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- ATLAS and the LHC excels at high-pT physics, & also provides a window 
onto important softer QCD processes


- These have intrinsic interest but also the understanding also underpins 
searches for new physics


- Selected topics, often 13 TeV first results

- Bose Einstein Correlations

- Two photon scattering

- Minimum bias interactions

- Underlying event

- Inelastic cross-section

- Results from jets


- ATLAS now has data from 900GeV up to 13TeV in the same detector, 
allowing scale evolution to be probed.
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Overview
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- Minimum bias trigger Scintillators: 

- Refurbished for Run 2

- 2 cm thick disks located in front of 

end cap calorimeters

- 3.6m from i.p.; 2.07 < |η| < 3.86 in 2 

disks

- Efficiency high and uniform within 1%
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The ATLAS Detector - relevant systems

Inner Detector
Axial Magnetic field 2 T

Track momentum resolution σ/pT2 
[GeV]-1 ~0.05%pT + 0.015

|η|(max) 2.5
Lifetime resolution <100 fs➔ ~50fs
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- Correlations in phase space between two identical bosons from symmetry 
of wave functions

- Enhances likelihood of two particles close in phase space

- Allows one to ‘probe’ the source of the bosons in size and shape

- Dependence on particle multiplicity and transverse momentum probes 

the production mechanism

- Correlation function C2 a ratio of probabilities  


C2(Q) = P(p1,p2) /P(p1)P(p2) = C0[ 1 + Ω(λ,QR) ] ( 1 + εQ )

Q2 = -(p12 - p22)


- C0 is a normalisation, ε accounts for long range effects

- R is the effective radius of the source

- λ is the strength of the effect, 0/1 for coherent/chaotic source


C2(Q) = Nlike-sign(Q)/Nref(Q)

- Nref without BE effect from unlike sign, opposite hemispheres, event mixing

- Form R2(Q) = C2(Q)/C2MC(Q) to remove effect of resonances etc
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Bose-Einstein Correlations
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- Clear BE signal, bump in ρ region because MC overestimates ρ→ππ

- High multiplicity (>108 tracks) events also studied


- Fit to extract strength and source size

- Gaussian: static spherical Gaussian source, Ω= λ exp(-R2Q2)


- Exponential: static exponential source Ω= λ exp(-RQ), better at low Q

5

BE signal
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- Previous experiments tend to provide R 
from Gaussian fit


- RG = RExp / √π


- From favoured exponential fit:
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Full phase space results
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� The results of BEC parameters for Exponential fits of 𝑹𝟐 𝑸 ,
the UCP reference sample used (total uncertainties):

Comparison with previous measurements:
� Most of the previous experiments provided R with a Gaussian fit.

� The comparison to the Exponential fit can be done using the scale

factor π :

𝑹(𝑮) =  𝑹(𝑬)
𝝅

Bose-Einstein correlations at 𝒔 = 𝟎. 𝟗 𝐚𝐧𝐝 𝟕 𝐓𝐞𝐕
Full phase-space results:

EDS Blois 2015                                    Soft QCD: Particle production and their correlations at ATLAS

𝝀 = 𝟎. 𝟕𝟒 ± 𝟎. 𝟏, 𝑹 = 𝟏. 𝟖𝟑 ± 𝟎. 𝟐𝟓 𝒇𝒎 𝒂𝒕 𝒔 = 𝟎. 𝟗 𝑻𝒆𝑽 𝒇𝒐𝒓 𝒏𝒄𝒉 ≥ 𝟐

𝝀 = 𝟎. 𝟕𝟏 ± 𝟎. 𝟎𝟕, 𝑹 = 𝟐. 𝟎𝟔 ± 𝟎. 𝟐𝟐 𝒇𝒎 𝒂𝒕 𝒔 = 𝟕 𝑻𝒆𝑽 𝒇𝒐𝒓 𝒏𝒄𝒉 ≥ 𝟐

𝝀 = 𝟎. 𝟓𝟐 ± 𝟎. 𝟎𝟔, 𝑹 = 𝟐. 𝟑𝟔 ± 𝟎. 𝟑𝟎 𝒇𝒎 𝒂𝒕 𝒔 = 𝟕 𝑻𝒆𝑽 𝒇𝒐𝒓 𝒏𝒄𝒉 ≥ 𝟏𝟓𝟎

Energy [TeV] R [fm]
0.9 1.03 ± 0.14
7 1.16 ± 0.12

7 (HM) 1.33 ± 0.17

29 June - 04 July, 2015
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λ=0.74±0.1 R=1.83±0.25fm 0.9TeV, nch≧2

λ=0.71±0.07 R=2.06±0.22fm 7 TeV, nch≧2

λ=0.74±0.06 R=2.36±0.30fm 7 TeV, nch≧150
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- Within the uncertainties (stat. 
and syst. shown in quadrature) 
λ and R are energy 
independent
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Variation with multiplicity

- Saturation of R observed 
for the first time at high 
multiplicity 


- Prediction of pomeron-based 
models (highly overlapping 
colliding protons)
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Variation with kT of pair
- kT= |pT,1+pT,2|/2

- No energy 

dependence within 
the uncertainties


- Comparable with 
STAR and E735


- R decreases with kT 
but increases with 
multiplicity

- kT dependence by multiplicity region

- kT dependence by c.o.m. energy
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Glossary of pp interaction types

elastic
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- Use LHC as a two-photon collider, use Equivalent Photon Approximation 
with absorbtive corrections for finite proton size


- Elastic signal, diffractive/dissociative backgrounds


- γγ→(W→lν)(W→lν) other important background

- Selection using distance of dilepton from other activity, delepton mass 

and acoplanarity

10

Two photon scattering: γγ→ll
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• Soft particle production cannot be calculated form first principles


- Running models tuned using data


- Models tuned to a wide range of measurements


• Track multiplicities now available up to 13 TeV in ATLAS


- Track-based analysis uses dedicated low pile-up runs


- 13 TeV run <μ> ~ 0.005


- Low-pT tracking, down to 100MeV


- 1 reconstructed vertex


• 169 μb
-1
, ~10M events

Minimum Bias - Recent Results

11

ATLAS-CONF-2015-028

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-024/
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Most models 
have similar 
shape in η but 
differ in 
normalisation

Herwig is 
exception - 
tuned to 
underlying 
event

Good 
agreement 
over 10 orders 
in pT, 
especially 
EPOS
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13 Tev Minimum bias: dnch/dη, dnch/dpT
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Low nch not 
well modelled 
in any MC

Models 
without colour 
reconnection 
(QGSJET) fail 
in scaling with 
nch

13

13 Tev Minimum bias: nch
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- Mean charged multiplicity √s evolution well modelled except HERWIG++

- Big lever-arm to constrain models 900GeV - 13TeV, all in one experiment 
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<nch> evolution
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- Made up of all particles in the collision except those from the hard 
scatter


- √s dependence  can be tested with new 13 TeV data

- Test of multi parton interaction modelling in various models


- to define transverse region in the plane perpendicular to the beam 
sensitive to underlying event

- 7 TeV data use Z or leading jet 

- 13 TeV data uses leading particle 

15

Underlying Event
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- Data broadly compatible for different leading object definitions

- Z and jet agree well at high-pT (Z selection biases low pT)

16

7TeV results with jets and Zs
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- Track efficiency from minimum bias Monte Carlo


- MinBias tune (PYTHIA A2) agrees well at pT
lead > 1GeV


- Underlying event tunes (A14, HERWIG++, Monash) agree at pT
lead > 5 GeV

17

13 TeV Uncorrected ΣpT and nch vrs Δφ
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- Above 10GeV: decent description from the underlying event tunes

- MinBias A2 tune only describes the ‘toward’ region well

- EPOS underestimates by ~15% in the plateau regions

18

Nch vrs pT
lead



R JonesCrete August 2015 ATLAS B-Physics and Quarkonia

- MinBias tune (PYTHIA A2) agrees well at pTlead > 1GeV

- Underlying event tunes (A14, HERWIG++, Monash) agree at pTlead > 5 GeV

- EPOS underestimates by ~15% in the plateau regions

- Hard for models to simultaneously describe ΣpT and Nch results

19

ΣpT vrs pT
lead
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Can use two techniques

- Use optical theorem to relate to elastic events measured in ALFA Roman 

pot detectors (arXiv:1408.5778)

- Count inelastic events triggering the MBTS


- Mx is mass of largest of two jets

- Pseudorapidity coverage translates to a fiducial region Mx>13GeV

- Use data taken at very low pile-up

20

Inelastic Cross-section using MBTS

double dissociative

ATLAS-CONF-2015-038

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-024/
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- Require at least two MBTS counter hits (reduces beam and activation 
backgrounds)


- Use fraction of events with hits only on one side (Rss) to constrain the 
diffractive contribution (fd)


- Fiducial cross-section

21

Inelastic pp cross-section
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Inelastic cross-section
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- Lots of jet results, usually using anti-kT jets with R=0.4

- Already central (|y|<0.5) jet cross-section @ 13TeV

- Good agreement with NLO QCD calculations for various pdfs


- Energy-energy correlations in 7TeV data now measuring αs(MZ)

23

Jet Results
ATLAS-CONF-2015-034

1 Introduction

The study of jet production at the LHC provides a quantitative test of Quantum Chromodynamics, QCD,
at the highest momentum transfers. Theoretical calculations for jet cross-sections in hadronic collisions
have been carried out up to next-to-leading order (NLO) accuracy in the strong coupling constant ↵s [1–3]
and extensively compared with the data [4–10]. These calculations are valid for configurations with up to
four jets in the final state.
Event shape variables have been measured in all major e+e� experiments, as well as in experiments
at the electron–proton collider HERA. These studies were recently extended to hadron colliders with
measurements of the transverse thrust and the transverse minor [11, 12] at the Tevatron [13] and the LHC
[14, 15].
Energy–energy correlations (EEC), i.e. measurements of the energy-weighted angular distributions of
hadron pairs produced in e+e� annihilation, were proposed in Refs. [16, 17] as an alternative event shape
variable not based on the determination of the thrust principal axis [18] or the sphericity tensor [19].
The EEC function and its asymmetry, AEEC, were subsequently calculated in O(↵2

s ) [20–22], and their
measurements [23–35] have had significant impact on the precision tests of perturbative QCD and in the
determination of the strong coupling constant in e+e� annihilation experiments; a recent review is given
in Ref. [36]. The EEC are by construction not a↵ected by soft divergences, and as a consequence of this
they are calculable at high orders in contrast to infrared unsafe observables like sphericity.
The transverse energy–energy correlation function, TEEC, and its asymmetry, ATEEC, were proposed as
the analogous variables at hadron collider experiments in Ref. [37], where predictions to leading order
(LO) were also presented. The NLO corrections were calculated recently in Ref. [38] using NLOJet++
[2, 3]. These calculations show that at NLO the TEEC and the ATEEC exhibit a quadratic dependence on
the strong coupling constant. They are used in this paper for quantitative precision tests of QCD including
a determination of the strong coupling constant. The TEEC is defined as:

1
�

d⌃
d(cos �)

=
1
�

X

i j

Z
d�

dxTidxT jd(cos �)
xTixT jdxTidxT j, (1)

where the sum runs over all pairs of jets in the final state with azimuthal angular di↵erence �1 and
xTi = ETi/ET is the transverse energy carried by jet i in units of the sum of jet transverse energies
ET =

P
i ETi. In order to cancel uncertainties that are constant over cos � 2 [�1, 1], it is useful to define

the azimuthal asymmetry of the TEEC (ATEEC) as
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This Letter presents a measurement of the TEEC and its associated asymmetry using high-energy jets.

2 The ATLAS detector

The ATLAS detector [39] is a multi-purpose particle physics detector with a forward-backward symmet-
ric cylindrical geometry and a solid angle coverage of almost 4⇡.

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).
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9 Summary

First measurements of the TEEC and ATEEC functions are presented using 158 pb�1 of pp collision
data at 7 TeV recorded by the ATLAS experiment at the LHC. For this purpose, multi-jet final states
are selected requiring jets, reconstructed with the anti-kt algorithm and radius parameter R = 0.4, with
pT > 50 GeV and |⌘| < 2.5 and such that the scalar sum of the transverse momenta of the two leading jets
is above 500 GeV. The TEEC and ATEEC data are fairly well described by Pythia 6 and Alpgen, while
the Herwig++MC simulation shows some discrepancies which can be as large as 30%.
The TEEC and the ATEEC at the particle level are compared to perturbative QCD predictions at NLO
accuracy. The renormalisation and factorisation scales are chosen to be (pT1 + pT2)/2, ranging from 250
to 1300 GeV and with an average value of 305 GeV. Through their construction, both the TEEC and
ATEEC functions are less a↵ected by experimental e↵ects such as the jet energy scale and resolution
or pileup than absolute cross-section measurements. Similarly, the PDF uncertainties in their theoretical
predictions, as given by Eq. (4), cancel to a large extent. This renders these observables well suited to
determine the strong coupling constant. The data for | cos �| < 0.92 are fitted to the QCD predictions
obtained with NLOJet++ to determine the value of the strong coupling constant. For the TEEC the result
of the fit using the CT10 PDF yields

↵s(mZ) = 0.1173 ± 0.0010 (exp.) +0.0063
�0.0020 (scale) ± 0.0017 (PDF) ± 0.0002 (NPC). (10)

The present determination of ↵s(mZ) is limited by the uncertainties due to the choice of renormalisation
and factorisation scales.
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- ATLAS has a rich programme of soft and hard QCD physics:

- Now benefits from

- 0.9 - 13 TeV in one experiment

- Upgraded detectors, triggers and software in run 2


- Run 1 results still emerging

- Soft and hard strong dynamics at 13 TeV just opening up 
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Summary

- Run-2 with upgraded detector  
already off to a flying start:

- much improved tracking

- expect much more to come … 


