statistical limitations of the
MC samples become important and the systematic uncertainty on
the result therefore increases. The impact of the uncertainties on
the electron and muon selection efficiencies due to energy scale,
trigger and resolution has been assessed and found to be negligi-
ble.

7. Results

The corrected differential cross sections (normalized to unity)
are compared to the predictions of MadGraph, sherpa, powheg
Z + 1-jet (NLO), and pythia generators. The differential cross sec-
tions in the !φ and lnτT variables are divided by the total Z + jets
cross section for the range defined by the lepton and jet kinematic
selection criteria, i.e. pT > 20 GeV and |η| < 2.4 for leptons, and
pT > 50 GeV and |η| < 2.5 for jets, and !R > 0.4 for jet–lepton
separation. The distributions in data and MC are therefore normal-
ized to unity. Fig. 4 shows !φ(Z, j1) as a function of jet multi-
plicity for inclusive Z + Njets production, with Njets ! 1,2, and 3.
Figs. 5 and 6 show the !φ(Z, ji) and !φ( ji, jk) distributions,
where i,k represent jet indices in order of decreasing pT, for
Njets ! 3. For the sake of comparison, the !φ(Z, j1) results for
Njets ! 3 from Fig. 4 are also included in Fig. 5. These distribu-
tions characterize essentially all the azimuthal correlations in the
Njets ! 3 inclusive jet multiplicity bin. Finally, the Z + jets distribu-
tions in lnτT are presented in Fig. 7. For both azimuthal and lnτT
distributions, the sum of statistical and systematic uncertainties

Z pT > 150 GeV

http://www.sciencedirect.com/science/article/pii/S0370269313003043
http://www.sciencedirect.com/science/article/pii/S0370269313003043
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Z+jets studies: pT spectrum and angular correlations

Several other distributions have been measured and 
are found to be well described by multileg generators

jet pT spectrum, angular correlations, etc..
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W+charm
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12 6 Measurement of the W + c cross section

For the semileptonic channels the �(W + c) cross section is simply obtained by counting of
the total number of dilepton selected events (Figure 4). The acceptance times efficiency factors
for the different lepton cuts are estimated in the simulation as: A � = 0.2035 ± 0.0021 (pµ

T >
25 GeV) and A � = 0.1706 ± 0.0021 (pe

T > 35 GeV), where the quoted uncertainties are statisti-
cal only. In the dimuon channel, the accepted Drell-Yan background corresponds to a region of
significant missing transverse energy, with one low-pT lepton inside a jet. Potential discrepan-
cies between data and MC are corrected by analyzing the Drell-Yan dominated control region
with dimuon invariant mass above 85 GeV. A correction factor of 1.2 ± 0.1 is found to provide
agreement between data and simulation in this region. The uncertainty, propagated as a sys-
tematic uncertainty, takes conservatively into account possible differences in the description of
events below and around the Z pole.

We perform two combinations of cross section measurements. A first combination uses all
channels associated to W ! µ� decays with a muon cut of pµ

T > 25 GeV. A second combination
considers all channels associated to W decays into muons and electrons, for a lepton cut of
p�

T > 35 GeV. Tables 1 and 2 contain all the relevant inputs used in the measurements, as well
as the total cross sections obtained for each final state and their average, including systematic
uncertainties. In all presented averages, correlations are taken into account. Full correlation is
taken between channels sharing a given source of systematic uncertainty.

W ! µ�, pµ
T > 25 GeV

Final state (S + B)data Sdata A � [%] �(W + c) [pb]
D± 1502 ± 62 1203 ± 91 11.1 ± 0.3 103.6 ± 7.8 (stat.) ± 8.1 (syst.)

D�±(2010) 318 ± 21 309 ± 23 8.5 ± 0.4 116.9 ± 8.7 (stat.) ± 10.0 (syst.)
c ! µ 14215 ± 196 9867 ± 237 20.4 ± 0.2 106.5 ± 2.6 (stat.) ± 9.6 (syst.)

Average 107.7 ± 3.3 (stat.) ± 6.9 (syst.)

Table 1: Cross section results for a transverse momentum lepton cut of pµ
T > 25 GeV in

the different final states considered. (S + B)data is the number of selected events in the sig-
nal region (around the resonance in the case of D± and D�±(2010) final states). Sdata is the
corrected number of signal events after background subtraction using the method described
in the text. �(W + c) is the measured W + c cross section after correction for the charm
fractions as discussed in the text, namely: B(c ! D± ! K��±�±) = (2.085 ± 0.100)%,
B(c ! D�±(2010); D�±(2010) ! D0�±; D0 ! K��±) = (0.622 ± 0.020)% and B(c ! ��) =
(9.11 ± 0.49)%. All uncertainties quoted in the Table are just statistical, except for the measured
cross section.

Several sources of systematic uncertainties are considered. Their contribution to the total un-
certainty is presented in Table 3. The limited precision on the branching fractions of the charm
decays is one of the dominant sources of systematics. Tracking reconstruction inefficiencies
are intrinsically small (< 1% [40]). Given the nature of the method used to build secondary
vertices, tracks are assigned to either the primary vertex or the secondary vertex in a way that
may be different in data and in MC. In order to estimate the size of a potential discrepancy, the
set of secondary tracks is either increased by adding a nearby primary track or decreased by
dropping one of the original secondary tracks. The observed differences at the resonant D0 and
D± peaks between data and simulation suggest a possible maximum bias of 3.3%. This uncer-
tainty is assigned to the D± and D�±(2010) channels and assumed to be fully correlated be-
tween them. Pileup uncertainties are accounted for by increasing the assumed minimum bias
cross section by its estimated uncertainty (� 6%). Jet enegy scale uncertainties are extracted
from dedicated CMS studies [41], which also take into account possible variations in the jet
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