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A broad range of Standard Model measurements performed in proton– proton collisions with the ATLAS detector

at the LHC is reviewed. The latest results are obtained at the center-of-mass energy of both 7 TeV and 8 TeV,

which cover total cross sections, fiducial cross sections, differential cross sections (if available) and comparison

with theory predictions. These measurements provide important tests for QCD and electroweak interactions,

Electroweak Symmetry Breaking over a broad kinematic range. Searches for new physics are also performed by

probing anomalous gauge bosons couplings.

1 Introduction

The ATLAS experiment [1] is one of the four large experiments at the Large Hadron Collider (LHC). The
ATLAS detector is a general purpose particle physics detector with forward-backward symmetric cylindri-
cal geometry. During the year 2011, ATLAS recorded proton–proton (pp) collision data corresponding to
an integrated luminosity of 4.6 fb−1 at the center-of-mass energy of 7 TeV. In 2012, 20.7 fb−1 of pp data were
recorded at the center-of-mass energy of 8 TeV, which is summarized in Fig. 1. Using all of this data, AT-
LAS has performed a wide range of Standard Model physics analyses, where some of which are reviewed
in these proceedings.
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Figure 1: Cumulative luminosity versus time for ATLAS during stable LHC beams in pp collisions at 7 TeV
and 8 TeV center-of-mass energies in 2011 and 2012. The overlaid histograms in top-to-bottom order show
the amount of data delivered to, recorded by ATLAS, and certified to be good quality [2].
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The ATLAS Standard Model physics results can be divided into four main categories: soft QCD, diffraction
and forward physics; electroweak physics (including W/Z bosons and multi-bosons measurements); jet
physics and direct photons physics. In each of the sub-fields, only a few recent results are detailed. All
ATLAS Standard Model results can be found at the ATLAS Standard Model public results webpage [3].

2 Soft QCD, diffraction and forward physics

The following three major topics of soft QCD, diffractive and forward physics domain are highlighted
following up the latest publications of ATLAS: total pp cross section at 7 TeV with ALFA, the exclusive
dilepton production cross section and the underlying event in Z-boson production.

2.1 Total pp cross section at 7 TeV with ALFA

The total pp cross section is a fundamental parameter of strong interactions. In ATLAS, a measurement of
the total cross section has been made from elastic pp scattering in special runs with high-β∗ beam optics,
with an integrated luminosity of 80 µb−1 and protons detected by the ALFA detector [4]. This detector is
housed in the 4 roman pots at ±238 m and ±241 m from the ATLAS interaction point and is designed to
detect small-angle proton scattering.

The elastic cross section can be calculated through the following equation:

dσel
dt

=
1

16π

∣∣∣ fN(t) + fC(t)eiαφ(t)
∣∣∣2 , (1)

where fN(t) is the strong interaction amplitude, fC(t) is the Coulomb amplitude, φ(t) is a phase induced
by long-range Coulomb interactions and −t = (θ∗ × p)2 is the four-momentum transfer (where p is the
nominal proton beam momentum and θ∗ is the scattering angle at interaction point that is measured from
the proton scattering trajectory in ALFA).

The function fN(t) can be written using exponential relation, e−Bt/2, where B is the nuclear slope parameter.
At sufficiently low −t, fN(t) is dominant with respect to the fC(t) parameter and the elastic cross section
becomes a function only of a single exponential form. Therefore, for the fit of the elastic cross section,
protons in the range 0.01 GeV2 < −t < 0.1 GeV2 have been selected in ALFA, giving the value:

B = 19.73± 0.14(stat.)± 0.26(syst.) GeV−2 .

The total cross section is obtained through the optical theorem:

σ2
tot =

16π

1 + ρ2
dσel
dt
|t→0 , (2)

where ρ is a small correction arising from the ratio of the real-to-imaginary part of the elastic scattering
amplitude and is taken from the theory. It is measured to be:

σtot = 95.4± 1.3(tot.) mb .

The results on the total and elastic cross sections are in agreement with the previous experiments, as shown
in Fig. 2.
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Figure 2: Total and elastic pp cross sections as function of the pp center-of-mass energy. ATLAS results (full
circles) are compared with previous results [4].

2.2 Exclusive γγ→ `+`− production in pp collisions at 7 TeV

Two-photon interactions make an important class of processes at the LHC. A measurement of the exclusive
cross section for the reaction γγ → `+`− (` = e, µ) in pp collisions at center-of-mass energy of

√
s = 7 is

performed with the ATLAS experiment [5]. Using 4.6 fb−1 of data, the fiducial cross sections for exclusive
two-photon production of lepton pairs are measured using events passing exclusive selection with the veto
on additional charged-particle track activity (Fig. 3a). Signal is extracted by fitting the dilepton acoplanarity
distributions to data, which is demonstrated in Fig. 3b.

The resulting cross section for the electron channel is measured to be:

σexcl.
γγ→e+e− = 0.428± 0.035(stat.)± 0.018(syst.) pb ,

for the kinematical domain me+e− > 24 GeV, pe
T > 12 GeV and |ηe| < 2.4. This value can be compared with

the theoretical predictions, including absorptive corrections to account for the finite size of the proton:

σEPA, corr.
γγ→e+e− = 0.398± 0.007(theo.) pb .

For the muon channel, the cross section is measured to be

σexcl.
γγ→µ+µ− = 0.628± 0.032(stat.)± 0.021(syst.) pb ,

for mµ+µ− > 20 GeV, pµ
T > 10 GeV, |ηµ| < 2.4. This measured value can be also compared with the theory:

σEPA, corr.
γγ→µ+µ− = 0.638± 0.011(theo.) pb .

With its improved statistical precision compared to the previous measurements, this analysis provides a
better understanding of the physics of two-photon interactions at hadron colliders.

2.3 Underlying event in inclusive Z-boson production

Underlying event (UE) activity at hadron colliders includes partons not participating in the hard-scattering
process (beam remnants), and additional hard scatters in the same pp collision, termed multiple parton
interactions (MPI). Initial and final state gluon radiation (ISR, FSR) also contribute to the UE activity.

3



XXIInd International Workshop “High-Energy Physics and Quantum Field Theory”, June 24 – July 1, 2015, Samara, Russia

Tracks associated with di-muon vertex
10

E
ve

nt
s

1

10

210

310

410

510

610

710

810  ATLAS
-1 = 7 TeV, 4.6 fbs

Baseline selection

Data 2011   tt
-µ+µ→*γZ/ -µ+µ→γγDouble-diss. 

Multi-jet -µ+µ→γγSingle-diss. 

Diboson -µ+µ→γγExclusive 
-τ+τ→*γZ/

Tracks associated with di-muon vertex
2 3 4 5 6 7 8 910 20 30 40 50

D
at

a 
/ M

C

0.8
0.9

1
1.1
1.2

(a)
π|/-e+e

φ∆1-|
0 0.01 0.02 0.03 0.04 0.05 0.06

E
ve

nt
s 

/ 0
.0

02

0

50

100

150

200

250

300

350

 ATLAS
-1 = 7 TeV, 4.6 fbs

Data 2011
-e+e→γγExclusive 

-e+e→γγSingle-diss. 
-e+e→γγDouble-diss. 

-e+e→*γZ/

(b)

Figure 3: (a) Number of tracks associated with the dimuon vertex. (b) Dielectron acoplanarity distributions
for the selected sample after exclusivity requirements. Data are shown as points with statistical error bars,
while the stacked histograms represent the expected signal and background levels [5].

In this analysis [6] events with a Z-boson candidate decaying into an electron or muon pair are selected.
The azimuthal space around the Z-boson direction is taken into account by dividing it in 4 sub-regions: the
”toward”, closest to the Z-boson direction (|∆φ| < 60o, where ∆φ = 0o denotes the Z-boson direction), the
”away”, opposite to the Z-boson direction (|∆φ| > 120o) and two transverse regions (60o < |∆φ| < 120o).
Transverse and toward regions are the most sensitive to the UE activity.

The UE activity is studied in terms of normalized and differential distributions using charged-particle tracks
with pT > 0.5 GeV and |η| < 2.5. The results are compared with a variety of Monte Carlo generators (see
Fig. 4a). Finally, a comparison with other experiments with a jet (instead of a Z-boson) as a hard-scattering
object has been made. Fig. 4b shows that at high-pT the charged-particle density profile can be treated as a
very universal quantity.
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Figure 4: (a) Comparison of data and Monte Carlo predictions for charged particle scalar ΣpT density
profile, as a function of Z-boson transverse momentum. (b) Charged-particle multiplicity profile compared
between different hard-scattering object as function of its transverse momentum [6].
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3 Electroweak physics (W/Z bosons)

The latest ATLAS measurements of vector boson (W/Z) production properties involve the following physics
results: the W+jets differential cross section, the low-mass Drell–Yan (Z/γ∗) differential cross-section and
the forward-backward asymmetry of the Z boson.

3.1 W+jets cross section at 7 TeV

The W+jets differential cross section is measured using fully leptonic decay final states of the W boson (e±

or µ±) [7]. Jets are reconstructed using the anti-kt algorithm with a radius parameter R = 0.4 and are
required to have pj

T > 30 GeV and rapidity of |yj| < 4.4.

The 4.6 fb−1 of 7 TeV collision data allow for a precise measurement of the W+jets cross section (for the first
time) up to seven jets. This is presented in Fig. 5. In the measurement, a large kinematic range is explored,
including jet production up to a transverse momentum of 1 TeV.

The measurements are compared to numerous QCD predictions including next-to-leading-order perturba-
tive calculations, resummation calculations and Monte Carlo generators. Fixed-order predictions provide
overall a good description of the data, but have greater difficulty describing some jet-related variables in
kinematic regions where the dominant production mechanism is dijet production, followed by the emission
of a W boson from one of the quarks.
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Figure 5: Cross section for the production of W+jets as a function of the inclusive jet multiplicity, compared
to the predictions from various models. The left-hand plot shows the differential cross sections and the
right-hand plot shows the ratios of the predictions to the data [7].
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3.2 Low-mass Drell–Yan differential cross section at 7 TeV

A single-differential Drell–Yan cross section (in the e+e− or µ+µ− decay channels) as a function of m`+`−

is measured by ATLAS in the range 12 GeV < m`+`− < 66 GeV [8]. Such a low-mass production region
is dominated by the electromagnetic coupling of the virtual photon (γ∗) to the quark-antiquark pair. This
region exhibits different sensitivity to u and d-type quarks than the Z-pole region.

The measurement also includes the 2010 data set in which the transverse momentum thresholds for lep-
tons were as low as 6 GeV and 9 GeV. The results are compared to various fixed-order calculations and
different parton distribution functions (PDFs), as presented in Fig. 6. The calculations are also corrected
for additional higher-order electroweak radiative effects, including a photon-induced contribution. In the
lowest mass range, the measurement agrees better with the prediction from next-to-next-to-leading-order
perturbative QCD calculation than that from next-to-leading-order.
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Figure 6: The measured fiducial differential cross section as a function of the dilepton invariant mass com-
pared to various theory predictions. The data (solid points) are displayed at unity with the statistical (inner)
and total (outer) measurement uncertainties [8].

3.3 Forward-backward asymmetry of the Z boson at 7 TeV

The electroweak theory predicts an asymmetry in the direction of the leptons produced in the qq → Z →
`+`− reactions, with respect to the direction of the incoming quarks, in the rest frame of the dilepton system.
Indeed the presence of both vector and axial-vector couplings of the Z boson to fermions leads to the non-
zero asymmetry parameter:

AFB =
Nev

cos θ∗CS≥0 − Nev
cos θ∗CS<0

Nev
cos θ∗CS≥0 + Nev

cos θ∗CS<0
, (3)

defined using the angle between the negatively-charged lepton relative to the incoming quark direction,
θ∗CS.
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ATLAS has measured this asymmetry using Z → e+e− or Z → µ+µ− events [9]. As shown in Fig. 7a,
the measured asymmetry distributions are found to be consistent with theoretical predictions in the whole
mass region. The effective weak mixing angle, sin2 θ

lept
eff , is also extracted and compared with the previous

measurements (Fig. 7b). The combination of the two decay channel yields a value of:

sin2 θ
lept
eff = 0.2308± 0.0012(tot.) .
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Figure 7: (a) Forward-backward asymmetry parameter values as a function of the dilepton invariant mass
for the electron channel. (b) Comparison of the results of this analysis with other published results for
sin2 θ

lept
eff [9].

4 Electroweak physics (multi-bosons)

The measurements of electroweak multi-boson production provide very important tests of the Standard
Model. Such events are significant and irreducible backgrounds for the Higgs boson or Beyond Standard
Model searches. The latest ATLAS results cover the WW/WZ → `νjj cross section measurement, the
evidence of Wγγ production and the electroweak production of W±W± jj.

4.1 WW/WZ → `νjj cross section measurement at 7 TeV

The combined production cross section of WW + WZ is measured in semileptonic final states with one of
the W/Z decaying into hadrons using 4.6 fb−1 of 7 TeV data [10]. The cross section is extracted using a
maximum-likelihood fit to the dijet invariant mass spectrum (demonstrated in Fig. 8a).

The fiducial cross section is measured to be:

68± 7(stat.)± 19(syst.) pb

and is consistent with the next-to-leading-order perturbative QCD prediction:

61.1± 2.2(theo.) pb .
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The dijet transverse momentum distribution is used to set limits on anomalous triple gauge coupling ver-
tices. This is presented in Fig. 8b. The limits on anomalous couplings are similar to those obtained by other
analyses with diboson final states.
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Figure 8: (a) Distributions of the dijet invariant mass for the sum of the electron and muon channels after
the likelihood fit. (b) Comparison of limits on anomalous triple gauge coupling parameters obtained in this
analysis with limits quoted by other experiments [10].

4.2 Wγγ production at 8 TeV

The measurement of triboson production at 8 TeV in ATLAS is performed with 20.3 fb−1 of data in fully
leptonic final states of W production and with two isolated photons [11]. Leptons (electrons or muons)
and photons are required to have pT > 20 GeV. Fiducial cross sections are measured in both inclusive and
exclusive additional-jet multiplicity channels:

σNj≥0 = 6.1± 1.1(stat.)± 1.2(syst.)± 0.2(lumi.) fb ,

σNj=0 = 2.9± 0.8(stat.)± 1.0(syst.)± 0.1(lumi.) fb .

In comparison with the next-to-leading-order perturbative QCD calculation:

σNj≥0 = 2.90± 0.16(theo.) fb ,

σNj=0 = 1.88± 0.20(theo.) fb ,

the exclusive jet channel shows good agreement, while inclusive cross section is higher by 1.9 standard
deviations.
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The exclusive jet channel with a further cut on diphoton invariant mass (mγγ > 300 GeV) is used for the
anomalous quartic gauge coupling limit setting. The limits together with the mγγ spectrum are shown in
Fig. 9.
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Figure 9: (a) The diphoton invariant mass distribution in data compared with predicted signal and esti-
mated backgrounds in the muon channel for inclusive jet selection. (b) Anomalous quartic gauge coupling
limits obtained using the measured high-mass region and exclusive jet selection, compared with limits from
other experiments [11].

4.3 Electroweak W±W± jj production at 8 TeV

The evidence of same-electric-charge vector boson scattering production at 8 TeV is observed for the first
time [12]. Fully leptonic final states of W production and jets with pj

T > 30 GeV, |ηj| < 4.5 are measured
with 20.3 fb−1 of data.

The signal is extracted in a so-called vector boson scattering region that requires dijet invariant mass larger
than 500 GeV and jets separated in rapidity by |∆yjj| > 2.4. This selection is shown in Fig. 10. The fiducial
cross section in this region is measured to be:

σVBS = 1.4± 0.3(stat.)± 0.2(syst.) fb ,

in agreement with the Standard Model expectations of:

σVBS = 0.95± 0.06(theo.) fb .

In addition, the first limits on the α4,α5 anomalous quartic gauge coupling parameters are set, as presented
in Fig. 11.

5 Jet physics

Since the QCD processes at the LHC are the most abundant ones, a very good understanding of them is
necessary. From the events with jets, perturbative and non-perturbative QCD can be tested. The latest
ATLAS jet results cover the inclusive jet and three-jet differential cross section measurements.
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Figure 10: (a) The mjj distribution for events passing the inclusive region selections except for the mjj
selection indicated by the dashed line. (b) The ∆yjj distribution for events passing all inclusive region
selections [12].
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5.1 Inclusive jet cross section at 7 TeV

The double-differential inclusive jet cross sections for
√

s = 7 TeV is measured by ATLAS over jet transverse
momenta from 100 GeV to 2 TeV in the rapidity region |yj| < 3 [13]. Jets reconstructed with the anti-kt
algorithm and radius of both 0.4 and 0.6 are considered.

The next-to-leading-order perturbative QCD predictions calculated with corrections for non-perturbative
and electroweak effects are compared to the measurement in Fig. 12a. This figure shows that the predictions
reproduce the measured cross sections, which range over eight orders of magnitude in the jet rapidity bins.
More detailed comparisons that include different proton PDF sets are shown in Fig. 12b.
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Figure 12: (a) Double-differential inclusive jet cross sections as a function of the jet pT in bins of rapidity,
for anti-kt jets with R = 0.4. (b) Ratio of theory predictions to the measured double-differential inclusive jet
cross sections for different proton PDF sets [13].
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5.2 Three-jet production cross section at 7 TeV

A double-differential three-jet production cross section is measured as a function of the three-jet invariant
mass and the sum of absolute rapidity separation between the three jets, |Y∗| = |yj1 − yj2|+ |yj2 − yj3|+
|yj1− yj3| [14]. Jets with pj1

T > 150 GeV, pj2
T > 100 GeV and pj3

T > 50 GeV are considered. The measurement
is performed using the anti-kt algorithm and two different values of the jet radius parameter, R = 0.4 and
R = 0.6.

Figure 14 shows the comparison of the three-jet double-differential cross section as a function of mjjj, binned
in |Y∗|, to next-to-leading-order perturbative QCD predictions corrected for non-perturbative effects. The
three-jet cross sections are measured for the first time up to mjjj = 5 TeV which are well described by the
predictions that also include different proton PDF sets.
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Figure 13: Three-jet double-differential cross section as a function of mjjj in bins of |Y∗|. The jets are identi-
fied using the anti-kt algorithm with R = 0.6 [12].

6 Direct photons physics

A measurement of isolated prompt photon production cross section provides an important test of pertur-
bative QCD, with the possibility of using such a measurement to constrain the gluon PDFs.

The differential cross sections of Standard Model inclusive isolated prompt photon are measured in ATLAS
as a function of photon ET in the range 100 GeV < Eγ

T < 1000 GeV and two photon pseudorapidity ranges:
barrel (|ηγ| < 1.37) and endcap (1.52 < |ηγ| < 2.37) [15]. The measurement agrees with the next-to-leading-
order perturbative QCD prediction up to Eγ

T = 1 TeV, which is presented in Fig. 14.

7 Summary and Outlook

The LHC Run-I has been very fruitful for the ATLAS collaboration, with both LHC machine and detec-
tor performance, high efficiencies of data taking and physics analyses. ATLAS performed a broad range
of Standard Model physics measurements covering a variety of topics. Most of the measurements are
published based on the full pp collisions dataset at 7/8 TeV. In general, the measured cross sections and
parameters agree well with Standard Model predictions.
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Figure 14: (a) Measured and expected inclusive prompt photon cross section as a function of the photon ET
in the barrel pseudorapidity region. (b) Measured and expected inclusive prompt photon cross section as a
function of pseudorapidity for photons with ET > 100 GeV [15].

A summary of the ATLAS Standard Model cross section measurements is shown in Fig. 15. The Standard
Model measurements will continue in the forthcoming LHC runs at the new center-of-mass energy of 13
TeV.
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