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A selection of recent ATLAS QCD results:
• total proton-proton cross section
• underlying event characteristics
• inclusive single and 3-jet cross sections
• direct photon production
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Running Periods:
• 2010 special run
• 2011 7 TeV with 4.5 fb-1
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8 TeV analysis in progress
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vertical plane.3 In parallel-to-point beam optics the betatron oscillation has a phase advance Ψ of 
90◦ between the interaction point and the RPs, such that all particles scattered at the same angle 
are focused at the same position at the detector, independent of their production vertex position. 
This focusing is only achieved in the vertical plane.

The beam optics parameters are needed for the reconstruction of the scattering angle θ⋆ at 
the interaction point. The four-momentum transfer t is calculated from θ⋆; in elastic scattering at 
high energies this is given by:

−t =
(
θ⋆ × p

)2
, (3)

where p is the nominal beam momentum of the LHC of 3.5 TeV and θ⋆ is measured from the 
proton trajectories in ALFA. A formalism based on transport matrices allows positions and angles 
of particles at two different points of the magnetic lattice to be related.

The trajectory (w(z), θw(z)), where w ∈ {x, y} is the transverse position with respect to the 
nominal orbit at a distance z from the interaction point and θw is the angle between w and z, is 
given by the transport matrix M and the coordinates at the interaction point (w⋆, θ⋆

w):
(

w(z)

θw(z)

)
= M

(
w⋆

θ⋆
w

)
=

(
M11 M12

M21 M22

)(
w⋆

θ⋆
w

)
, (4)

where the elements of the transport matrix can be calculated from the optical function β and 
its derivative with respect to z and Ψ . The transport matrix M must be calculated separately 
in x and y and depends on the longitudinal position z; the corresponding indices have been 
dropped for clarity. While the focusing properties of the beam optics in the vertical plane enable 
a reconstruction of the scattering angle using only M12 with good precision, the phase advance 
in the horizontal plane is close to 180◦ and different reconstruction methods are investigated.

The ALFA detector was designed to use the “subtraction” method, exploiting the fact that for 
elastic scattering the particles are back-to-back, that the scattering angle at the A- and C-sides are 
the same in magnitude and opposite in sign, and that the protons originate from the same vertex. 
The beam optics was optimized to maximize the lever arm M12 in the vertical plane in order to 
access the smallest possible scattering angle. The positions measured with ALFA at the A- and 
C-side of ATLAS are roughly of the same size but opposite sign and in the subtraction method 
the scattering angle is calculated according to:

θ⋆
w = wA − wC

M12,A + M12,C
. (5)

This is the nominal method in both planes and yields the best t -resolution. An alternative method 
for the reconstruction of the horizontal scattering angle is to use the “local angle” θw measured 
by the two detectors on the same side:

θ⋆
w = θw,A − θw,C

M22,A + M22,C
. (6)

Another method performs a “local subtraction” of measurements at the inner station at 237 m 
and the outer station at 241 m, separately at the A- and C-side, before combining the two sides:

3 The β-function determines the variation of the beam envelope around the ring and depends on the focusing properties 
of the magnetic lattice.

30� 35µm

Special run with: 

measure    to extract   : ✓ t
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θ⋆
w,S =

M241
11,S × w237,S − M237

11,S × w241,S

M241
11,S × M237

12,S − M237
11,S × M241

12,S

, S = A, C. (7)

Finally, the “lattice” method uses both the measured positions and the local angle to reconstruct 
the scattering angle by the inversion of the transport matrix

(
w⋆

θ⋆
w

)
= M−1

(
w

θw

)
, (8)

and from the second row of the inverted matrix the scattering angle is determined

θ⋆
w = M−1

12 × w + M−1
22 × θw. (9)

All methods using the local angle suffer from a poor resolution due to a moderate angular res-
olution of about 10 µrad. Nevertheless, these alternative methods are used to cross-check the 
subtraction method and determine beam optics parameters.

For all methods t is calculated from the scattering angles as follows:

−t =
((

θ⋆
x

)2 +
(
θ⋆
y

)2)
p2, (10)

where θ⋆
y is always reconstructed with the subtraction method, because of the parallel-to-point 

focusing in the vertical plane, while all four methods are used for θ⋆
x . Results on σtot using the 

four methods are discussed in Section 12.

4. Theoretical prediction and Monte Carlo simulation

Elastic scattering is related to the total cross section through the optical theorem (Eq. (1)) and 
the differential elastic cross section is obtained from the scattering amplitudes of the contributing 
diagrams:

dσ

dt
= 1

16π

∣∣fN(t) + fC(t)eiαφ(t)
∣∣2

. (11)

Here, fN is the purely strongly interacting amplitude, fC is the Coulomb amplitude and a phase 
φ is induced by long-range Coulomb interactions [23,24]. The individual amplitudes are given 
by

fC(t) = −8παh̄c
G2(t)

|t | , (12)

fN(t) = (ρ + i)
σtot

h̄c
e−B|t |/2, (13)

where G is the electric form factor of the proton, B the nuclear slope and ρ = Re(fel)/ Im(fel). 
The expression for the nuclear amplitude fN is an approximation valid at small |t | only. This 
analysis uses the calculation of the Coulomb phase from Ref. [24] with a conventional dipole 
parameterization of the proton electric form factor from Ref. [25]. The theoretical form of the 
t -dependence of the cross section is obtained from the evaluation of the square of the complex 
amplitudes:

dσ

dt
= 4πα2(h̄c)2

|t |2 × G4(t) − σtot ×
αG2(t)

|t |
[
sin

(
αφ(t)

)
+ ρ cos

(
αφ(t)

)]
× exp

−B|t |
2

+ σ 2
tot

1 + ρ2

16π(h̄c)2 × exp
(
−B|t |

)
, (14)
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B = 19.73 ± 0.14 (stat.) ± 0.26 (syst.) GeV−2.

From the fitted parameterization of the elastic cross section the total elastic cross section is ex-
tracted:

σel(pp → pp) = 24.00 ± 0.19 (stat.) ± 0.57 (syst.) mb,

and by subtraction from the total cross section the inelastic cross section is determined to be:

σinel = 71.34 ± 0.36 (stat.) ± 0.83 (syst.) mb,

which is significantly more precise than the previous direct ATLAS measurement.
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Fig. 18. A fit of the theoretical prediction with σtot and B as free parameters to the differential elastic cross section 
reconstructed with the subtraction method. In the lower panel the points represent the normalized difference between fit 
and data, the yellow area represents the total experimental uncertainty and the hatched area the statistical component. 
The red line indicates the fit range, the fit result is extrapolated in the lower panel outside the fit range. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)

quadrupole field variations by ±1❤ are performed as part of the beam optics uncertainty esti-
mate and are each merged into a single nuisance parameter.

The differential cross section and the fitted theoretical prediction are shown in Fig. 18. The 
fit range is chosen from t = −0.01 GeV2 to t = −0.1 GeV2. The lower t value is chosen to be 
as close as possible to t = 0 to reduce the extrapolation uncertainty while having an acceptance 
above 10%. The choice of the upper limit is motivated by theoretical considerations not to extend 
the fit into the region where deviations from the single exponential function are expected [46]. 
The fit yields:

σtot = 95.35 ± 1.30 mb, B = 19.73 ± 0.24 GeV−2,

where the errors include all statistical and experimental systematic contributions. Systematic 
uncertainties associated with theoretical parameters and the extrapolation |t | → 0 are discussed 
below. The best fit χ2 is found to be 7.4 for 16 degrees of freedom. Important contributions to 
the χ2 are related to the alignment, the beam optics and the nominal beam energy. The results 
obtained for all t -reconstruction methods are compiled in Table 7 for σtot and in Table 8 for B .

12.1. Systematic uncertainties

The fit to the t -spectrum accounts for the statistical errors in data and Monte Carlo simulation 
combined with 24 systematic shifts. The statistical component of the errors given in Table 7 for 
the total cross section and in Table 8 for B is estimated using pseudo-experiments. The main 
contributions to the experimental systematic error for the total cross section are the luminosity, 
nominal beam energy and reconstruction efficiency uncertainties. For B the experimental sys-
tematic uncertainty is dominated by the beam energy uncertainty, whereas other experimental 
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Also:

trans-max (min) = transverse side 
with max (min) activity.

8

2

the effect of multiple proton-proton interactions in the same
bunch crossing (termed pile-up). The correction of the data
to the particle level, and the combination of the electron
and muon channel results are described in Sect. 7. Section 8
contains the estimation of the systematic uncertainties. The
results are discussed in Sect. 9 and finally the conclusions
are presented in Sect. 10.

2 Underlying event observables

Since there is no final-state gluon radiation associated with
a Z-boson, lepton-pair production consistent with Z-boson
decays provides a cleaner final-state environment than jet
production for measuring the characteristics of the underlying
event in certain regions of phase space. The direction of the
Z-boson candidate is used to define regions in the azimuthal
plane that have different sensitivity to the UE, a concept first
used in [12]. As illustrated in Fig. 1, the azimuthal angular
difference between charged tracks and the Z-boson, |Df |=
|f �fZ-boson|, is used to define the following three azimuthal
UE regions:

– |Df |< 60�, the toward region,
– 60� < |Df |< 120�, the transverse region, and
– |Df |> 120�, the away region.

These regions are well defined only when the measured
pZ

T is large enough that, taking into account detector resolu-
tion, it can be used to define a direction. The away region
is dominated by particles balancing the momentum of the
Z-boson except at low values of pZ

T. The transverse region is
sensitive to the underlying event, since it is by construction
perpendicular to the direction of the Z-boson and hence it is
expected to have a lower level of activity from the hard scat-
tering process compared to the away region. The two opposite
transverse regions may be distinguished on an event-by-event
basis through their amount of activity, as measured by the
sum of the charged-particle transverse momenta in each of
them. The more or less-active transverse regions are then
referred to as trans-max and trans-min, respectively, with the
difference between them on an event-by-event basis for a
given observable defined as trans-diff [13, 14]. The activity
in the toward region, which is similarly sensitive to the un-
derlying event, is measured in this analysis, in contrast to the
underlying event analysis in dijet events [5].

The observables measured in this analysis are derived
from the number, Nch, and transverse momenta, pT, of sta-
ble charged particles in each event. They have been studied
both as one-dimensional distributions, inclusive in the prop-
erties of the hard process, and as profile histograms which
present the dependence of the mean value of each observable
(and its uncertainty) on pZ

T. The observables are summarised
in Tab. 1. The mean charged-particle transverse momentum is

Df�Df

Z-boson

Toward
|Df |< 60�

Away
|Df |> 120�

Transverse
60� < |Df |< 120�

Transverse
60� < |Df |< 120�

Fig. 1 Definition of UE regions as a function of the azimuthal angle
with respect to the Z-boson.

constructed on an event-by-event basis and is then averaged
over all events.

Table 1 Definition of the measured observables. These are defined for
each azimuthal region under consideration except for pZ

T.

Observable Definition

pZ
T Transverse momentum of the Z-boson

Nch/dh df Number of stable charged particles
per unit h–f

ÂpT/dh df Scalar pT sum of stable charged
particles per unit h–f

Mean pT Average pT of stable charged
particles

3 The ATLAS detector

The ATLAS detector [11] covers almost the full solid angle
around the collision point. The components that are relevant
for this analysis are the tracking detectors, the liquid-argon(only tracks with pT>0.5GeV and |η|<2.5 considered)
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Table 2 Main features of the Monte-Carlo models used. The abbreviations ME, PS, MPI, LO and NLO respectively stand for matrix element,
parton shower, multiple parton interactions, leading order and next to leading order in QCD.

Generator Type Version PDF Tune

PYTHIA 6 LO PS 6.425 CTEQ6L1 [29] Perugia2011C [30]

PYTHIA 8 LO PS 8.165 CTEQ6L1 AU2 [31]

HERWIG++ LO PS 2.5.1 MRST LO⇤⇤ [32] UE-EE-3 [33]

Sherpa LO multi-leg 1.4.0 CT10 [34] Default
ME + PS /1.3.1

ALPGEN LO multi-leg ME 2.14 CTEQ6L1
+ HERWIG + PS 6.520 MRST LO⇤⇤ AUET2 [35]
+JIMMY (adds MPI) 4.31

POWHEG NLO ME - CT10
+ PYTHIA 8 + PS 8.165 CT10 AU2

event, the pile-up contribution is derived from tracks selected
with the same longitudinal and transverse impact parame-
ter requirements as the PV tracks, but with respect to two
points located at z distances of +2 cm and �2 cm from
the hard-scattering PV. The shift of 2 cm relative to the PV
introduces a bias in the density of the pile-up interactions.
This is corrected on the basis of the shape of the distribution
of the z distance between pairs of interactions in the same
bunch crossing. This distribution is well approximated by a
Gaussian with variance s =

p
2sBS, where sBS ⇡ 6 cm is

the effective longitudinal variance of the interaction region
averaged over all events. Pile-up distributions measured for
each observable are then deconvoluted from the distributions
measured at the hard-scattering PV.

The stability of the pile-up correction for different beam
conditions is demonstrated in Fig. 2. The figure compares
the distributions of the average charged particle multiplicity
density, hNch/dh dfi as a function of pZ

T, before and after
pile-up correction, for two sub-samples with an average of
3.6 and 6 interactions per bunch crossing (hµi), respectively.
Each distribution is normalised to that obtained for the full
sample after pile-up correction. The dependence of the nor-
malised charged multiplicity distributions on pZ

T which can
be seen before correction in Fig. 2 reflects the fact that actual
contributions to this observable depend on pZ

T, while the pile-
up contribution is independent of pZ

T. The pile-up corrected
results agree to better than 2%, a value much smaller than the
size of the correction, which may be as large as 20% for this
observable in low pZ

T bins for the data-taking periods with

the highest values of hµi. The systematic uncertainty arising
from this procedure is discussed in Sect. 8.

7 Unfolding to particle level, background corrections

and channel combination

After correcting for pile-up, an iterative Bayesian unfold-
ing [41] of all the measured observables to the particle level
is performed. This is followed by a correction of the un-
folded distributions for the small amount of background from
other physics processes. At this point, the electron and muon
measurements are combined to produce the final results.

7.1 Unfolding

The measurements are presented in the fiducial region de-
fined by the Z-boson reconstructed from a pair of oppositely
charged electrons or muons each with pT > 20 GeV and
|h |< 2.4 and with a lepton pair invariant mass in the range
66 < mll < 116 GeV.

The results in Sect. 9 are presented in the Born approxi-
mation, using the leptons before QED FSR to reconstruct the
Z-boson. These results are also provided in HEPDATA [42]
using dressed leptons. These are defined by adding vectori-
ally to the 4-momentum of each lepton after QED FSR the 4-
momenta of any photons not produced in hadronic decays and
found within a cone of DR = 0.1 around the lepton, where
the angular separation DR is given by

p
(Dh)2 +(Df)2.

Pile-up Corrections
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A test of next-to-leading order QCD calculations with 
non-pQCD and EWK corrections

Dominated by jet energy scale uncertainties.

12

arxiv:1410.8857
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generators:

NLOJET++ (shown here)
POWHEG+PYTHIA (see paper)

14

(see paper for POWHEG+PYTHIA and R=0.4 results)

PDF sets:

CT10, MSTW2008, NNPDF2.1,

general agreement shown
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Inclusive Jet Cross Section

generators:

NLOJET++ (shown here)
POWHEG+PYTHIA (see paper)
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PDF sets:

HERAPDF1.5,  and ABM11

some disagreement shown in mid-pT region
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Again, jet energy scale is the dominant uncertainty.
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arxiv:1411.1855v1
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very good agreement over several orders of magnitude
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again, ABM11 and HERA1.5 tunes are low in mid-pT region
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Direct Photon Production

PYTHIA and HERWIG both describe the shape well

HERWIG normalisation is slightly low

20

Phys. Rev. D 89, 052004
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Conclusions

ATLAS is constraining our understanding of QCD in:
• total proton-proton cross section
• underlying event characteristics
• inclusive single and 3-jet cross sections
• direct photon production

Looking forward to new results early in Run II at 13 TeV.
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ATLAS & CMS Specs
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Total Cross Section
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Underlying Event with Z-boson Events

25



A. Hamilton Kruger 2014 : LHC Discovery Physics 1-6 Dec 2014

Inclusive Jet Cross Section

POWHEG+PYTHIA
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Direct Photon Production

purity estimate with two-dimensional side band subtraction
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