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In this note prospects for the measurement of the inclusive jet, dijet, inclusive prompt photon
and photon-+jet production cross sections in proton-proton collisions at 14 and 27 TeV are
presented. Double differential predictions for the inclusive jet cross sections as a function of
the absolute jet rapidity and jet transverse momentum and the dijet spectrum as a function
of half the absolute rapidity separation between the two highest transverse momentum jets
and the invariant mass of these two jets are evaluated. Relevant uncertainties, including
the individual contributions to the jet energy scale uncertainty, are calculated for jets with
pr > 100 GeV within jet rapidity |y| < 3. Expectations for inclusive isolated photons are
presented in terms of cross sections differentially in photon transverse energy in different
ranges of photon pseudorapidity. Estimations for photon+jet events are described in terms
of distributions in photon transverse energy, jet transverse momentum, invariant mass of the
photon+jet system and | cos 6*|. The study covers the region of photon transverse energies
above 400 GeV and jet transverse momenta in excess of 300 GeV. A good understanding of
these processes is of relevance for searches for new phenomena beyond the Standard Model.
The sensitivity of these processes to the parton distribution functions in the proton is also
shown.
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1 Introduction

Precise measurements of jet and photon production cross sections are crucial in understanding physics at
hadron colliders. Inclusive jet production (p + p — jet + X) cross sections, dijet production (p + p —
jet+jet+ X) cross sections as well as inclusive photon production (p+p — y + X) cross sections and cross
sections for associated photon and jet production (p + p — vy +jet+ X) provide valuable information about
the strong coupling constant (@) and the parton density functions (PDFs) of the proton. Furthermore,
events with jets and photons in the final-state represent a background to many other processes at the Large
Hadron Collider (LHC) [1]. A good understanding of the photon and jet production processes is therefore
relevant in many searches for new physics.

The LHC provided pp collisions at centre-of-mass energies v/s = 7, 8 and 13 TeV and delivered more than
385 fb~! to the ALICE, ATLAS, CMS and LHCb experiments during the Run-1 and Run-2 data-taking
periods. The high-luminosity phase of the Large Hadron Collider (HL-LHC) is expected to start in 2026
with pp collisions at y/s = 14 TeV and will deliver a total integrated luminosity of about 6000 fb~! to all
experiments. The High-Energy LHC (HE-LHC) is expected to use the existing LHC tunnel and provide
pp collisions at 4/s = 27 TeV to collect more than 15000 fb~! of data over 20 years of operation.

Production of jets and photons in pp collisions are among the processes directly testing the smallest exper-
imentally accessible space-time distances. Next-to-leading-order (NLO) perturbative QCD calculations
[2, 3] give quantitative predictions of the jet production cross sections. Progress in next-to-next-to-
leading-order (NNLO) QCD calculations has been made recently [4-6]. As fixed-order QCD calculations
only make predictions for the quarks and gluons associated with the short-distance scattering process,
corrections for the fragmentation of these partons to particles need to be evaluated.

The production of prompt photons inclusively and in association with at least one jet in pp collisions
provides a testing ground for perturbative QCD with a hard colourless probe. All photons produced in
pp collisions that are not from hadron decays are considered as “prompt”. Two processes contribute
to prompt-photon production: the direct process, in which the photon originates directly from the hard
interaction, and the fragmentation process, in which the photon is emitted in the fragmentation of a high
transverse momentum parton [7, 8].

Measurements of the cross sections for inclusive isolated-photon production and associated photon and
jet production at the highest photon transverse energies (E%) and jet transverse momenta (pJTet) as well as
jet production at highest jet transverse momentum and dijet invariant mass allow for tests of the Standard
Model predictions in a regime beyond what has been explored so far. They represent a wealth of data to test
the fixed order calculations as well as investigate novel approaches to the description of parton radiation
and evaluate the importance of electroweak corrections in pure QCD production processes calculations.
In addition, since the dominant photon production mechanism in pp collisions at the LHC proceeds via
the gg — g7y channel and the jet production goes via gg and gg scatterings (with gg channel providing
a large contribution in the high-pt range), those measurements are sensitive to the gluon density in the
proton [9-12]. Furthermore, those measurements validate the modelling used for background studies in
searches for physics beyond the Standard Model that involve photons and jets, such as the search for new
phenomena in final states with a photon and a jet [13, 14].

The dynamics of the underlying photon+jet production processes in 2 — 2 hard collinear scattering can
be investigated using the variable 6%, where cos * = tanh(Ay/2) and Ay is the difference between the
rapidities of the two final-state particles. The variable 6* coincides with the scattering polar angle in the
centre-of-mass frame for collinear scattering of massless particles, and its distribution is sensitive to the



spin of the exchanged particle. The distribution of the invariant mass of the leading photon and the leading
jet (m?7°) is also used to study the event dynamics since it is predicted in QCD to be monotonically
decreasing for increasing values of m” 7 in the absence of resonances that decay into a photon and a
jet.

Prospects are presented for prompt photon and jet production in pp collisions at v/s = 14 TeV and
/s = 27 TeV in terms of cross sections for inclusive isolated photons and for photon-+jet events as well as
inclusive jet and dijet production cross sections. For inclusive isolated photons, expectations for the cross
section differentially in E% in different ranges in photon pseudorapidity ()" are presented. For photon-+jet

events, estimations for the cross section differentially in E?, pjTet, cos 6" and m” et are presented. The
jet production study is presented in terms of double differential cross sections for inclusive jet transverse
momentum and the dijet system mass binned in jet rapidity and half absolute rapidity difference between
the two leading jets, respectively. The upper-end reach of the energetic observables, such as EZ, Tet,
m? 71 and m;j, is determined and the extension with respect to the latest measurements by the ATLAS
Collaboration is emphasized [15-17].

In addition, this note presents a study of the uncertainties in the inclusive jet cross sections related to the
uncertainties in the measurement of the jet energies in proton-proton collisions at v/s = 14 TeV for jets
with pp > 100 GeV and within |y| < 3.

2 The ATLAS detector and the High-Luminosity and High-Energy LHC

The ATLAS experiment [18] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4z coverage in solid angle. It consists of an inner tracking de-
tector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range || < 2.5. It consists of silicon pixel, silicon micro-strip, and transition radiation tracking detectors.
Lead/liquid-argon (L Ar) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity. A hadron (steel/scintillator-tile) calorimeter covers the central pseudorapidity range
(In| < 1.7). The end-cap and forward regions are instrumented with LAr calorimeters for both EM and
hadronic energy measurements up to || = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes
a system of precision tracking chambers and fast detectors for triggering. A two-level trigger system,
custom hardware followed by a software-based level, is used for online event selection and to reduce the
event rate to about 1 kHz for offline reconstruction and storage.

The HL-LHC will operate at an instantaneous luminosity up to 7.5 x 103 cm™2s~! that corresponds to
an average number of inelastic proton-proton collisions per bunch-crossing (u) of 200. The HL-LHC
conditions will demand a performance from the ATLAS detector that is well beyond the original design.
An upgrade of all major ATLAS sub-detectors is needed before the start of this new phase to cope with

the high-radiation environment and the large increase in pileup. The new Inner Tracker (ITk) [19, 20] will

I 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
upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as n = —Intan(6/2). Angular distance is measured in units of

AR = \(An)? + (Ag)2.



extend the ATLAS tracking capabilities to pseudorapidity || < 4.0. The upgraded Muon Spectrometer
[21] with a forward muon tagger included will also provide lepton identification capabilities to || < 4.0.
The new high granularity timing detector (HGTD) [22] designed to mitigate the pileup effects is foreseen
in the forward region of 2.4 < |5| < 4.0. The electronics of both LAr [23] and Tile [24] calorimeters will
be upgraded to cope with longer latencies needed by the trigger system at such harsh pileup conditions.
An upgraded TDAQ system [25] based on a hardware trigger with a maximum rate of 1 MHz and 10 ms
latency and software-based reconstruction will send event data into storage at up to 10 kHz rate. A study
of the expected performance of the upgraded ATLAS detector at the HL-LHC is reported in Ref. [26].

The HE-LHC target luminosity is 2.5x 103 cm~!s™!. The HE-LHC will employ the dipole magnets with a
field of 16 T developed in the framework of the Future Circular Collider project [27]. The HE-LHC could
accommodate two high-luminosity interaction-points at the locations of the ATLAS and CMS experiments
[28]. It will allow to study new physics scenarios beyond the reach of the 14 TeV collider.

3 Analysis

3.1 Photon Analysis

The study of photon production is done via the analysis of inclusive isolated photons and that of photon
production in association with at least one jet. In both analyses the photon is required to have a transverse
energy in excess of 400 GeV and the pseudorapidity to lie in the range |”| < 2.37 excluding the region
1.37 < |n”| < 1.56. The photon is required to be isolated by imposing an upper limit on the amount of
transverse energy inside a cone of size AR = 0.4 in the n—¢ plane around the photon, excluding the photon

: . iso iso
itself: Er° < ET’maX.

In the inclusive photon analysis, the goal is the measurement of the differential cross section as a function
of E% in four regions of the photon pseudorapidity: || < 0.6,0.6 < |57| < 1.37,1.56 < |”| < 1.81 and
1.81 < |”| < 2.37. Photon isolation is enforced by requiring EiTSO <42-1073- E% + 4.8 GeV.

In the photon+jet analysis, jets are reconstructed using the anti-k; algorithm [29] with a radius parameter
R = 0.4. Jets overlapping with the photon are not considered if the jet axis lies within a cone of size
AR = 0.8 from the photon. The leading jet is required to have transverse momentum above 300 GeV
and rapidity in the range | y¢| < 2.37. No additional condition is used for the differential cross sections
as functions of E% and pJTet For the differential cross sections as functions of the invariant mass of the
photon+jet system and | cos #*|, additional constraints are imposed: m» 7 > 1.45 TeV, | cos 6*| < 0.83
and |” + y{| < 2.37. These additional constraints are imposed to remove the bias due to the rapidity
and transverse-momentum requirements on the photon and the leading jet [30, 31]. Photon isolation is
enforced by requiring EiTSO <42-1073- E% + 10 GeV.

The yields of inclusive isolated photons and of photon+jet events are estimated using the program
JerpHOx 1.3.1_2[32, 33]. This program includes a full next-to-leading-order QCD calculation of both the
direct-photon and fragmentation contributions to the cross sections for the pp — y+Xand pp — y+jet+X
reactions. The number of massless quark flavours is set to five. The renormalisation (ur), factorisation
(ur) and fragmentation (uy) scales are chosen to be ur = ur = yr = E% . The calculations are performed
using the MMHT?2014 [34] parameterisations of the proton parton distribution functions (PDFs) and the
BFG set II of parton-to-photon fragmentation functions at NLO [35]. Predictions are also obtained with



other PDF sets, namely CT14 [36], HERAPDF2.0 [37], NNPDF3.0 [38] and PDF4ALHC HL-LHC [39].
The strong coupling constant as(myz) is set to the value assumed in the fit to determine the PDFs.

The reliability of the estimated yields using the program JETPHOX is supported by the high purity of the
signal photons and the fact that the NLO QCD predictions describe adequately the measurements of these
processes using pp collisions at y/s = 13 TeV [15, 16].

3.2 Jet Analysis
3.2.1 Experimental analysis

Jets are reconstructed using the anti-k; algorithm with distance parameter R = 0.4 as implemented in
the FastJet software package [40]. Jets are calibrated following the procedure described in [41]. The
four momenta of the jets are recalculated to originate from the hard-scatter vertex rather than from the
centre of the detector. The jet energy is corrected for the effect of pile-up using jet area-based correction
together with residual number of primary vertices (Npy)- and (u)-dependent correction as described in
[42]. In addition, a jet energy- and n-dependent correction is applied. It is derived from Monte Carlo
(MC) simulation and is designed to lead to agreement in energy and direction between reconstructed jets
and particle jets on average. Further jet calibration steps applied in Run-2 measurements, namely the
Global Sequential Calibration (GSC) [43] and the in situ calibration [41] are not derived and used in the
current study. The GSC reduces effects from fluctuations in the composition of particles forming a jet
and fluctuations in the hadronic shower caused by interactions of the hadrons with dead material in the
calorimeter. An in situ correction is applied on data to remove residual differences in energy response
between data and MC simulation evaluated using techniques where the pt of the jet is balanced against
well-measured objects, for example in photon+jet and Z-boson+jet events.

The total jet energy scale (JES) uncertainty in Run-2 measurements is compiled from 88 sources that all
need to be propagated through the analysis in order to correctly account for uncertainty correlations in the
jet calibration.

A reduced set of uncertainty components (nuisance parameters) is derived from eigenvectors and eigen-
values of the diagonalised total JES covariance matrix on the jet-level. The globally reduced configuration
with 19 nuisance parameters (NPs) is used in this study. Eight NPs coming from the in situ techniques are
related to the detector description, physics modelling and measurements of the Z/y energies in ATLAS
calorimeters. Three describe the physics modelling and the statistics of the dijet MC sample and the
non-closure of the method, used to derive the n-intercalibration [41]. The single-hadron response studies
[44] are used to describe the JES uncertainty in the high-pr jet regions, where the in situ studies have
limited statistics. Four NPs are due to the pile-up corrections of the jet kinematics, that take into account
mis-modelling of Npy and {u) distributions, dependence of the average energy density, p, on the pileup
activity in a given event, p-topology, and the residual pr dependence. Finally, two uncertainty components
take into account the difference in the calorimeter response to the quark- and gluon-initiated jets (flavour
response) and the jet flavour composition, and one uncertainty in the correction for the energy leakage
beyond the calorimeter, the “punch-through* effect.

In order to estimate the precision in the jet cross section measurements at the HL-LHC three scenarios of
possible uncertainties in the jet energy scale calibration are defined.



In all three scenarios, the high-pr uncertainty, the punch-through uncertainty and the flavour composition
uncertainty are considered to be negligible. The JES uncertainty in the high-pt range will be accessed
using the multi-jet balance (MJB) method, rather than single hadron response measurements, since
the high statistics at the HL-LHC will allow precision JES measurements in the high-pr region. Flavour
composition and flavour response uncertainties are driven by the MC generator differences. With advances
in the MC models and tuning of their parameters these uncertainties could be significantly reduced.
The flavour composition uncertainty is therefore ignored to study the maximal impact of the expected
improvements on the modelling of parton showers and hadronisation on precision jet energy measurements.
The flavour response uncertainties are kept at the same value as in Run-2 or reduced by a factor of two in
conservative and optimistic scenarios, respectively.

The pile-up uncertainties, except the p-topology uncertainty, are considered to be negligible. Current
small uncertainties in the JES due to mis-modelling of Npy and (u) distributions and the residual pr
dependence lead to very small uncertainties at the HL-LHC conditions. With the advances of new pile-up
rejection techniques the p-topology uncertainty could be maintained at a level comparable to the one in
Run-2 or reduced by a factor of two. This is addressed in conservative and optimistic scenarios.

Since the Run-2 jet energy resolution (JER) uncertainty estimation is conservative, the final Run-2 JER
uncertainty is expected (based on Run-1 experience) to be about twice as small as the current one.
Therefore, the JER uncertainty is estimated to be half of that in Run-2.

The rest of uncertainty sources are fixed in different scenarios as follows:

¢ Conservative scenario:

— All in situ components are kept at the same value as in Run-2, except the uncertainties related
to the photon energy measurement in the high-Et range and the MJB method uncertainties.
These uncertainties are reduced by a factor of two, since they are expected to be improved at
the HL-LHC.

— MC modelling uncertainty in the n-intercalibration is reduced by a factor of two while the
other two are neglected. Currently, MC modelling uncertainty is derived by comparison of
leading-order (LO) pQCD generators. In future, with advances in MC generators development,
this uncertainty is expected to be reduced.

— Flavour response uncertainty is set to the Run-2 value;
— p-topology uncertainty is unchanged compared to Run-2 results;
* Optimistic scenario:
— All in situ components are treated identically to the conservative scenario;
— All three uncertainty sources in the n-intercalibration method are ignored;
— Flavour response uncertainty is reduced by a factor of two compared to Run-2 results;
— p-topology uncertainty is two times smaller as in Run-2;
* Pessimistic scenario:

— same as optimistic scenario, but all uncertainty sources of in situ methods are retained from
Run-2.
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Figure 1: Relative systematic uncertainty for (a,c) conservative and (b,d) optimistic scenarios in the inclusive jet
cross sections as a function of jet pr in the |y| < 3 rapidity region. The individual uncertainty components are
shown in different colours. The total systematic uncertainty, calculated by adding the individual uncertainties in
quadrature, is shown as a black line.

All components of the JES uncertainty are propagated from the jet-level to the cross section level as
follows. The jet pr is scaled up and down by one standard deviation of each source of uncertainty.
The difference between the nominal reco-level spectrum and the systematically shifted one is taken as a
systematic uncertainty. All JES uncertainties are treated as bin-to-bin correlated and independent from
each other in this procedure. The unfolding of the detector-level distributions to the particle-level spectrum
is not performed is this study. A possible modification of the shapes of uncertainty components during
the unfolding procedure is expected to be small and neglected in this study.

The inclusive jet cross sections in this section are studied as a function of the jet transverse momentum
for jets with pr > 100 GeV and within |y| < 3.

The estimation of the JES uncertainty in the measurements of inclusive jet cross section at the HL-LHC
for three JES uncertainty scenarios are presented in Figure 1.



3.2.2 Fixed-order predictions and PDF sensitivity

Theoretical predictions at NLO QCD are calculated using MCFM [45] interfaced to APPLgrid [46] for
fast convolution with PDFs. The renormalisation and factorisation scales are set to ugr = yg = pJTet for the
inclusive jet cross section and ur = ug = mj; for the dijet mass distribution. The predictions are calculated
using CT14nnlo [36] PDF set provided by the LHAPDF®6 [47].

The main uncertainties in the NLO predictions come from uncertainties associated with the PDFs, the
choice of renormalisation and factorisation scales, and the uncertainty in the value of the strong coupling.
PDF uncertainties are defined at the 68% CL and propagated through the calculations following the
prescription given by the PDF set authors. The nominal scales are independently varied up or down by
a factor of two in both directions excluding opposite variations of ug and pr. The envelope of resulting
variations of the predicted cross section is taken as the total scale uncertainty. The uncertainty from
as is evaluated by calculating the cross sections using two PDF sets that differ only on the value of
the strong coupling at Mz and then scaling the cross section difference corresponding to an uncertainty
Aag = 0.0015 [48].

The inclusive jet cross sections are studied double-differentially as a function of the jet transverse mo-
mentum and absolute jet rapidity while the dijet production cross sections are presented as a function of
the invariant mass of the dijet system and as a function of half the absolute rapidity separation between
the two highest-pr jets satisfying |y| < 3, denoted y*. In both analyses the leading jet is required to be
within |y| < 3 and to have pr > 100 GeV. The other jets are required to be in the same rapidity range
with pt > 75 GeV.

Figures 2 and 3 shows the theoretical uncertainties, calculated using CT14 [36] PDF set, in the inclusive
jet and dijet cross sections for representative phase-space regions at v/s = 14 and 27 TeV, respectively.
The total uncertainty is about 5 % in the low- and intermediate pt and mj; regions, growing to 20-40% in
the high-pr and dijet mass ranges.

Measurements of weak boson [49], top quark [50], photon, jet productions [51] (and many others) at the
LHC have been already used as inputs to global PDF fits [34, 36, 52, 53] in determination of the proton
structure. High precision LHC data have allowed to further constrain the knowledge of the proton content
by extending the coverage of PDF-related phase space in measurements and to significantly reduce PDF
uncertainties.

A study to estimate the impact of future PDF-sensitive measurements at the HL-LHC on the precision of
PDFs determination was performed in Ref. [39]. Three possible scenarios for the experimental systematic
uncertainties were considered. This study concluded that HL-LHC measurements will further reduce
the PDF uncertainties and published the dedicated PDF sets, PDF4ALHC HL-LHC, where the HL-LHC
pseudo-data were included in the fits.

Figure 4 and 5 present the comparison of inclusive jet and dijet production cross sections calculated using
different PDF sets at v/s = 14 and 27 TeV, respectively. It shows 5-10% difference between central values
in the low- and intermediate-pt and m;; regions, however these predictions are still compatible with the
quoted PDF uncertainty. The differences between various PDF sets predictions in the high-pr and m;;
range highlights the expected constraining power of future measurements at the HL-LHC and HE-LHC.

Figure 6 and 7 depict the comparison of PDF uncertainties in the inclusive jet and dijet production cross
sections for CT14 and PDF4LHC HL-LHC (optimistic scenario) in the pp collisions at v/s = 14 and
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Figure 2: Relative NLO QCD uncertainties in the (a,b) inclusive jet and (c,d) dijet cross sections calculated using the
CT14 PDF setat /s = 14 TeV. Panels (a,c) and (b,d) correspond to the first and last |y| and y* bins in measurements,
respectively. The uncertainties due to the renormalisation and factorisation scale, as, PDF and the total uncertainty
are shown. The total uncertainty, calculated by adding the individual uncertainties in quadrature, is shown as a
black line.

27 TeV. A significant improvement in PDF extraction is expected with the inclusion of PDF-sensitive
measurements at the HL-LHC in PDF fits.
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Figure 3: Relative NLO QCD uncertainties in the (a,b) inclusive jet and (c,d) dijet cross sections calculated using the
CT14 PDF setat /s = 27 TeV. Panels (a,c) and (b,d) correspond to the first and last |y| and y* bins in measurements,
respectively. The uncertainties due to the renormalisation and factorisation scale, as, PDF and the total uncertainty
are shown. The total uncertainty, calculated by adding the individual uncertainties in quadrature, is shown as a
black line.
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Figure 4: Ratio of cross sections calculated using NNPDF 3.1 [52], MMHT 2014 [34], ABMP 16 [53],
PDFALHC HL-LHC [39], to one using CT14 [36] PDFs in the (a,b) inclusive jet and (c,d) dijet cross sections
at y/s = 14 TeV. Panels (a,c) and (b,d) correspond to the first and last |y| and y* bins in measurements, respectively.
The gray band depicts the total NLO pQCD uncertainty in cross section calculated using CT14 [36] PDF set.
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Figure 5: Ratio of cross sections calculated using NNPDF 3.1 [52], MMHT 2014 [34], ABMP 16 [53],
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3.2.3 Non-perturbative effects

The fixed-order predictions are obtained at the parton-level. The non-perturbative corrections (NPCs)
are applied to bring the theoretical predictions from parton-level to particle-level in order to allow a
comparison with the measured cross sections in data. The NPC are evaluated using Pythia v8.210 MC
[54] generator with A14 [55] underlying event tune and the tune variations are used to evaluate the
uncertainty in the NPC due to the differences in hadronisation and underlying event modelling.

Figures 8 to 11 show separate corrections for the hadronisation, underlying event as well as the total non-
perturbative correction to the inclusive jet and dijet production cross section in pp collisions at 4/s = 14
and 27 TeV.
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Figure 8: Non-perturbative corrections for the inclusive jet production cross section at /s = 14 TeV in the |y| < 0.5
rapidity range. Separate (a) corrections for the hadronisation, (b) underlying event and (c) the total non-perturbative
correction are shown.
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Figure 9: Non-perturbative corrections for the inclusive jet production cross section at y/s = 27 TeV in the |y| < 0.5
rapidity range. Separate (a) corrections for the hadronisation, (b) underlying event and (c) the total non-perturbative
correction are shown.
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Figure 10: Non-perturbative corrections for the dijet production cross section at 4/s = 14 TeV in the y* < 0.5
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correction are shown.
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Figure 11: Non-perturbative corrections for the dijet production cross section at 4/s = 27 TeV in the y* < 0.5
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correction are shown.
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The weak radiative corrections in the dijet production at 4/s =14 TeV are calculated in Ref. [56]. This
corrections can be of the order of several per-cents in the tails of kinematic distributions due to the Sudakov-
type logarithms. The impact of these effects on the inclusive jet and dijet cross section predictions is not
considered in this note.

4 Results

4.1 Photon Results

The predicted number of inclusive isolated photon events as a function of E% in the different ranges of |7 |
assuming an integrated luminosity of 3 ab™! of pp collision data at v/s = 14 TeV is shown in Fig. 12. The
predicted number of events above an E% threshold is shown in Fig. 13. The reach in E% is (a) 3-3.5 TeV
for |7 < 0.6, (b) 2.5-3 TeV for 0.6 < |¥| < 1.37, (¢) 1.5-2 TeV for 1.56 < |n”| < 1.81 and (d)
1-1.5 TeV for 1.81 < |g”| < 2.37. This represents a significant extension of the region measured so
far with pp collisions at v/s = 13 TeV [15]; as an example, the E%’ reach is extended from 1.5 TeV to
3-3.5 TeV for |77| < 0.6. The projected cross sections as a function of E% together with Run-2 results at
/s = 13 TeV [15] are shown in Fig. 14.

The sensitivity to the proton PDFs is studied in the ratio between the predicted cross sections with
CT14, NNPDF3.0 and HERAPDF2.0 and those using MMHT2014. The ratios are shown in Fig. 15 and
differences of up to 30% are seen. The predicted relative statistical uncertainty on the number of inclusive
isolated photon events as a function of E% assuming an integrated luminosity of 3 ab™! of collision data
at v/s = 14 TeV in different ranges of photon pseudorapidity is shown in Fig. 16. A relative statistical
uncertainty below 10% is achieved for photon transverse energies up to 2.5 TeV (1.5 TeV) for |57| < 0.6
and 0.6 < |np”| < 1.37 (1.56 < |n¥| < 1.81 and 1.81 < |7| < 2.37).

The photon energy scale and resolution represent the dominant source of systematic uncertainty for the
measurement of the inclusive isolated-photon cross section do/ dE% in pp collisions at /s = 13 TeV [15].
The size of this systematic uncertainty as estimated in Run-2 using 3.2 fb=! of pp collision data is shown
in Table 1 for selected regions. The aforementioned estimations of the systematic uncertainties due
to the photon energy scale and resolution will possibly be improved by using Run-2 and Run-3 data.
Furthermore, improvements in the systematic uncertainties are also expected from the HL-LHC data
thanks to the increased statistics for the photon energy calibration and in situ determination of the photon
identification and isolation efficiencies.

Table 1: Systematic uncertainty due to the photon energy scale (y-ES) and resolution (y-ER) for the measurement of
the inclusive isolated-photon cross section do/ E% in pp collisions at 4/s = 13 TeV in different regions of || [15].

E% [GeV] v-ES and y-ER systematic uncertainty (in %)
7] <0.6 | 0.6 <|p”| <1.37 | 1.56 < |p¥| < 1.81 | 1.81 < |p”| <2.37
400470 | +2.2,-2.2 | +3.0,-2.9 +11,-9.3 +4.5,-4.4
750-900 | +3.0,-2.8 | +3.8,-3.8 +16, 15 +6.9, -6.5
900-1100 | +3.3,-2.9 | +4.1, -4.1 +18, -18
1100-1500 | +4.0, -3.1 | +4.6, 4.6
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The predicted number of photon+ijet events as a function of EX, pj;t, m?7® and | cos 6*|, assuming an
integrated luminosity of 3 ab~! of pp collision data at /s = 14 TeV, is shown in Fig. 17. The predictions
show that the reach in E%’ and pJTet is 3.5 TeV and that the reach in m? ¢ is 7 TeV. The predicted relative
statistical uncertainty on the number of photon+jet events as a function of the different observables,
assuming an integrated luminosity of 3 ab~! of pp collision data at /s = 14 TeV, is shown in Fig. 18. The
relative statistical uncertainty is below 10% for (a) E%’ up to 2.5 TeV, (b) pj{ft up to 3 TeV and (c) mY it
up to 6 TeV; for | cos 87| the relative statistical uncertainty is below 1% for the entire range considered. In
comparison to the latest ATLAS measurements at /s = 13 TeV with 3.2 fb~! of integrated luminosity [16],
the projections presented here extend significantly the reach in several observables: for E% and p]Tet from
1.5 TeV to 3.5 TeV and for m” 3 from 3.3 TeV to 7 TeV.
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Figure 12: Predicted number of inclusive isolated photon events as a function of E% assuming an integrated luminosity
of 3 ab™! of pp collision data at v/s = 14 TeV in different ranges of photon pseudorapidity: |7”| < 0.6 (solid
histogram), 0.6 < |”| < 1.37 (dashed histogram), 1.56 < |7| < 1.81 (dotted histogram) and 1.81 < |7| < 2.37
(dot-dashed histogram).
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Figure 13: Predicted number of inclusive isolated photon events above an E%’ threshold assuming an integrated
luminosity of 3 ab™! of pp collision data at \/s = 14 TeV in different ranges of photon pseudorapidity: || < 0.6
(solid histogram), 0.6 < |7| < 1.37 (dashed histogram), 1.56 < |”| < 1.81 (dotted histogram) and 1.81 < |”| <
2.37 (dot-dashed histogram).

22



1

% I ATLAS Data E 2102k NLO QCD (Jetphox), MMHT2014 PDF
E 3 E _ B 3
©) F Is=13TeV,32%" 41106 (x109) E S10%F \s=14TeV, 3 ab . 3
S ©0.6<h|<1.37 (x107) = e F The Isolated photon, E; > 0.4 TeV 3
= . = 1.56<’|<1.81 (x107) 2 L E
% o 01.81<'|<2.37 (x10'3)é T10° .
~ E _O'_Q_ . 3 S 6 C 3
8 otfa —— . = 107 E
E ol = —. 3 7C 3
1078 ;:D__D__.__l_ _O-—o— —e— 7; 1 0 ? é
i o =, ] 108 e e E
E —T . -O0= 3 9 S 3
C 0. =i O 3 10- - : —
10° o A 3 = E A S E
F o= - 3 10710 F—Mm<086 R 3
. NLO QCD (JETPHOX) _D—_D__'__,_ 1 F - 0.6 <’ <1.37 (x 107) E
107 MMHT2014 PDF o ] 107 g 1.56 < I’ < 1.81 (x 107) =
. g E 1o 12E- 181 < | <237 (x 10%) .
10 I | I I I E L L I L I L3
200 500 400 500 oo 500 1000 2000 3000

E; [GeV] .
E! [GeV]

(a) (b)

Figure 14: (a) Measured cross sections in pp collisions at /s = 13 TeV for isolated-photon production as functions
of E}y in |n¥| < 0.6 (black dots), 0.6 < |57| < 1.37 (open circles), 1.56 < |p¥| < 1.81 (black squares) and
1.81 < |n”| < 2.37 (open squares). The NLO QCD predictions from JETpHOX based on the MMHT2014 PDFs
(solid lines) are also shown. The measurements and the predictions are normalised by the factors shown in
parentheses to aid visibility. The error bars represent the statistical and systematic uncertainties added in quadrature.
The shaded bands display the theoretical uncertainty. (b) Predicted cross section in pp collisions at 4/s = 14 TeV
in |nY| < 0.6 (solid histogram), 0.6 < |”| < 1.37 (dashed histogram), 1.56 < |”| < 1.81 (dotted histogram) and
1.81 < || < 2.37 (dot-dashed histogram).
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Figure 15: Ratios of the predicted cross sections of inclusive isolated photon events using different PDFs as
functions of E%’ in pp collisions at 4/s = 14 TeV in different ranges of photon pseudorapidity: (a) 77| < 0.6, (b)
0.6 < |n”| < 1.37, (c) 1.56 < |p”| < 1.81 and (d) 1.81 < |”| < 2.37. The ratios of the predictions using CT14
(dashed lines), NNPDF3.0 (dotted lines) and HERAPDF2.0 (dot-dashed lines) over those using MMHT2014 are
shown. The shaded band represents the relative systematic uncertainty due to the photon energy scale (yES) and
resolution (yER) estimated with 3.2 fb~! of pp collisions at v/s = 13 TeV [15].
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4.1.1 Impact of inclusive photon measurements at HL-LHC on the proton PDFs

The impact of the proposed measurements of inclusive isolated photon production in pp collisions at
Vs = 14 TeV in different ranges of |1”| on the proton PDFs is illustrated as follows. The uncertainty in the
theoretical predictions due to the uncertainties in the proton PDFs has been evaluated using the studies
listed below:

* The MMHT2014 analysis. The uncertainty in the predictions due to the current knowledge of the
proton PDFs is estimated by repeating the calculations using the 50 sets from the MMHT2014 error
analysis and applying the Hessian method for the evaluation of the PDF uncertainties.

e The Ultimate PDF analysis [39]. This analysis includes the expectations of several measurements at
the HL-LHC to quantify their impact on the proton PDFs. It considers measurements of inclusive
isolated photon measurements as well as measurements of the production of jets, electroweak gauge
bosons and top quark pair production at the HL-LHC. Three scenarios are analysed depending on
the assumptions on possible improvements on the experimental systematic uncertainties at HL-
LHC. Scenario 1 is conservative, scenario 3 is optimistic and scenario 2 represents an intermediate
stage. The resulting profiled PDF sets can be used for phenomenology studies by employing the
uncertainty prescription of symmetric Hessian sets, as it is done here.

The relative uncertainty in the predictions due to the uncertainties in the PDFs is shown in Fig. 19 for
the MMHT?2014 analysis as well as for the three scenarios of the Ultimate PDF analysis. In comparison
to the current estimate of the uncertainty using MMHT2014, the measurements at the HL-LHC lead to
a significant reduction, which in certain regions such as E% ~ 1-2 TeV and |n¥| < 0.6 is as large as a
factor 4.
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4.1.2 Photon Results at HE-LHC

Prospects are also obtained for inclusive isolated photon and photon+jet production in pp collisions at
/s = 27 TeV assuming an integrated luminosity of 15 ab~!. The predicted number of inclusive isolated
photon events as a function of E% in the different ranges of |1”| is shown in Fig. 20. The reach in E%’ is
(a) 5 TeV for |n”| < 0.6 and 0.6 < |7| < 1.37, (b) 3-3.5 TeV for 1.56 < |7| < 1.81 and (¢) 2.5-3 TeV
for 1.81 < |n”| < 2.37. The predicted cross sections are shown in Fig. 21. The ratios of the predictions
based on CT14, NNPDF3.0 and HERAPDF2.0 over those using MMHT2014 are shown in Fig. 22 and
differences of up to 40% are seen. The predicted relative statistical uncertainty on the number of inclusive
isolated photon events as a function of E?F' in different ranges of photon pseudorapidity is shown in Fig. 23.
A relative statistical uncertainty below 10% is achieved for photon transverse energies up to (a) 4.5 TeV
for |n”| < 0.6, (b) 4 TeV for 0.6 < |57| < 1.37, (c) 3 TeV for 1.56 < |5”| < 1.81 and (d) 2.5 TeV for
1.81 < |g7] < 2.37.

The predicted number of photon+jet events as a function of EZ, ;t, m? 7 and | cos 6*| is shown in

Fig. 24. The predictions show that the reach in EJ and p’ft is 5 TeV and the reach in m* 7 is 12 TeV. The
predicted relative statistical uncertainty on the number of photon+jet events as a function of the different
observables is shown in Fig. 25. The relative statistical uncertainty is below 10% for (a) E% up to 4.5 TeV,
(b) p]Tet up to 5 TeV and (c) m* 7 up to 10 TeV; for | cos 6*| the relative statistical uncertainty is below
0.1% for the entire range considered.

4.2 Jet Results

The predicted inclusive jet and dijet cross sections are shown in Figures 26 and 27 in the proton-proton
collisions at v/s = 14 and 27 TeV, respectively. The cross section values are calculated at NLO pQCD
accuracy. The inclusive jet cross sections are calculated as a function of the jet pr in six equal-size bins
of absolute jet rapidity for jets in the |y| < 3 range with pr > 100 GeV. The dijet cross sections are
calculated as a function of the invariant mass of the dijet system (m;;) in six equal-size bins of half absolute
rapidity separation between two leading in pr jets.

The predicted number of inclusive jet events as a function of jet pr in the different ranges of the jet rapidity
and dijet events as a function of mj; in the pp collisions at /s = 14 and 27 TeV are shown in Fig. 28 and
29. The reach in pr for the inclusive jet cross section measurements is 5.5 TeV in the |y| < 0.5 region
and 1 TeV in the 2.5 < [y| < 3.0 region at HL-LHC. For the dijet production the mj; reach is 9 TeV in
the y* < 0.5 region and 11.5 TeV in the 2.5 < y* < 3.0 region at HL-LHC. In the case of HE-LHC the
inclusive jet cross sections can be measured up to 10 (2.2) TeV in the |y| < 0.5 (2.5 < |y| < 3.0) region
and the dijet production can reach dijet invariant masses of 17 (22) TeV in the y < 0.5 (2.5 < y* < 3.0)
region.

The predicted relative statistical uncertainty in the number of inclusive jet and dijet events as a function of
the jet printhe |y| < 0.5 range and m;j; in the y* < 0.5 bin assuming an integrated luminosity of 3 (15) ab~!
of pp collision data at v/s = 14 (27) TeV for HL(HE)-LHC is shown in Fig. 30. The relative statistical
uncertainty is well below 1% everywhere, except for the highest pt and mj; bins of the measurements.
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luminosity of 15 ab~! of pp collision data at y/s = 27 TeV as a function of different observables: (a) EZ, (b) ]f ()
m?73 and (d) | cos 67|.
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Figure 26: NLO pQCD theory predictions for (a) inclusive jet and (b) dijet cross sections at /s = 14 TeV
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Figure 27: NLO pQCD theory predictions for (a) inclusive jet and (b) dijet cross sections at /s = 27 TeV
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Figure 28: Predicted number of inclusive jet and dijet events as a function of jet pr and m;; assuming an integrated
luminosity of 3 ab~! of pp collision data at /s = 14 TeV in different ranges of |y| and y*.
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Figure 29: Predicted number of inclusive jet and dijet events as a function of jet pr and m;; assuming an integrated
luminosity of 15 ab™! of pp collision data at /s = 27 TeV in different ranges of |y| and y*.
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Figure 30: Predicted relative statistical uncertainty in the number of inclusive jet and dijet events as a function of jet
pr and mj; assuming an integrated luminosity of 3 (15) ab~! of pp collision data at \/s = 14 (27) TeV in |y| < 0.5
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The total predicted JES uncertainty in the inclusive jet cross section measurement for the three HL-LHC
scenarios is illustrated in Figure 31 and compared to the total JES uncertainty estimate for the Run-2 jet
cross section measurements. Total JES uncertainty in the low pt range is same as in Run-2 and is about
2 % lower in the high-prt region. In conservative and pessimistic scenarios JES uncertainties in the cross
section are very similar in the intermediate and high-pt range, while JES uncertainty is about 1 % lower
in the low-pt range for the optimistic scenario.
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Figure 31: Relative uncertainties in the inclusive jet cross section measurements at the HL-LHC due the JES
uncertainties. Three HL-LHC scenarios are compared to the Run-2 performance. Black line corresponds to
the Run-2 performance. Green, red and blue lines represent pessimistic, conservative and optimistic scenarios,
respectively.
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5 Conclusion

Prospects for isolated-photon production inclusively and in association with at least one jet as well as for
the inclusive jet and dijet production measurements at the HL-LHC and HE-LHC are presented.

The production of inclusive isolated photons is studied for photon transverse energies above 400 GeV
in four ranges of photon pseudorapidity, namely |5”| < 0.6, 0.6 < |p¥| < 1.37, 1.56 < |n¥| < 1.81
and 1.81 < |”| < 2.37. The reach in E% is extended significantly with respect to recent measurements
by the ATLAS Collaboration: for the most central region, |n”| < 0.6, the E% reach is extended from
1.5 TeV to 3-3.5 TeV (5 TeV) assuming an integrated luminosity of 3 ab™! (15 ab™") of collision data at
vs = 14 TeV (27 TeV). For photon+ijet events, expectations are shown for the distributions in E%’ , ;t’
m? 7 and | cos *|. Jets are required to have pJT6t > 300 GeV and |y < 2.37. An integrated luminosity
of 3ab~! (15 ab™") of collision data at /s = 14 TeV (27 TeV) leads to significant extensions of phase space
in comparison with recent measurements at /s = 13 TeV: for E%’ and p'Tet from 1.5 TeV to 3.5 TeV (5 TeV)
and for m¥7° from 3.3 TeV to 7 TeV (12 TeV).

The inclusive jet production cross sections at NLO pQCD accuracy for jets with pr > 100 GeV within
|y| < 3 in six bins of the absolute jet rapidity are calculated. The non-perturbative effects are taken into
account as multiplicative factors. The reach in jet transverse momentum in the central rapidity range in
comparison to the recent ATLAS measurements [17] is extended from 3.5 TeV to 5.5 (10) TeV for the
inclusive jet pt and from 9 TeV to 11.5 (22) TeV for the dijet invariant mass at the HL-LHC (HE-LHC).

The expected experimental uncertainties in the inclusive jet measurements are studied using three possible
scenarios for the precision in the jet energy measurements. In all considered scenarios the inclusive
jet cross section measurements will improve compared to Run-2 results precision. In the optimistic
scenario, the expected precision will be almost two times better than one in the corresponding Run-2
measurements.

The impact of non-perturbative effects in the high transverse momentum range is small, around 1-2%,
allowing to directly test the perturbative QCD predictions at the energy frontiers set by HL/HE-LHC.

A study of PDF sensitivity of the photon and jet production cross sections based on current PDF sets such
as MMHT2014, CT14, NNPDF3.0 and HERAPDF2.0 show differences between predictions of up to 30%.
That will allow to further constrain the PDFs by performing the photon and jet production measurements
at the HL-LHC and HE-LHC. The expected impact on the determination of the proton PDFs of these
measurements together with those of other processes such as the production of electroweak gauge bosons
and top quark pairs at HL-LHC is illustrated with the estimations of the PDF induced uncertainties based
on the PDFALHC HL-LHC PDF set.
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