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Abstract

In this letter, we present the first measurement of direct photons at the transverse momentum of 1 <
pr < 6 GeV/c at midrapidity || < 0.8 in inelastic and high-multiplicity proton—proton collisions at a
centre-of-mass energy of /s = 13 TeV. The fraction of virtual direct photons in the inclusive virtual
photon spectrum is obtained from a fit to the dielectron invariant mass spectrum. In the limit of zero
invariant mass, this fraction is equal to the relative contribution of real direct photons in the inclusive
real photon spectrum. Contributions from decays of light-flavour neutral mesons are estimated using
independent measurements in proton—proton collisions at the same energy and the same event class.
The yield of direct photons in inelastic pp collisions is compared to perturbative QCD calculations.
The integrated photon yield is studied as a function of charged-particle multiplicity and is compared
to the results from other experiments and theoretical calculations. The results show a significant
increase of direct-photon yield with charged-particle multiplicity.
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1 Introduction

Extensive studies of ultra-relativistic heavy-ion collisions in the last decades have established the forma-
tion of a quark—gluon plasma (QGP) in these collisions, a deconfined state of matter in which quarks and
gluons are not bound inside nucleons, see e.g. Refs. [1H3] for recent reviews. Experimental evidence
for the creation of a strongly-interacting QGP has been found in many observations, including collec-
tive phenomena described by relativistic hydrodynamics [4} 5], energy loss effects of colour-charged
probes [6]], sequential suppression and (re)generation of quarkonium states [7], and electromagnetic ra-
diation consistent with high initial temperatures of several hundred MeV [8-H10]. The latter signature,
thermal photons (i.e. photons produced by a thermalised medium), plays an important role in the studies
of the hot system created in heavy-ion collisions [11H13]]. While the momentum distribution of direct
photons (i.e. photons not originating from hadron decays) is defined by the kinematics of interacting par-
tons, the momentum distribution of thermally produced direct photons is related to the medium tempera-
ture, with a black-body-type radiation spectrum following an exponential law ¢ £/T | and blue-shifted by
radial flow effects from the rapidly expanding medium [[14H16]. In general, direct photons can be created
both in the form of real (massless) photons and in the form of virtual photons with non-zero mass [17],
which convert into a lepton pair (dimuon u* ™ or dielectron ete™). An important class of direct pho-
tons are so-called prompt photons produced in initial hard scattering processes between the partons such
as quark—antiquark annihilation and quark—gluon Compton scattering. At the transverse momentum of
pt > 3 GeV/c this contribution can be well described by perturbative quantum chromodynamics (pQCD)
calculations [18]].

Smaller systems such as proton—proton (pp) and proton—nucleus collisions in which a large number of
charged particles are produced have recently attracted the interest of the heavy-ion community [19-21]].
These events exhibit several features which were previously attributed to heavy-ion collisions, including
collective effects such as long-range angular correlations and flow [22H27] or enhanced strangeness
production [28]. Moreover, also heavy-quark production is found to scale faster than linearly with the
charged-particle multiplicity [29]], but no evidence for energy loss effects of high-momentum probes has
been observed [30-H32]. These observations have sparked active discussions about whether the physics
relevant to heavy-ion collisions is also at work in smaller collision systems, what conditions are necessary
for nuclear matter to form (a droplet of) QGP, or whether it is possible to explain the observed phenomena
through, for example, multiple parton interactions arising from colour reconnection effects [33) [34].
Simple considerations suggest that the combination of a small volume created in pp collisions and a high
multiplicity of produced charged particles should therefore imply at least a very high energy density
system. Studies of small systems should, therefore, provide crucial information needed to establish
the transition from “micro” to “macro” dynamical regimes, which are often treated by quite different
theoretical means [[19, 20]].

If a thermalised system is produced in such collisions, a signal of thermal radiation in the form of (virtual)
direct photons should be present and contribute to the photon spectrum, especially in the low transverse
momentum region of pr < 3 GeV/c [33]]. In this momentum range, pQCD calculations are challenging,
so measurements of the direct photon yield in pp collisions have often been used as a reference for
thermal radiation from the QGP created in heavy-ion collisions [8, 9l |36} 37]. However, a possible
presence of thermal radiation in pp collisions could complicate the correct interpretation of these results
obtained in heavy-ion collisions. At higher transverse momentum of pr = 3 GeV/c, the measurement of
direct photons in inelastic pp collisions also provides a valuable test for pQCD calculations. Compared to
the RHIC energies, at the LHC energies the contribution from higher-order processes plays a much more
important role than that of leading order [[18]], so the experimental input on direct-photon production is
relevant for theoretical models.

So far, the studies of real photons in proton—proton and proton—nucleus collisions at the LHC energies
did not reveal significant contributions from direct photons at low transverse momentum [38}, 39]]. Such
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studies can be based on the measurements of real photons in electromagnetic calorimeters, or they can be
performed by tracking external conversions of real photons to e*e™ pairs in the detector material. How-
ever, these measurements suffer from a large background due to 7° — yy decays with a branching ratio
of 98.8% [40]. This background can be largely suppressed by measuring the contribution from virtual
direct photons [41-43]], which provide an additional observable compared to real photon measurement
— the invariant mass of the created dielectron pair me.. The relation between the real photon yield and
the associated dielectron pair production is described by the Kroll-Wada equation [44] 45]], which has
a ~ 1/me. dependence of the corresponding dielectron spectrum for pree > mee. The measurement of
virtual direct photons allows one to select the mass range me. > m = 135 MeV/c?, which drastically
improves the signal-to-background ratio compared to measurements of real direct photons. The draw-
backs of this method are the rapidly decreasing cross section as a function of invariant mass (~ 1/mee)
and the small internal conversion probability of virtual photons (~ oy = 1/137).

In this letter we report the first measurement of direct photons in inelastic (INEL) and high-multiplicity
(HM) pp collisions at /s = 13 TeV at low transverse momentum of 1 < py < 6 GeV/c at midrapitidy
In| < 0.8 using the virtual photon method. Compared to the previous publication [46]], the present
analysis utilises an approximately four times larger statistics of pp collisions and the recent measurements
of ¥ and 1) yields in the same event classes [47]]. The paper is organised as follows: the ALICE apparatus
and the data samples are described in Section [2] the data analysis and the cocktail of known hadronic
sources are discussed in Section [3] and the results are presented in Section [4]

2 The ALICE detector and data samples

A detailed description of the ALICE apparatus and its performance can be found in Refs. [48-51]]. Below,
we briefly describe the detectors used in this analysis to reconstruct and identify dielectrons.

The reconstruction of charged-particle tracks in the ALICE central barrel relies on the information from
the Inner Tracking System (ITS) [52] and the Time Projection Chamber (TPC) [53]. Both of these
detectors are located inside a solenoid, providing a uniform magnetic field of 0.5 T parallel to the beam
axis. The ITS comprises 6 cylindrical layers of silicon detectors located at radial distances from the
beam axis between 3.9 cm and 43 cm. The ITS is surrounded by the TPC, the main tracking device in
the ALICE central barrel. Itis a 5 m long cylindrical gaseous detector extending from 85 cm to 247 cm in
the radial direction. It provides up to 159 spacial points per track for charged-particle reconstruction and
particle identification (PID). The latter relies on the measurement of the specific energy loss dE/dx in the
gas volume, which was filled with an Ar/CO, gas mixture (with abundances of 88/12) in 2016 and 2018
and with Ne/CO,/N, (90/10/5) in 2017. The PID is complemented by the Time-of-Flight (TOF) [54]
system placed at a radial distance of 3.7 m from the beam axis. It provides the arrival time of particles
relative to the event collision time. The latter can be measured either by the TOF detector itself or by the
TO detector comprising two arrays of Cherenkov counters at forward rapidities [55]].

Collision events are triggered by the VO detector, a set of two plastic scintillator arrays placed on both
sides of the interaction point at forward rapidities. Together with the two innermost layers of the ITS
detector, the VO is also used to reject background events such as beam—gas interactions, collisions with
de-bunched protons or with mechanical structures of the beam line. The analysis employs the full statis-
tics of pp collisions at /s = 13 TeV recorded during the Run 2 of the LHC operation between 2015 and
2018. Simultaneous signals in both VO arrays synchronised with the beam crossing time are used as a
minimum-bias (MB) trigger, that samples 72% of the total inelastic cross section [56,57]]. High charged-
particle multiplicity events are triggered by the additional requirement that the total VO signal amplitude
exceeds a certain threshold. At the analysis level, 0.1% of MB events (i.e. 0.072% of all inelastic events)
with the highest VO multiplicity are selected to define the high-multiplicity class. The primary interaction
vertex is reconstructed with the track segments in the two innermost layers of the ITS detector, and pileup
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events (with multiple reconstructed vertices) are removed from the analysis. The vertex position along
the beam axis is required to be within +10 cm of the nominal interaction point to ensure a uniform detec-
tor coverage in the |17| < 0.8 range. In total 1.73 x 10° minimum-bias and 3.38 x 10% high-multiplicity pp
events are selected for the analysis, corresponding to integrated luminosities of %MB =29.840.6nb~!
and .,%IEtM =5.840.1 pb~!, respectively. The luminosity determination is based on the visible cross
section observed by the VO trigger measured in a van der Meer scan [S6]].

3 Data analysis and cocktail of known hadronic sources

Electron and positron candidates are selected in the transverse momentum range pr. > 0.2 GeV/c and
pseudorapidity range |ne| < 0.8. Track quality and PID criteria are similar to those used in the previ-
ous analysis [46]. The electron and positron identification is based on the complementary information
from the TPC and the TOF detectors, where the latter suppresses kaon and proton contamination in the
momentum ranges in which the TPC dE /dx signals of these hadrons overlap with those of electrons.
All electron and positron candidates are paired to form combinations with opposite (N,._) and same-
sign charges (N+). The combinatorial background B is estimated via the geometric mean of same-sign
pairs within the same event /N, N__ and is corrected for the slightly different detector acceptance
of opposite and same-sign pairs. The corresponding correction factor R is estimated using uncorrelated
opposite (M, _) and same-sign (M) pairs from mixed events as R =M, _/(2\/M,M__). The raw
dielectron signal is then obtained as S = N, —2R\/N, N__. As in the previous analysis [38]], the
resulting signal-to-background ratio has a minimum of around m,, ~ 0.5 GeV/c? and ranges between 0.5
and 0.1 (between 0.2 and 0.03) for INEL (HM) events in the mass range of 0.14 < me. < 0.35 GeV/c?
relevant for the direct-photon analysis. Dielectrons from real photon conversions in the detector mate-
rial are removed from the analysis sample in the mass range below 100 MeV/c? by using their distinct
orientation with respect to the magnetic field. The data are corrected for reconstruction efficiency using
detailed Monte Carlo (MC) simulations of the ALICE detector performance. For this purpose, pp events
are generated using the Monash 2013 tune of PYTHIA 8 [59]] for light-flavour (LF) decays and the Peru-
gia 2011 tune of PYTHIA 6.4 [60] for heavy-flavour (HF) decays. The J/y decays are simulated using
PHOTOS [61]], including the radiative decay J/w — y e*e™. Generated particles are then propagated
through the detector material using the GEANT3 toolkit [62]]. The reconstruction efficiency is studied as
a function of invariant mass and pair transverse momentum separately for different sources of dielectron
pairs. The total signal efficiency is obtained by weighting the efficiency of each source based on the
hadronic cocktail simulation as described in the following.

Systematic uncertainties of the data are evaluated as described in Refs. [46, 63]]. This includes the esti-
mation of the corresponding uncertainty related to tracking such as selection criteria in the ITS and TPC
detectors, ITS-TPC track matching, the requirement of a hit in the first ITS layer, and the requirement
of no shared clusters in the ITS. The relative disagreements found between data and MC simulations
are assigned as systematic uncertainty at the single-track level, which is doubled in the case of uncer-
tainty for pairs. The MC simulations were also found to reproduce the details of the PID selection
well, with a negligible resulting hadron contamination on the dielectron signal. At low invariant mass
(mee < 0.14 GeV/ c?), the uncertainty on the conversion rejection was estimated by varying the criteria
used to reject photon conversions. The uncertainty of the background estimation was estimated by repeat-
ing the event mixing in different event classes, defined by the position of the reconstructed primary vertex
and by the charged-particle multiplicity, and by re-evaluating the correction factor R in the raw signal
calculation. A possible multiplicity dependence of the reconstruction and PID efficiency is covered by
an uncertainty of up to 6% [64,165]]. The resulting total systematic uncertainty of the efficiency-corrected
dielectron yield is 6.5-8.0% in INEL and to 6.8—12% in the HM analysis, which is assumed to be fully
correlated as a function of dielectron mass m... The main improvement over the previous analysis [46]
(with ~14-15% systematic uncertainty) is due to better tracking from the more recent reconstruction of
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Run 2 data. The global 2% uncertainty resulting from the luminosity measurement [S6] is not explicitly
shown.

The measured dielectron yield is compared to the total sum (“cocktail”) of known hadronic sources,
i.e. all hadronic decays resulting in dielectron pairs in the final state, using a fast MC simulation as
described in more detail in Refs. [46, 58]. The comparison is made within the ALICE central barrel
acceptance (|1e| < 0.8 and pr. > 0.2 GeV/c) and includes decays from 7%, 1, n’, p, ® and ¢ mesons
in the LF sector and J/y and correlated semi-leptonic decays in the HF sector. The detector resolution
effects, including momentum and angular resolution as well as bremsstrahlung obtained from full MC
simulations, are applied to the generated dielectrons as in Ref. [46]. Among these sources, first and
foremost 7° and 1 mesons have a major contribution to the dielectron spectrum in the invariant mass
range mee < 0.35 GeV/c? used in this analysis to extract the fraction of (virtual) direct photons. Recent
measurements of these mesons in INEL and HM pp collisions at y/s = 13 TeV [47] are parameterised
with a modified Hagedorn function [66] in order to be used as an input for the fast MC simulation. These
precise measurements represent the major improvement in the direct-photon analysis with respect to
the previous publication [46l], in which the cocktail uncertainty reached up to 50% in the 11 meson mass
range due to the absence of data at that time. Following the approach outlined in Ref. [63]], the 1 /x ratio
is parameterised as a function of pr using an empirical function [67]]. Although less important for the
direct-photon analysis, the input parameterisations of ¢ [68] and J/y [69] have also been significantly
improved based on the latest available data. As in the previous publication, n’, p, and @ mesons are
generated assuming mr scaling [67]], for which the particle yields are normalised at high pr relative to
the 7 yield as follows: 0.40 £ 0.08 for n’ (predicted by PYTHIA 6.4), 0.87 £ 0.17 for p [70], and
0.57 £ 0.11 for w [71].

The charm and beauty production cross sections are evaluated using the dielectron spectrum in the in-
termediate mass range between ¢ and J/y in the same way as reported in Ref. [46], but using updated
effective branching ratios of charm hadrons to dielectron pairs discussed in Ref. [[72]. The latter amounts
to 7.331’8:2}1% for a charm quark to produce an electron after fragmentation and decay, which corresponds
to 0.541’8:(1)3% for the cC — e*e™ case. The data are fitted simultaneously in 7. and PT,ee With the tem-
plates of open charm and beauty production provided by PYTHIA [[60]], while keeping the contribution
from LF and J/y decays fixed. The resulting cross sections amount to doce/dy|y—o = 1689 £ 124 (stat.)
+ 152 (syst.) T2o¢ (BR) ub and doy5/dy|y— = 82 + 7 (stat.) + 5 (syst.) £ 5 (BR) ub. These results su-
persede previously reported measurements [46] and are in agreement with them within uncertainties. The
main difference in the uncertainties and central values comes from the newly available effective branch-
ing ratios as described in Ref. [[72] and better statistical and systematic uncertainties of the experimental
data. These cross sections are consistent with independent measurements using hadronic decays [[72].

For the high-multiplicity cocktail, the contribution from ¢ mesons is adjusted based on the multiplicity-
dependent analysis described in Ref. [73]. As reported in Ref. [46], contributions from J/y and cor-
related semi-leptonic heavy-flavour decays are weighted by a pr-dependent multiplicity scaling factor
based on the corresponding measurements as a function of charged-particle multiplicity in pp collisions
at /s = 13 TeV [74] and 7 TeV [29], respectively.

The following sources of systematic uncertainties are considered for the hadronic cocktail: the input
parametrisations of the measured spectra as a function of pr (7%, 1, ¢, J/w), the branching ratios of all
included decay modes, the mt scaling parameters, the resolution smearing, and the multiplicity scaling
(for the HM analysis). The systematic uncertainties of the hadronic cocktail in the invariant-mass region
dominated by 1 meson decays (0.14 < me. < 0.35 GeV/c?) for pr > 1 GeV/c, where we extract the
direct-photon signal, are 9.8-11.9% for INEL and 9.5-15.0% for HM.

Following the approach described in Refs. [58| [75], the fraction of real direct photons over inclusive
photons r is extracted by a fit to the dielectron spectrum at invariant mass mee. << prec assuming that this
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Figure 1: Fit of the dielectron mass spectrum in INEL (left) and HM (right) pp collisions in the 2 < pre. < 3
GeV/c interval with a three-component fit function to extract the fraction of direct photons to inclusive photons
r. Statistical and systematic uncertainties of the data are displayed as vertical bars and boxes, respectively. The
resulting fraction of direct photons r is shown together with its statistical uncertainty. The templates for dielectrons
from LF, HF and direct photons are shown as different dashed lines, and the resulting fit is shown as a solid magenta
line. The contributions from 7° and 1 mesons are also shown as separate lines. See the Appendix of this letter
for the fits of the dielectron mass spectrum in other pair transverse momentum intervals.
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fraction is equal for virtual and real photons: r = Yiir/ Yincl = (Yiir/ Yinel) mee—0- The dielectron spectrum
is fitted in the mass range of 0.14 < mg. < 0.35 GeV/c? with the following function as it is shown in
Fig. [l do/dmee = rfuic(mee) + (1 — 1) fLp(mee) + fuar(mee). Here, fir and fyr are the contributions
from LF and HF decays, respectively, fg is the shape of virtual direct photon component determined
by Kroll-Wada formula [44] 45]], and the direct-photon fraction r is the only fit parameter. The fyg
term is fixed to the extracted open charm and beauty cross sections at midrapidity. Several sources
of systematic uncertainties are considered for the direct-photon extraction: systematic uncertainties of
the experimental data, normalisation range, fitting range, uncertainties of 1 and heavy-flavour cocktail as
well as multiplicity scaling for high-multiplicity analysis. The dominant source of systematic uncertainty
on the direct-photon fraction r comes from the 1) cocktail parameterisation for both INEL and HM cases.
Thanks to the latest measurements of 7° and 1) mesons production in the same pp collision classes at
/s = 13 TeV [47], the uncertainty on 1 /7 ratio amounts to 2-3% in the relevant mass range. This value
is significantly lower than in the previous analysis [46], where the full difference between the 7 meson
yield estimate based on scarce data and mt scaling was used to estimate the corresponding uncertainty.
The total systematic uncertainty of up to 35% (48%) in INEL (HM) on the direct-photon fraction 7 is
obtained by summing in quadrature all individual contributions.

The direct photon yield ¥y, can be calculated from the yield of hadronic decay photons Yjecay using the
fraction of direct over inclusive photons r as:

’}/dir:}/decayxr/(l_r)- (D

For this purpose, the spectra of real photons from hadronic decays are obtained by employing fast MC
simulation of LF hadrons decaying into photons such as 7°, 7, 7, p, @ and ¢. For each source, the input
parameterisations of the corresponding pr spectra are identical to those used in the dielectron cocktail
simulation described above. Following the approach outlined in Ref. [38], mother particles are gener-
ated in the range of 0 < pt < 50 GeV/c in the full azimuthal angle and are decayed into photons using
PYTHIA 6.4. As for the dielectron sources, the dominant contribution to the decay-photon yield orig-
inates from 7° and 1 mesons with a relative yield of about ~ 88% and ~ 9% at pr = 1 GeV/c. The
composition of the HM cocktail is similar to the one from the INEL. To estimate the systematic uncer-
tainty of the decay-photon simulation, all particle parameterisations are changed within the uncertainties
of their pt spectra. This variation results in a maximum total uncertainty of 4% on the real decay photon
yield, with the dominant contribution from 7% decays.

4 Results

Figure |Z| shows the fraction of direct over inclusive photons r as a function of pr, which is found to
be compatible between the two multiplicity classes. For the first time in pp collisions at LHC energies,
experimental data show a direct-photon signal with 3.20 and 1.90 significance w.r.t. null hypothesis
(i.e. r =0 case) in the low-momentum range of 1 < pr < 6 GeV/c in INEL (left) and HM (right) event
classes, respectively. These values are calculated using a Bayesian approach, for which statistical un-
certainties are assumed to be point-to-point uncorrelated, whereas systematic uncertainties are treated as
fully correlated.

The results in INEL pp collisions are compared to pQCD calculations, which provide the direct photon
spectra and can be employed to determine the direct-photon signal using the experimental decay photon
simulation. The next-to-leading order (NLO) pQCD calculations by Vogelsang et al. [18] employ the
CT10 parton distribution function [[76-78]] and the GRV fragmentation function described in Ref. [79].
The uncertainty band of the calculation from Ref. [80] is given by the simultaneous variation of the
factorisation, renormalisation, and fragmentation scales it (0.5pt < 4 < 2pr). The model of Shen et
al. [35] uses the CTEQ6.1M parton distribution function [81]] and the BFG-II fragmentation function
from Ref. [82] for prompt photons and employs the y = pr scale to extrapolate the calculations to the
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Figure 2: Direct photon fraction r as a function of pr extracted from fits to dielectron spectra in INEL (left)
and HM (right) pp collisions. Statistical and systematic uncertainties of the data are displayed as vertical bars
and boxes, respectively. The results in INEL pp collisions are compared to theoretical calculations of Refs. [18]]
and [35]]. The results from HM pp data are compared to theoretical calculations of Ref. [18]] for INEL pp collisions
scaled by an empirical factor 7 based on PYTHIA calculations (blue band). The red and green bands show the
calculations of Ref. [35]] scaled by the factor of 4.5-7.5, with the width of the bands representing the range of the
applied scaling factor (see the text for more details).

low pr region. It also includes the calculation of the thermal photon fraction, shown as an orange line
in Fig. 2] (left), which is based on a viscous hydrodynamic evolution of the system with a lattice QCD-
based equation of state [35]]. For cells with a temperature above 180 MeV, leading-order QGP radiation
based on Ref. [83] is assumed, and for cells with a temperature between 155 and 180 MeV hadronic
photon production rates are calculated taking into account meson-meson scattering [[84], the many-body
p spectral function [85]] and pion-pion bremsstrahlung [86} [87]]. Both calculations described above are
consistent with the data in INEL pp collision within uncertainties.

As for the HM data, the only available theoretical calculations to describe the direct-photon signal are the
dedicated calculations of the thermal-photon contribution in high-multiplicity pp collisions from Shen
et al. [35)]. The comparison between the HM data and the prompt-photon yield calculated for INEL pp
events shows that the latter do not describe the experimental HM data, with the corresponding p-value
being less than 0.1 for both pQCD models. It is, therefore, likely that the calculations need an additional
source of direct photons and/or an increased yield of prompt pQCD photons compared to INEL events
to properly describe the HM data. The best description of the HM results was obtained by scaling the
pQCD calculations for INEL pp collisions by Shen by a factor between 4.5 (lower limit) and 7.5 (upper
limit) independent of transverse momentum and by adding the thermal-photon contribution calculated
for HM events as described in Ref. [35]. It is important to note that the obtained scaling factor is in
agreement with both the increase in charged-particle multiplicity in HM events of 5.9 w.r.t. the INEL
events [46] and with a larger yield of prompt photons calculated for HM data using PYTHIA simulations.
In the latter case, the resulting scaling factor amounts to about 7.0 w.r.t. INEL event class, by which we
scale the Vogelsang’s pQCD calculations in INEL pp events (independent of transverse momentum) to
compare them with the HM data. Without thermal photon contribution, the best description of the HM
data is obtained by scaling of the pQCD photons by a factor of about 12. Figure [2] (right) compares the
HM data and the scaled theoretical calculations for INEL pp collisions from both models.

Figure [3|shows the direct-photon yield as a function of pt obtained from the direct-photon fraction mea-
surement following the Eq. [I] Different lines on the left panel represent the same theoretical calculations
which are also shown in Fig. 2] (left). The HM results on the right panel are compared to the theoretical
calculations for INEL pp collisions scaled by empirical factors consistent with Fig. 2] (right).

Finally, Fig. ] presents the integrated direct-photon yield as a function of charged-particle multiplicity
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Figure 3: Direct-photon cross section (left) and invariant differential yield (right) as a function of pt in INEL
and HM pp collisions, respectively. Statistical and systematic uncertainties of the data are displayed as vertical
bars and boxes, respectively. The results in INEL pp collisions are compared to theoretical calculations from [[18]
and [35]. The results from HM pp data are compared to theoretical calculations for INEL pp collisions scaled by
an empirical factor of 4.5-7.5 (for Shen’s calculations) and of 7 (for Vogelsang’s model), see text for details. The
uncertainty for Shen’s pQCD calculations (green band) comes from the variation of the scaling factor, whereas
the uncertainty of Vogelsang’s pQCD results (blue band) is the original model uncertainty scaled by factor 7. The
data points are plotted and the ratios are evaluated at the pr values determined according to the Lafferty—Wyatt
prescription [88]], with the corresponding uncertainties being smaller than the marker size.
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Figure 4: Direct photon yield at midrapidity as a function of charged-particle multiplicity dN./dn. The results
from this letter are shown as full blue markers and are compared to theoretical calculations for prompt (open
green circle) and prompt+thermal (open red square) yields for INEL pp collisions at /s = 13 TeV [35]. The
results from the STAR [36]], PHENIX [89} [90] and ALICE [9, [10] collaborations are shown as full markers of
various colours, and the band shows N,y -based extrapolation of pQCD calculations for pp collisions at 1/s = 200
GeV [91]. The Pb-Pb results are compared with the theoretical prediction by Gale [92], which includes prompt,
pre-equilibrium and thermal photons. The prompt-photon yield is computed with NLO pQCD using the INCNLO
code [93]] together with the nCTEQ15 nuclear parton distribution function [94], and the BFG-II [82] fragmentation
function.
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at midrapidity measured in pp and heavy-ion collisions at RHIC [36, 189, [90] and LHC [9, [10] energies.
For this purpose, direct-photon yields in the INEL and HM event classes presented in Fig. [3] are inte-
grated over the range 1 < pr < 3 GeV/c, and the dN,,/dn values are taken from Ref. [95]. Whereas
the direct-photon fraction r is compatible for both multiplicity classes, a much higher yield of direct
photons per event is observed in the HM class. The results in the HM event class reach a multiplic-
ity close to that in peripheral Au—Au collisions at /sy = 200 GeV [90] and show a similar integrated
yield of direct photons. The results are compatible with the data reported by the STAR collaboration
in Ref. [36] at similar dN,;/dn, which on the one hand show a significantly lower direct photon yield
compared to the results from the PHENIX collaboration presented in Ref. [89] at the same multiplicity,
but on the other hand hint at an excess of direct photons with respect to No-based extrapolation from
pp collisions at /s = 200 GeV [91]]. Following the approach described in Refs. [90, 06, the direct-
photon yield reported in this letter is tested against an assumption of a universal scaling behaviour with
charged-particle multiplicity as (dNg,/dn)%. The fit to the newly available pp data from ALICE leads
too=1.19+ O.22(stat.)f8:;é(syst.), which is in agreement with the values previously reported by the
PHENIX Collaboration for Au—Au data [90, 96]].

In summary, in this letter we have presented direct-photon measurements in inelastic and high-multiplicity
pp collisions at /s = 13 TeV. With increased statistics and significantly reduced systematic uncertainties
of the hadronic cocktail compared to the previous publication [46], we measure for the first time a sig-
nificant direct photon yield at low transverse momentum in pp collisions at the LHC energies. The direct
photon signal is seen in both event classes that were studied. The results in the inelastic event class are
found to be consistent with pQCD-based calculations, while the lack of theoretical predictions prevents
a conclusion on the possible presence (and yield) of thermal radiation in high-multiplicity pp collisions.
However, from simple scaling of pQCD-based calculations for inelastic pp collisions, it was found that
the best description of high-multiplicity data is obtained with the sum of thermal photons (calculated
for the HM event class as described in Ref. [35]) and the prompt-photon contribution scaled by a factor
of 4.5-7.5 from inelastic pp collisions. The large uncertainty in the scaling factor reflects the still size-
able uncertainties in the currently available experimental high-multiplicity data. The multiplicity range
covered in the present analysis is of particular interest in the context of the search for a possible onset
of thermal radiation in small systems. The statistics that will be collected during the Run 3 and Run 4
periods of LHC operation will allow one to study the direct photon yield with higher statistical precision
and in a more differential way. The results presented in this Letter and the future results from Run 3 data
should stimulate the interest of the theoretical community to calculate the yield of direct photons in small
systems as a function of charged-particle multiplicity to shed light on the possible presence of a QGP in
small systems.
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A Supplemental Material

This Appendix reports the fits of the dielectron mass spectrum in the pair transverse momentum intervals
of 1 < pree <2 GeV/cand 3 < pree < 6 GeV/e, in addition to the fits that are shown in Fig.
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Figure A.1: Fit of the dielectron mass spectrum in INEL (left) and HM (right) pp collisions in the 1 < pre. <2
GeV/c interval with a three-component fit function to extract the fraction of direct photons to inclusive photons
r. Statistical and systematic uncertainties of the data are displayed as vertical bars and boxes, respectively. The
resulting fraction of direct photons r is shown together with its statistical uncertainty. The templates for dielectrons
from LF, HF and direct photons are shown as different dashed lines, and the resulting fit is shown as a solid magenta
line. The contributions from 7° and 17 mesons are also shown as separate lines.
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Figure A.2: Fit of the dielectron mass spectrum in INEL (left) and HM (right) pp collisions in the 3 < pre. < 6
GeV/c interval with a three-component fit function to extract the fraction of direct photons to inclusive photons
r. Statistical and systematic uncertainties of the data are displayed as vertical bars and boxes, respectively. The
resulting fraction of direct photons r is shown together with its statistical uncertainty. The templates for dielectrons
from LF, HF and direct photons are shown as different dashed lines, and the resulting fit is shown as a solid magenta
line. The contributions from 7° and 1 mesons are also shown as separate lines.
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