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The ATLAS Collaboration has performed several analyses of nucleon structure and soft QCD.
This review gives a concise summary of selected topics. New results with ATLAS W+jets and
Z+jets data improve Quantum Chromo Dynamics proton Parton Distribution Functions. Single
dissociative (soft QCD) reactions and re-scattering are probed in photon-induced di-lepton pro-
duction with a forward proton tag. A comparison of measurements with predictions of 66 → WW

production and dissociative reactions in light-by-light scattering and di-muon production in ultra-
peripheral Pb+Pb collisions is presented. Inclusive single diffractive dissociation cross-section and
a comparison with event generator predictions are reviewed. Properties of Underlying Event are
determined by measuring charged-particle distributions in events containing / bosons decaying
into a muon pair. There are various opportunities for co-operations with phenomenologists.
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1. Impact of ATLAS W+jets and Z+jets data on proton Parton Distribution
Functions

Parton Distribution Functions (PDFs) are needed for accurate predictions of both Standard
Model (SM) and Beyond Standard Model (BSM) cross-sections at the LHC. Using the ATLAS
detector [1], a new set of proton PDFs, ATLASepWZVjet20, at Next-to-Next-to-Leading Order
(NNLO) in QCD are provided [2]. The requirements for precise PDF determination are data
covering a wide range of negative squared four-momentum transfer (denoted by &) and Bjorken G,
the fraction of the proton’s longitudinal momentum carried by the parton initiating the interaction.

The results from ATLASW+jets and Z+jets for 8 TeV data [3, 4] were combined with ATLAS
7TeV data [5] and HERA data [6]. The PDF fit is performed at NNLO in perturbative QCD, which
is made possible by recent theoretical developments for vector-boson production in association
with jets [7, 8], and it accounts for correlations of systematic uncertainties between data sets. A
comparison of the ATLASepWZVjet20 PDF set and an equivalent fit performed without the V+jets
data PDF set (ATLASepWZ20) was given [2], which shows the improved agreement between data
and the simulations using the new PDFs.

2. Single dissociative events in photon-induced di-lepton production with a forward
proton tag

Scattered protons were detected by the ATLAS Forward Proton (AFP) spectrometer, while
light-lepton pairs (44 or ``) were reconstructed in the ATLAS central detector for

√
B = 13TeV and

L = 14.6 fb−1 [9]. The signal events result from exclusive or single dissociative (soft QCD) and re-
scattering reactions. A matching of lepton pair and proton kinematics, denoted by bℓℓ and bAFP, is
required (Figure 1, left). Data event candidates are illustrated in the di-lepton rapidity Hℓℓ versus<ℓℓ
plane (Figure 1, right). The event selection includes a kinematic matching |bℓℓ−bAFP | < 0.005 on at
least one side, where bℓℓ is the expected proton energy loss based on lepton kinematics determined
from di-lepton invariant mass and rapidity, and bAFP is the fractional energy loss of the scattered
proton [9]. Future double tag events will increase the distinction between exclusive/dissociated
production.

In total 57 (123) candidates in the 44 + ? (`` + ?) final states were observed. A background-
only hypothesis is rejected with a significance > 5f in each channel. Cross-section measurements
in the fiducial detector acceptance bℓℓ ∈ [0.035; 0.08] resulted in f(44 + ?) = 11.0 ± 2.6 (stat)
±1.2 (syst) ±0.3 (lumi) fb and f(`` + ?) = 7.2 ± 1.6 (stat) ±0.9 (syst) ±0.2 (lumi) fb.

From a comparison of these results with various models of soft survival probabilities, (surv,
it follows that re-scattering effects are important. Both the <ℓℓ-dependent [10, 11] and fully
kinematically-dependent [12] models describe the data satisfactorily.

3. 66 → WW production in light-by-light scattering and dissociative reactions in
di-muon production in ultraperipheral Pb+Pb collisions

The observed signal is Light-by-Light (LbyL) scattering WW → WW [13]. The background
reactions is Central Exclusive Production (CEP) 66 → WW. The photon Particle IDentification
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Figure 1: Left: Distributions of bAFP − bℓℓ with bℓℓ and bAFP in the interval [0.02, 0.12] for side A and
side C. The total prediction comprises the signal and combinatorial background processes, where ?∗ denotes
a dissociated proton. The simulated predictions are normalized to data to illustrate the expected signal
composition. The first (last) bin includes underflow (overflow). The hatched band indicates the combined
statistical and systematic uncertainties of the prediction. Error bars denote statistical uncertainties of the data.
Right: Data event candidates in the di-lepton rapidity Hℓℓ versus <ℓℓ plane satisfying event selection and
kinematic matching, |bll − bAFP | < 0.005, on at least one side. Shaded (hatched) areas denote the acceptance
(no acceptance) for the AFP stations indicated in the legend. Areas neither shaded nor hatched correspond
to b ∉ [0, 1]. Taken from Ref. [9].

(PID) efficiency is optimized for low transverse energy �T. Distributions of di-photon acoplanarity
and leading photon transverse energy showgood agreement between data and signal plus background
expectations.

The differential fiducial LbyL production cross-section in Pb+Pb collisions was studied at√
BNN = 5.02TeV and L = 0.48 nb−1. SuperChic v3.0 [14] SM prediction gives a fair description

of the data within uncertainties (experimental systematic and statistical, and theoretical). The
statistical uncertainty on the CEP 66 → WW production is 11% in the Control Region (CR) with
negligible experimental uncertainties, and it changed to 21% with an extra gluon interaction and
further uncertainties with varying parton distribution functions (PDFs) [13]. The CEP 66 → WW

background is 12 ± 3 events. In total, 97 events are observed in data where 45 signal events and 27
background events are expected.

4. Inclusive single diffractive dissociation cross-section of pp collisions at 8TeV

The signal reaction is %1%1(WW) → `` (%1%1) [13], and the background reaction is dis-
sociative %1%1(WW∗) → `` + - (%1∗%1). The data taken with the Zero Degree Calorimeter
(ZDC) gives a total cross section of the WW → `` process in the fiducial volume of f`` =

34.1 ± 0.3 (stat) ± 0.7 (syst) `b.
Events with a neutron tag on one side (Xn0n) and on both sides (XnXn) as function of rapidity

|H`` | are selected [13]. Good agreement of the shape with STARlight [15] prediction was observed,
but STARlight generally tends to overestimate the fraction of events with forward neutrons [13].

5. Inclusive single diffractive dissociation cross-section

For this analysis, the ALFA Roman Pot stations in the outgoing LHC beams are used [16]. The
data are recorded in special LHC runs with V∗ = 90m,

√
B = 8TeV, L = 1.67 nb−1 and with a low

number of interactions per bunch crossing ` < 0.08.
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Single diffractive dissociation (SD) kinematics are described by the squared four-momentum
transfer, C, mass, <X of the dissociated system X, and the proton energy loss b. The hadron-level
cross-sections were studied versus C, b and Δ[. This was the first measurement of the C-spectrum in
SD events at LHC [16]. The background events from non-SD ?? collisions have correlated signals
in ALFA and the Inner Detector (estimated fromMC), and overlay background with coincidences of
a signal in ALFAwith an uncorrelated signal in the Inner Detector (data-driven estimate, contributes
the largest uncertainty).

Themeasured hadron-level differential SD cross-section shows the diffractive plateau as a func-
tion of Δ[. An increase at small rapidity gaps is also noted (restricted rapidity region corresponding
to the ATLAS tracker acceptance). A decrease at large rapidity gaps is visible due to fiducial
range restrictions (loss of small-b events close to the b-edge). The event generators Pythia8 and
Herwig7 describe the shape reasonably, but overestimate the production cross-section.

Furthermore, the differential cross-section as function of |C | was studied [16]. Pythia8 event
generator predictions for A2 and A3 [17] are � = 7.82GeV−2, � = 7.10GeV−2, respectively. The
corresponding measurement is � = 7.65 ± 0.26 (stat) ±0.22 (syst) GeV−2 [16].

6. Underlying event in Z boson production

Measurements of charged-particle distributions are sensitive to properties of Underlying Event
(UE) in events containing / boson decaying into a muon pair @@ → / → `` (

√
B = 13TeV and

L = 3.2 fb−1) [18]. The transverse thrust describes the event topology. Events with lower thrust
are more sensitive to Multiple Parton Interactions (MPI). The background reactions are / → gg,
/ → CC,,, → `a`a. Two transverse regions are differentiated by the scalar sum of the transverse
momentum of the charged-particle: trans-max and trans-min. The trans-min region is highly
sensitive to UE.

Powheg-Pythia8 has good agreement at low thrust, while Herwig++ has good agreement at
high thrust. Sherpa has overall good agreement [18].

In addition, the charge multiplicity versus the / transverse momentum was studied. Significant
deviations were observed with respect to the generators predictions [18]. It is noted that the UE
activity increases with / transverse momentum and center-of-mass energy.

7. Conclusions

ATLAS W+jets and Z+jets data improve QCD proton PDFs. Single dissociative (soft QCD)
reactions and re-scattering were probed in photon-induced di-lepton production with a forward
proton tag. Predictions and measurements were compared for 66 → WW production, as well as
dissociative reactions in light-by-light scattering and di-muon production in ultraperipheral Pb+Pb
collisions. Comparisons of inclusive single diffractive dissociation cross-section measurements
with event generator predictions were performed. Differences in the recorded data description by
Pythia8, Herwig++ and Sherpa are observed. The underlying events were measured in / boson
production and compared to event generator predictions.

In the future, the precision will increase with the analysis of larger/new data sets. There is
much potential for collaborations with phenomenologists.
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