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Despite the success of perturbative QCD predictions in the high-energy regime, QCD itself remains
mysterious at its nominal non-perturbative QCD scale. The LHC offers rich opportunities to probe
the core of QCD related questions by studying minimum bias events, double parton interactions,
small-x and diffractive processes, as well as correlations in hadronization processes. This talk
summarizes recent results from ATLAS, based on Run 2 LHC data samples: the first ATLAS
observation of double parton scattering in leptonic decays of WW events, the measurement
of strange particle production in the framework of underlying event, and the first combined

measurement of parameters of helical QCD string in proton-proton and heavy ion collisions.
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1. Observation of double parton scattering in same-sign W boson pair production

q o

Figure 1: Representative Feynman diagrams of W+W+ process produced via DPS (left) and SPS (right).

The first ATLAS [1] measurement of double-parton scattering (DPS) in the production of
same-sign W boson pairs is presented in Ref. [2]. Event configurations with two same-sign leptons
(electrons or muons) accompanied with up to 1 jet are selected. Figure 1 shows the Feynman
diagrams corresponding to the DPS signal and the single parton scattering (SPS) background

process.
5 B R S S S e g 048y
= 08— ATLAS Simulation opsww 1 = [ ATLAS Simulation s w3
2 ;F Vs=13TeV, 140 fb* Vo4 20ME s-13Tev, 140 fo A
B FE p{etSR “SPSWWS 3 2 [ O-jet SR “sPsww
S oo ) -spswz 3 ©012p -SPSWZ
=] r 3 9 L
2 1 & 010 7
= 4 g P
£ E € o.08fF B
o B (=] C
=z 3 =z
E 0.06]~ B
3 0.04F B
E 0.02F 3
B 3 AP PO T P ez .
00%"26""60 80 100 120 140 000005 115 2 25 3 35 4 45 5
p [GeV] jan|
2
g 108 | ATLAS DPS W*W* ¢ Data [DPS W*W*  Other
w fs =13 TeV, 140 fb™ Post-fit Ch. flip.. vy [ Non-prompt
. BWWz  /, Uncertainty
5 .
107 | 0O-jet SR, ee .. 0O-jet SR, ep e 2»jet SR, pe 0O-jet SR, pp
10
9 1
B 3
= 2
% 1 , ! ! S N
s A . . | . . . L . . . Ll . . . .
0 02 04 06 0 02 04 0.6 0 02 04 0.6 0 02 04 06 08
DNN score

Figure 2: Top: Distributions of p}! and |An"| in the SR 0-jet category for the DPS W*W#, SPS W*W*, and
WZ processes. Bottom: Distributions of the DNN scores in the SR for each four dilepton final states in the
0-jet category. Source: Ref. [2].
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A set of kinematical observables discriminating between DPS and SPS signal is used to train
deep neural network (DNN). The contribution from the leading SM background, WZ/y* production,
is evaluated with help of simulated events normalized to the data in a signal-depleted control
region. Two of discriminating observables and the DNN scores resulting from the application
of the algorithm on the data are shown in Figure 2. Post-fit distributions of the mass of the di-
lepton system as well as the azimuthal angle difference of leptons are visible in Figure 3. The
best fit normalization allows for the extraction of the fiducial cross-section for DPS production
o - BR(WW) = 4.59+0.64 fb, with a significance of 8.8 standard deviations above the background.
The corresponding double parton effective cross section is oeg = 10.6 = 1.8 mb. The precision is
dominated by statistical uncertainties.
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Figure 3: Post-fit distributions of my (left), and A®" in the 0-jet category in a region with the signal DNN
score greater than 0.5. Source: Ref. [2].

2. Underlying event studies with strange hadrons

A measurement of the production of K g and A baryons
in pp collisions is published in Ref. [3]. The hadrons are Leading Jet
reconstructed via the identification of the displaced two- i
particle vertices corresponding to the decay modes Kg —

atn™, A = n~pand A — n*p. The measurement is using " .
the underlying event framework defined with respect to the
orientation of the leading jet (10 GeV < pr < 40 GeV) in
the transverse plane as indicated in Figure 4. Towards, away, -2v3 +2n/3

and transverse regions are defined, with the latter expected
to be particularly sensitive to the underlying event activity.
The measurement is done in each region, as a function of Figure 4: Definition of the underlying-
the transverse momenta of the leading jet, or the charged eyent regions relative to the leading jet.
particle yield. Figure 5 shows a selection of results for
Kg (top panels) and A + A (middle panels), comparing the

measured data with predictions of PYTHIA and Epos in ‘towards’ and ‘transverse’ regions. Strange
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particle yields are normalized to the number of prompt charged particles. None of the models or
tunes describe the data accurately, in particular for the soft leading jets. The bottom panel of Figure 5
shows the relative production of A baryons with respect to K0, as a function of the prompt charged
particle multiplicity. The dependence observed in the data is weaker than the model expectation.
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Figure 5: Top: measured Kg production in the ‘towards’(left) and ‘transverse’(right) regions, normalized to
the number of prompt charged particles. Middle: A+A production in the ‘towards’(left) and ‘transverse’(right)
regions, normalized to the number of prompt charged particles. Bottom: relative production rate of A + A
with respect to K9, as a function of prompt charged-particle multiplicity, in the ‘towards’ and ‘transverse’

regions. Source: Ref. [3].
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3. Study of ordered hadron chains in proton—proton, proton-lead and lead-lead
collisions

A study of correlations between color-
adjacent hadrons, accessible via the differ- . 1

ence between like-sign and opposite-sign
hadron pairs, is presented in Ref. [4]. The 05

Ny/Ng, / o(N, /N,,)

analysis finds a significant excess of mass-

minimized, charge-ordered hadron triplets
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the good qualitative agreement between data
and model predictions allows the analysis to
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[ chains (data-PYTHIAS) |

step further and to extract the parameters of
the helical QCD string from the data. To that
purpose, the charge-combination dependent
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resonant shape of particle correlations within "

the signal triplet chains is associated with the ok

s | s s s | s s s
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ence between colour-adjacent pions with rank

difference 1 and 2 (rank refers to the ordering Figure 6: Top panel: Significance of the excess of mass-
sequence of prompt hadrons along the colour minimized, charge-ordered hadron triplets (chains),
flow). A fit of the threshold mass of the quan- which is shown to be the source of the excess of like-sign
tized pion triplet allows for the evaluation of ~pairs commonly attributed to the Bose-Einstein inter-
ference (indicated by colored area in the middle panel),
while also contributing to the enhancement of the low-pt
single particle inclusive spectra (bottom panel). Source:
Ref. [4].

the two parameters describing quantized he-
lical QCD string, the energy scale kR and the
quantized phase A®. A very good agreement
is found between measurements of pp sam-
ples collected at different collision energies
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and the heavy ion samples (Figure 7). The combined pp and heavy ion data yield the most precise
measurement of the quantized helix phase to date, 2.819+0.014 rad, while the precision of the
measured energy scale, 68.5+2.2 MeV, is comparable with the uncertainty obtained from the fit of
light hadron spectra, see references in Ref. [4].
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Figure 7: Left: Parameters of the helical QCD string measured in a variety of ATLAS datasets. Right:
Combined measurement of string parameters using particle correlations ( this analysis ) compared with the
constraints derived from hadron masses. Source: Ref. [4].

4. Conclusions

A selection of recent and novel measurements of hadron production dynamics and multiple
parton scattering has been presented. All measurements are based on LHC Run 2 data collected by
the ATLAS Collaboration.
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