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ABSTRACT: Next-to-leading order predictions matched to parton showers are compared
with recent ATLAS data on isolated photon production and CMS data on associated pho-
ton and jet production in pp and pPb collisions at different centre-of-mass energies of the
LHC. We find good agreement and, as expected, considerably reduced scale uncertainties
compared to previous theoretical calculations. Predictions are made for the ratio of in-
clusive photons over decay photons R, an important quantity to evaluate the significance
of additional photon sources, e.g. thermal radiation from a Quark-Gluon-Plasma, and for
distributions in the parton momentum fraction in lead ions x%ﬁ’f, that could be determined
by ALICE, ATLAS, CMS and LHCDb in ongoing analyses of photon+jet production in
pPDb collisions at /syn = 5.02TeV. These data should have an important impact on the
determination of nuclear effects such as shadowing at low z.
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1 Introduction

Photons play many important roles in high-energy collisions. They allow, e.g., to determine
the strong coupling constant (as) [1] or the partonic structure of protons, photons [2] and
nuclei [3-5], and they can serve as a thermometer of the hot Quark-Gluon-Plasma (QGP)
created in heavy-ion collisions [6, 7]. If produced in association with a hadronic jet, they
allow to calibrate the transverse momentum of the latter at its creation and to deduce its
subsequent hadronic energy loss or azimuthal decorrelation in the medium [8].

Theoretical predictions for final-state photon production in pp, pPb, and PbPb colli-
sions have since long been available at leading order (LO) of perturbative QCD and have
been implemented in parton shower (PS) Monte Carlo generators like PYTHIA 8 [9]. The
latter also allow to model the (vacuum) fragmentation of final-state quarks and gluons
into the observed hadrons and jets. Here, detailed information on the final state comes at
the price of large theoretical uncertainties from variations of unphysical scales and other
parameters. Nevertheless, Monte Carlo generators represent an indispensable tool in the
experimental analyses such as those of the ALICE [10, 11], ATLAS [12, 13], CMS [14], and
LHCb [15] experiments at the Large Hadron Collider (LHC) at CERN.

In contrast, inclusive next-to-leading order (NLO) QCD calculations [16, 17] depend
on fewer tunable parameters and allow for a stabilisation of renormalisation and factori-
sation scale dependences among perturbative matrix elements and renormalisation-group



improved initial-state parton density functions (PDFs) and final-state fragmentation func-
tions (FFs). As a consequence, they have been widely applied to photon measurements at
the Tevatron, most recently to single [18] and pairs of isolated photons [19], photon+jet [20],
and (with shortcomings at high pr) photon+heavy quark measurements [21, 22]. Unfortu-
nately, PDFs and FF's are non-perturbative and must be fitted to experimental data [23].
Due to the lack of a new electron-positron collider, few improvements have been made on
photon FFs over the last decades [24, 25]. NLO calculations for Zy+jet and Zv+ [29] have
recently become available in MCFM, followed by predictions at next-to-next-to-leading or-
der (NNLO) for diphoton [26, 27] and Z+~ [28] production. The disadvantages of inclusive
calculations lie in the limited multiplicity of and information on the produced final state
and the consequently restricted number of kinematic observables.

Matching a NLO calculation with a PS Monte Carlo generator combines the advantages
of both methods. Subtraction methods [30] like the one implemented in POWHEG [31]
to avoid double counting of the soft and collinear regions are now well established. We
have recently applied this method to prompt photon production and associated photon-
jet production in proton-proton (pp) collisions and compared our numerical results with
PHENIX data from RHIC at BNL [32]. An important difference of NLO+PS calculations
with respect to inclusive NLO calculations lies in the treatment of fragmentation contribu-
tions. It has, however, been demonstrated that in electron-positron collisions the NLO+PS
approach also leads to a very good description of FF photons [33]. Multijet merging strate-
gies have also recently been developed and applied in particular to diphoton production at
NLO [34-36] and at NLO+PS [37].

It is the purpose of this paper to confront our NLO+PS calculations employing POW-
HEG+PYTHIA for the first time with LHC data. After a review of our theoretical method
and a demonstration of the parameter dependence of LO+PS calculations in section 2, we
perform these comparisons in section 3 first for isolated photon production, measured in pp
collisions by ATLAS [12], then for associated photon+jet production, analysed in pp and
pPDb collisions by CMS [14]. Predictions for these experiments as well as for the ALICE and
LHCb experiments are made in section 4 with a focus on the determination of nuclear PDF's
in pPb collisions and on the reliable calculation of quantities relevant for the extraction of
QGP properties. Our conclusions are presented in section 5.

2 Prompt photon production with POWHEG

In this section, we summarise our theoretical calculation of prompt photon production at
NLO and the implementation of this calculation in POWHEG. Details can be found in our
previous publication [32].

2.1 NLO calculation of prompt photon production and matching to PS

Direct photon production proceeds at LO through the tree-level processes q§ — =g and
g9 — ~vq. In the POWHEG method [31], these processes must also be calculated with
colour and spin correlations. We computed the traces of Dirac matrices with FormCalc
8.4 [38] and checked our results against the literature and Madgraph 5 [39].



The virtual corrections required the computation of the same processes at the one-loop
level, the subsequent reduction of tensor loop integrals with Form [40], and the computation
of the resulting scalar integrals with LoopTools 2.13 [41]. Renormalisation was performed
in the MS scheme, and the UV-finite results were checked against MG5_aMC@NLO [42].
For the real corrections, the tree-level processes with additional gluon radiation or gluon
splitting into quark-antiquark pairs had to be computed. The new process gg — vqq
plays a particularly important role at the LHC due to the high gluon luminosity at these
collision energies. Final-state quark-antiquark pairs lead to different jet fragmentation, in
particular in the QGP produced in heavy-ion collisions. Again, traces of Dirac matrices
were computed with FormCalc 8.4 and the results checked with Madgraph 5. Infrared
singularities were then removed with the dipole subtraction method [43]. QCD finiteness
was checked against AutoDipole 1.2.3 [44], and the integrated QED dipole was shown
to reproduce well the pointlike contribution to the photon fragmentation function. The
total NLO calculation was finally shown to agree with JETPHOX [16, 17]. The latter,
however, also includes fragmentation contributions at NLO and requires the convolution
with a photon fragmentation function such as BFG II [23]. In our POWHEG approach,
these contributions are taken into account at NLO by partonic scatterings supplemented
with a QED PS. For our central numerical results, we identified the renormalisation and
factorisation scales pur and pp with the transverse momentum of the photon or leading
underlying parton. To estimate the theoretical uncertainties, the scales were then varied
by relative factors of two, but not four.

NLO calculations usually increase and, more importantly, stabilise the LO cross sec-
tion with respect to scale variations. However, they include only one additional parton
and no hadronisation effects. Conversely, PS Monte Carlo generators generally have LO
normalisation and large scale dependence, but include many additional partons and dif-
ferent hadronisation models. Matching NLO with PS combines the advantages of both
approaches. In POWHEG, the overlap in the soft/collinear regions of real emission pro-
cesses is automatically subtracted with the FKS method [30], so that only finite (i.e. UV-
renormalised and IR-subtracted) loop and unsubtracted real emission amplitudes must be
provided. The hardest radiation is generated first, only Monte Carlo events with positive
weight are produced, and the NLO calculation can be combined with various PS algorithms.
In our work we use PYTHIA 8.226 [9] with its pr-ordered parton shower and string hadro-
nisation model and allow unstable short-lived particles to decay. We have checked that
multiple interactions and soft underlying events, while included in our calculations, have
no significant effects. To account for different definitions of radiation transverse momen-
tum in POWHEG BOX and PYTHIA, we use the class PowhegHooks and have PYTHIA
evolve the shower starting from the kinematical limit rather than the scale passed by the
POWHEG BOX. We then translate the pr of a generated radiation from the PYTHIA defi-
nition to the POWHEG BOX definition and veto radiation harder than the hard POWHEG
scale. Following ref. [45], we employ different hard scales for the QED and for the QCD
shower. In the nomenclature of ref. [46], we use the so-called NC-scheme and modify the
POWHEG BOX to pass the scales of both the underlying Born event and the first radi-
ation to PYTHIA. For completeness, we list non-standard POWHEG parameter settings
and options in tables 1 and 2.



ncalll |itmx1 | ncall2 |itmx2 | foldcsi | foldy | nubound |iymax | doublefsr | iupperfsr
500000 | 5 |500000| 5 2 5 500000 5 1 1

Table 1. List of POWHEG BOX parameters set to different values than those in the manual.

veto | vetoCount | pThard | pTemt | pTdef | QEDveto
1 50 0 0 1 0

Table 2. List of POWHEGHoo0ks options.
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Figure 1. Transverse momentum dependence of inclusive photons produced in pp collisions at the
LHC with a centre-of-mass energy of /s = 7 TeV for different PS cut-off scales Qg in PYTHIA 8.

2.2 Sensitivity of the QED PS to the cutoff scale

An important difference between the inclusive fixed-order and the more differential PS cal-
culations is the treatment of fragmentation contributions. At fixed order, infrared singu-
larities are consistently factorised into non-perturbative fragmentation functions, whereas
they are simply cut off in the PS by allowing it to evolve in virtuality, angle, or trans-
verse momentum in each subsequent branching down to an arbitrary cut-off scale Q3. The
maximal allowed @Q? is set by the hard scattering process.

The transverse momentum dependence of inclusive photons generated by the QED PS
in the Monash 2013 tune of PYTHIA 8 is shown in figure 1. The photons are assumed to
be produced in pp collisions at the LHC with a centre-of-mass energy of /s = 7TeV and
detected in the CMS electromagnetic calorimeter with rapidity |n”| < 3. No isolation crite-
rion on the photons is applied. As in the Monash 2013 tune, the PDF fit NNPDF2.3QED
LO with ag(Mz) = 0.130 is used. The dependence of the transverse momentum spec-
trum on the lower cut-off scale Qy can be deduced from the different curves and from the
ratios of the variations Qo = 0.1 GeV (dotted blue) and 2GeV (full red) to the default
choice 0.5 GeV (dashed black) in the inset plot. Above transverse photon momenta of
pr = 2GeV, the results with Qo = 0.1 GeV and Qo = 2 GeV differ from those at 0.5 GeV
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Figure 2. Transverse momentum distributions of isolated photons in pp collisions at the LHC
with a centre-of-mass energy of /s = 13 TeV in four different rapidity bins. ATLAS 2015 data are
compared to predictions in LO with PYTHIA 8 (left), NLO with JETPHOX (right), and NLO+PS
with POWHEG (centre).

only by a constant factor of +10% and —20%, respectively. Towards low p}, the results
with Qg = 0.1 GeV rise, however, much more steeply than those with Qg = 0.5 GeV. These
results demonstrate the strong dependence on and the need for tuning of the arbitrary cut-
off Qg in a LO PS Monte Carlo generator. In contrast, the POWHEG approach guarantees
for a correct cancellation of infrared singularities among NLO matrix elements and PS.

3 Comparisons with current LHC data

We now turn to comparisons of our NLO+PS predictions with POWHEG+PYTHIA with
published LHC data. For comparison, we will also show calculations at LO+PS with
PYTHIA 8 and at NLO with JETPHOX, since these were so far frequently used as theo-
retical baselines in the experimental publications.

3.1 Isolated photon production in pp collisions with ATLAS

The ATLAS collaboration has measured the production of inclusive photons in pp collisions
at the LHC with a centre-of-mass energy of /s = 13 TeV and an integrated luminosity of
3.2fb~! accumulated in 2015 [12]. To avoid the large contribution of photons from decays
of energetic neutral pions and n-mesons inside jets, the photons were isolated based on the
amount of transverse energy EX° inside a cone of size AR = \/(An)2 + (A¢)?2 = 0.4 in
the plane of rapidity (1) and azimuthal angle (¢), excluding an area of size An x A¢p =
0.125 x 0.175, around the photon candidate. Specifically, E§§° was required to be lower
than 4.8 +4.2-1073 - E, [GeV].

In figure 2, we compare the transverse momentum distributions measured by ATLAS
in four rapidity ranges to predictions in LO from the PYTHIA 8 PS Monte Carlo generator
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Figure 3. Same as figure 2, but with theory normalised to data and including scale uncertainties.

(green, left) [9], in NLO from the fixed-order program JETPHOX [16, 17] using the BFG
IT photon fragmentation function (blue, right) [23], and to our new NLO+PS predictions
with POWHEG matched to PYTHIA 8 (red, centre) [32]. For the NLO and NLO+PS
predictions, we employ the recent PDF set NNPDF3.1 NLO based on high-precision collider
data [47]. For the LO predictions, we use instead the preceding set NNPDF2.3QED LO [48],
which (while based on a similar theoretical approach) was in particular employed in the
Monash 2013 tune of PYTHIA 8 [49]. For inclusive photon production, on a logarithmic
scale, and thanks to the tuning of the Monte Carlo generator, all three predictions seem
to agree very well with the data. Smaller discrepancies are, however, already visible in LO
and NLO at high transverse momenta and/or very forward rapidities, while the NLO+PS
predictions always agree with the data within the experimental error bars.

A more detailed analysis is performed in figure 3, where the theoretical predictions
have been normalised to the central measurements. Theoretical uncertainties based on
scale variations are shown in addition as shaded areas. As expected, the LO uncertain-
ties are considerably larger than those at NLO and NLO+PS, which demonstrates that
the agreement of the LO central values is rather accidental and depends on the tuning.
The NLO JETPHOX predictions have a different shape in the second rapidity bin and
globally underestimate the data even within error bars. This is even more the case for
NNPDF2.3QED NLO PDFs (not shown, but known [50]). The results with MMHT2014,
CT14 and NNPDF3.0 PDF's are very similar [12]. While the central POWHEG NLO+PS
predictions still underestimate the data in the central rapidity bin, they generally agree best
with the data and always within scale uncertainties. Since our NLO calculation of direct
photon and purely partonic processes in POWHEG agrees with those in JETPHOX [32],
this seems to indicate that the PS fragmentation in PYTHIA 8 describes the data slightly
better than the BFG II fragmentation function.
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Figure 4. Distributions in the transverse momentum ratio of jets over photons in pp (open circles)
and pPb (full circles) collisions at the LHC with a centre-of-mass energy per nucleon of \/syny = 2.76
and 5.02 TeV, respectively, in four different bins of photon transverse momentum. CMS 2013 data
(black) are compared to predictions in LO with PYTHIA+HIJING (green) and NLO+PS with
POWHEGHPYTHIA (red). The lower panels show the ratios of theory over data for pp (open
circles) and pPb (full circles and green diamonds).

3.2 Photon-jet correlations in pp and pPb collisions with CMS

Compared to inclusive photon production, photon-jet correlations are more sensitive to
initial- and final-state QCD effects like PDFs, photon and jet fragmentation, and their
modifications in nuclear collisions. They have therefore recently been measured by the
CMS collaboration in pp and PbPb collisions at a nucleon-nucleon centre-of-mass energy
of \/syy = 2.76 TeV and in pPb collisions at a nucleon-nucleon centre-of-mass energy
of \/syn = 5.02TeV [14]. During 2013 (pp), 2011 (PbPb), and 2013 (pPb), integrated
luminosities of 5.3 pb~!, 150 ub~!, and 30.4 nb~! were accumulated, respectively. The
pp collisions are usually considered to be the (vacuum) baseline with equal photon and
jet transverse momentum at LO, although this no longer holds at NLO and beyond (see
below). “Hot” PbPDb collisions are then studied to establish the creation of a QGP and to
determine its properties, in particular through jet quenching (parton energy loss), while
“cold” pPb collisions allow to check the absence of nuclear effects in the final state and to
quantify the modifications of the PDF's in the initial state.

Similarly to the ATLAS analysis described above, CMS applied an isolation criterion
to the photons, albeit with a fixed cut on the total energy E'° at 5GeV. In addition,
photons which matched a track from charged particles within |7 — ™2k < 0.02 and
|p7 — ¢Trak| < (.15 were discarded in order to remove contamination from electrons, and
the remaining photons had to satisfy pJ. > 40 GeV and |7| < 1.44. Jets were defined with
an anti-kr cluster algorithm [51] and a distance parameter R = 0.3 and had to satisfy

;ﬁt > 30 GeV and |[°| < 1.6 to remain in the barrel calorimeter.

The distributions in figure 4 depend on the transverse momentum ratio of jets over
photons xj, = pjj'ft /p}, which in LO would equal unity. If the photon is associated
with several jets, each of them contributes in the histograms, but the main contribu-



1.00 |=—¢— 'l < 1.44 —O— CMS pp 2.76 TeV _|
l | < 1.6 —<¢— CMS pPb 5.02 TeV

0.95 |pi:'| > 30 GeV —O— POWHEG+PYTHIA pp 2.76 TeV —

A i wmisk —4— POWHEG+PYTHIA pPb 5.02 TeV
x%‘ 0.90 —— PYTHIA+HIJING pPb 5.02 TeV —

v S——
0.85 — p— — —
¢
0.80 — —|
0.75 |- . . . . . —
—@— pPb (POWHEG+PYTHIA / CMS)

0.9 = . . —— pPb (PYTHIA+HIJING / CMS) , —]

40 60 80 100 120 140

P! (GeV)

Figure 5. Average jet transverse momentum fraction as a function of photon transverse momentum.
CMS 2013 data (black) are compared to predictions in LO with PYTHIA+HIJING (green) and
NLO+PS with POWHEG+PYTHIA (red). The rightmost pJ.-bin refers to pJ. > 80 GeV (no upper
bound). The lower panel shows the ratio of theory over data for pp (open circles) and pPb (full
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tion comes from photon plus one jet events. The reason is that a cut on Ag¢y, > 77/8
is applied to each of the jets to suppress contributions from background and additional
jets. Since the pp (open circles) and pPb (full circles) data are consistent with each
other and the PYTHIA+HIJING [52] Monte Carlo simulation, nuclear effects and centre-
of-mass energy dependence must be subdominant. However, the jets become softer at
larger photon transverse momenta relative to the photon. Our NLO+PS calculations with
POWHEG+HPYTHIA describe the data well. They have a slightly sharper peak at some-
what larger values of xj,, since they have not been smeared with the resolution of the
CMS detector.

The average values of xj, are plotted in figure 5 as a function of the photon transverse
momentum. Again, there are no significant differences between the pp and pPb data,
supporting the interpretation that no QGP is created and rescattering effects in the medium
can thus not occur. This is in contrast to a more recent measurement by CMS in PbPb
collsions at /syy = 5.02TeV, which is considerably lower than the pp baseline even after
accounting for different jet resolutions [53]. At higher pJ., several jets can jointly balance
the transverse momentum of the photon, e.g. in a “Mercedes star” configuration, which
leads to the observed falling distribution in (zj).

Possible medium effects of the back-to-back photon and recoiling jet alignment can
also be studied by comparing relative azimuthal angle (A¢;,) distributions in proton and
heavy-ion collisions. Figure 6 displays these distributions in pp and pPb collisions in
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Figure 6. Relative azimuthal angle distributions of jets and photons in pp (open circles) and
pPb (full circles) collisions at the LHC with a centre-of-mass energy per nucleon of \/syn = 2.76
and 5.02 TeV, respectively, in four different bins of photon transverse momentum. CMS 2013 data
(black) are compared to predictions in LO with PYTHIA+HIJING (green), NLO with JETPHOX
(blue), and NLO+PS with POWHEG-+PYTHIA (red). The lower panels show the ratios of theory
over data for pp (open circles and blue crosses) and pPb (full circles and green diamonds).

the same four bins of photon transverse momentum used above. Again, no significant
cold nuclear effects or centre-of-mass energy dependences are visible in the data. The
LO predictions with PYTHIA4+HIJING agree well with the measurements, as do those
at NLO+PS with POWHEG+PYTHIA. Note that the near-side region at small A¢;, is
quite sensitive to the experimental conditions on the photon isolation. At larger p, the
distributions become slightly flatter, which can again be traced to multi-jet configurations
(note that here no cut on A¢y, > 77/8 is applied). Azimuthal angle distributions can also
be computed with JETPHOX, but they do not describe the data below A¢;, = 27/3, as
the maximum number of jets is limited to two at NLO.

Not all photon events in the CMS measurement include a jet that passes the cut on

;t > 30 GeV. The fraction of isolated photons that are associated to a jet is therefore less
than unity and shown in figure 7 as a function of the photon transverse momentum. Here,
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Figure 7. Fraction of photons associated to a jet with pj;t > 30GeV as a function of photon

transverse momentum in pp (open circles) and pPb (full circles) collisions at the LHC with a
centre-of-mass energy per nucleon of \/syny = 2.76 and 5.02TeV, respectively. CMS 2013 data
(black) are compared to predictions in LO with PYTHIA+HIJING (green) and NLO+PS with
POWHEG+HPYTHIA (red). The lower panel shows the ratio of theory over data for pp (open
circles) and pPb (full circles and green diamonds).

again a cut on A¢y, > 7m/8 is applied to suppress contributions from background and
additional jets. Within the experimental uncertainties, neither nuclear nor centre-of-mass
energy dependences are observed, although pPb collisions globally seem to have a smaller
Rj,. The pPb cross section is affected by nuclear shadowing (in particular of the gluons)
at x} > 2 x 40 GeV /5020 GeV > 0.016. This not only reduces the inclusive photon cross
section (which would not affect R -, since most photons recoil against jets), but fewer initial
gluons also lead to fewer quark jets, which would pass the cut on p]i,?t > 30 GeV more easily
than gluon jets (which does affect Rj,). This (statistically not significant) observation is
reproduced by our NLO POWHEG+PYTHIA calculations, but they slightly overestimate
both the pp and pPb data. Note that the ATLAS collaboration has recently also presented
a measurement of isolated-photon and jet production, but only in pp collisions at /s =
13 TeV [54].

4 Predictions for future LHC analyses and sensitivity to nuclear PDF's

In this section we make NLO+PS predictions for future LHC analyses and compare them
to those at LO+PS and NLO. First, we study the impact of higher-order corrections on
the ratio of inclusive over decay photons. This quantity has been shown by ALICE to be of
crucial importance in the determination of the effective temperature of the QGP. Second, we
study the sensitivity of photon+jet measurements in pPb collisions with ALICE, ATLAS,
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CMS and LHCD to nuclear PDFs. In particular, we show that distributions in the observed
momentum fraction of the parton in the lead ion x‘f,%s are sensitive to nuclear effects like
shadowing at low x. Related variables have previously been used successfully for proton

and photon PDF determinations at the HERA collider at DESY.

4.1 Ratio of inclusive over decay photons with ALICE

Inclusive photons represent an essential probe of the medium produced in central heavy-
ion collisions, since the thermal contribution to the exponentially falling spectrum at low
transverse momenta can be related to an effective temperature of the QGP. In contrast,
the hard perturbative contributions, e.g. from QCD Compton and photon-gluon fusion
processes, lead to a power-law behaviour in pJ. The corresponding measurements in pp
collisions serve as a (vacuum) baseline and have been performed with 2010 and 2011 data
by the ALICE collaboration at centre-of-mass energies of 0.9, 2.76 and 7TeV [10]. To
remain sensitive to the thermal radiation, the photons must, however, not be isolated,
leading to the complication that the spectra are dominated by contributions from neutral
pion, n-, and w-meson decays.

Decay photon contributions were subtracted only in a subsequent ALICE measurement
of PbPb collisions at \/syny = 2.76 TeV [11]. This measurement was reanalysed in NLO
and including theoretical uncertainties in ref. [7]. The crucial quantity in the subtraction
procedure was the pr-dependent double ratio

incl. d
R. — “Vincl / Vdecay : (41)
g 0 0
Tparam. T param.

where 7inel. is the measured inclusive photon spectrum, 79 is a parameterisation of

aram.
the measured 7° spectrum, and Vdecay is the calculated chay photon spectrum. It has
the advantage that some of the largest systematic uncertainties cancel. The quantity R,
allowed to measure prompt (i.e. non-decay) photons with 0.9GeV < pJ. < 14GeV and
7| < 0.9 in PbPb collisions through vprompt = (1 — 1/R,)Vincl. for different centralities
and to extract an effective temperature of the QGP in the most central collisions. A similar
measurement is currently in progress for PbPb collisions at \/syy = 5.02 TeV.

Since R, relied on LO Monte Carlo simulations of the decay photon spectrum with
PYTHIA, it is important to quantify the impact of higher-order effects on this observable.

In figure 8 we show simulations of the (simplified) theoretical ratio

R’y _ “incl. — 14 “Yprompt (42)
“Ydecay “Ydecay

for the current pp run at /s = 13TeV. This quantity compared to data will help to
constrain additional sources of low-p7J. photons at the highest LHC energy, allowing to val-
idate the thermal origin of photons measured in PbPb collisions. In figure 8, the prompt
photon spectrum is calculated in LO with PYTHIA (green), NLO with JETPHOX and
BFG II photon fragmentation functions (blue), and NLO+PS with POWHEG+PYTHIA
(red, full circles), respectively. In contrast, the decay photon spectrum is always calculated
in LO with the Monash 2013 tune of PYTHIA 8, which is known to describe the pion
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Figure 8. Ratio of inclusive over decay photon production in pp collisions at the LHC with a
centre-of-mass energy of /s = 13TeV. LO predictions with PYTHIA (green) are compared to
those at NLO with JETPHOX (blue) and NLO+PS with POWHEG+PYTHIA (red, full circles).
The latter are also shown at /s = 2.76 TeV (red, open circles).

data very well, and does not contribute to the theoretical uncertainty. Once measured, the
decay contribution should be replaced by the experimental values. For better comparabil-
ity, NNPDF2.3QED PDFs are used in all calculations, since initial-state PDF effects are
expected to cancel to a large extent. As expected, the scale uncertainties (shaded bands)
are considerably larger at LO than at NLO and NLO+PS. The smaller scale uncertainty
in NLO compared to NLO+PS is due to an additional cancellation of factorisation scale
dependence in the fragmentation contribution. For pJ. > 7GeV, the central values of R,
at LO are larger than those at NLO and NLO-+PS and even fall outside the error band
of the former. In contrast, the central values at NLO and NLO+PS agree very well and
should therefore be employed in future experimental measurements.

For illustration we also show in figure 8 the POWHEG+PYTHIA results for pp col-
lisions at /s = 2.76 TeV (red, open circles). The direct photon signal is much more
significant at lower /s mainly due to the steeper spectra and larger probed x-values. Its
contribution relative to the one by decay photons (R, —1) changes for typical LHC energies
from 13 TeV to 2.76 TeV by about a factor of two. A similar energy dependence is expected
for the direct photon signal in PbPb collisions, since neither T4 4 nor the suppression of
the hadronic decay background vary strongly with /s. The suppression of the decay back-
ground due to partonic energy loss in PbPb collisions leads in general to R, values larger
by factors of five to seven compared to pp collisions.
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4.2 Photon-jet production at high p% in pPb collisions with ATLAS or CMS

In the remaining three subsections, we make predictions for associated photon and jet

production in proton-lead collisions at a centre-of-mass energy per nucleon of \/syy =

5.02 TeV. Our focus will be on the potential of the four major LHC experiments ALICE,

ATLAS, CMS and LHCD to improve on current constraints of nuclear PDFs with measure-

ments of this reaction. In particular, we propose to analyse the experimental data in terms

of distributions in the observed parton momentum fraction of the lead ion, defined as
Te —nY +p]et 777JCt

e (4.3)

so that regions of nuclear shadowing and antishadowing, EMC effect and Fermi motion can

directly be located in increasing regions of . Related variables have been used successfully
at DESY HERA for determinations of proton and photon PDFs [2].

We base our predictions on the current status of nuclear PDF determinations from
deep-inelastic scattering (DIS) and Drell-Yan (DY) measurements and use for our cen-
tral estimates the recent fit nCTEQ15(np) [55]. It is based on proton PDFs similar to
CTEQG6.1 [56], but with minimal influence from nuclear data. For comparison, we will also
show nCTEQ15 estimates with additional constraints from inclusive pion data taken by
the PHENIX and STAR experiments at RHIC as well as estimates with the latest EPPS16
nuclear PDF fit [57] that already includes LHC data from ATLAS and CMS on electroweak
gauge boson and dijet production in pPb collisions. The nCTEQ and EPPS16 fits come
with 32 and 40 error PDF's, respectively, which we will show as shaded bands. We will,
however, not vary the underyling proton PDF, assuming that it can be sufficiently con-
strained from pp collisions by the same experiments. Instead, we will show for comparison
the pp baseline at /s = 2.76 TeV with theoretical uncertainties obtained by scale variations
of relative factors of two, but not four.

In this subsection, we concentrate on the ATLAS and CMS experimental acceptances.
In particular, we require the photons to be isolated with EF'° < 5GeV inside a cone of size
AR = 0.4, to have relatively high transverse momenta of p}. > 40 GeV, and to remain in
the CMS barrel electromagnetic calorimeter with |n7| < 1.44. Jets, defined by the anti-kr
cluster algorithm with distance parameter R = 0.3, have to satisfy pJ;t > 30GeV and
remain in the CMS hadronic barrel calorimeter with |17®®| < 1.6. These cuts correspond to
those used in section 3.2 [14]. The ATLAS acceptances with || < 1.475 and |/®t| < 1.7
are very similar [54]. The results of this proposed analysis are shown in figure 9. The
observable region of the parton momentum fraction in the lead ion ranges from 0.005 to
0.25. The cross sections at /s = 2.76 TeV are lower than those at 5.02TeV by up to a
factor of five at low x. At NLO+PS, the scale uncertainties in pp collisions (grey) are
still sizeable, so that they should be eliminated — like the proton PDF uncertainties (not
shown) — by a corresponding baseline measurement or by taking ratios of nuclear and
bare proton cross sections. The shadowing region below x ~ 0.02 is not well constrained
by DIS and DY data (red) and exhibits uncertainties of up to a factor of two. The situation
improves considerably after inclusion of hadron collider data from RHIC (green) or LHC
(blue), which can also be expected from the proposed inclusive photon measurements.
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Figure 9. Nuclear PDF sensitivity of central high-pJ. photon-jet measurements with ATLAS
or CMS in pPb collisions at the LHC with a nucleon-nucleon centre-of-mass energy of /syny =
5.02 TeV. Predictions with nCTEQ15(np) PDFs (red) are compared to those with nCTEQ15 in-
cluding pion data from RHIC (green) and EPSS16 including weak boson and jet data from LHC
(blue). The nCTEQ15 pp baseline is also shown (grey).

Similar improvements are observed in the antishadowing region above x ~ 0.05. In the
intermediate region, nuclear effects are known to be small.

Increasing the photon acceptance to the CMS electromagnetic endcap calorimeter
In7| < 2.5, but excluding the transition region of 1.44 < |n| < 1.57, and the jet accep-
tance to pjzf‘t > 25GeV and |°| < 4.7 as in ref. [58] leads to an extension of the observable
xz-range in the lead ion down to 0.001, as shown in figure 10. Here, jets are in addition
required to have a distance AR, > 1.0 from the photon. As expected, the uncertainties
from nuclear effects increase below z-values of 0.005. This holds now not only for the fit of
DIS and DY data only (red), but also for the fits that include RHIC (green) or LHC (blue)
data, demonstrating the potential of inclusive photon and jet measurements to constrain
the nuclear PDFs even further. The central fits of nCTEQ15(np), nCTEQ15 and EPPS16
are now also clearly distinguishable, the RHIC data favouring more, the LHC data less
nuclear shadowing than the DIS and DY data alone.

4.3 Photon-jet production at low pJ. in pPb collisions with ALICE

As discussed in section 4.1, the region of low transverse momenta gives access to the
thermal photon spectrum produced in PbPb collisions. In addition, it should allow to probe
even deeper into the low-z shadowing region in pPb collisions. The low-pr region is well
instrumented in the ALICE detector, so that in this subsection we apply the corresponding
cuts on photons, isolated in a cone of size R < 0.4 with EX° < 2GeV [59], of pJ. > 1 GeV
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Figure 10. Same as figure 9, but with larger acceptances in photon and jet rapidity, using endcap
calorimeters, and lower threshold on the jet transverse momentum.

and |n?| < 0.9 [11] and on jets, defined by the anti-k7 algorithm with R = 0.4, of pjj‘ft €
[20; 120] GeV and |’°t| < 0.5 [60, 61].

Figure 11 shows that this ALICE acceptance does not lead to lower observable values
of x, but only to a similar x-range as described in the previous subsection, section 4.2,
for central high-p7. analyses with ATLAS and CMS, contrary to what one might expect
for lower pJ. The reason is that the ALICE acceptance in rapidity is considerably more
central than the one of ATLAS or CMS. It would therefore be benefitial if one could
also use the ALICE Photon Multiplicity Detector (PMD) situated at forward rapidities of
2.3 <n’ < 3.9]10].

4.4 Forward photon-jet production in p-Pb and Pb-p collisions with LHCb

Although the main focus of the fourth LHC experiment LHCb is on precisision measure-
ments of rare B decays, the very forward instrumentation of the LHCb detector should
also permit interesting measurements of other observables, that are complementary to the
three other LHC experiments. Indeed, inclusive photons have been measured in radiative
BY decays, even with polarisation, with pr > 3GeV and 7 € [2;5] [15]. For comparability
with the previous subsection, we employ in addition the same photon isolation criterion
as used by the ALICE collaboration [59]. Jets, defined by the anti-kr algorithm with
R = 0.5, have been measured by LHCb (in association with forward electroweak bosons)
in the region pi¥* € [20;100] GeV and 7°* € [2.2;4.2] [62].

We have employed these acceptances to p-Pb collisions with the proton beam going in
the positive z-axis direction. The lead ion is therefore always probed in the very small-z
region between 10™% and 2 x 1073, as one can see in figure 12. At 2 ~ 1074, the theoretical
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Figure 11. Nuclear PDF sensitivity of central low-pJ. photon-jet measurements with ALICE in
pPb collisions at the LHC with a nucleon-nucleon centre-of-mass energy of /syny = 5.02TeV.
Predictions with nCTEQ15(np) PDFs (red) are compared to those with nCTEQ15 including pion
data from RHIC (green) and EPSS16 including weak boson and jet data from LHC (blue). The
nCTEQ15 pp baseline is also shown (grey).

nuclear PDF uncertainty amounts to almost a factor of two for nCTEQ15(np) and 50%
for nCTEQ15 or EPPS16. Interestingly, both RHIC and LHC data now push the central
predictions above those from DIS and DY data, i.e. towards less nuclear shadowing.

When the lead ion is going in the positive z-axis direction, it is mostly probed at large
x, i.e. in the region of the EMC effect, as one can see in figure 13. This region is fairly well
constrained by DIS and DY data alone, since the data from the EMC DIS experiment were
heavily used in the nuclear PDF fits. So at large x, the uncertainty bands overlap quite well
and shrink only moderately from nCTEQ15(np) to nCTEQ and EPPS16. Consequently,
measurements in this “control” region could be used to fix the normalisation, i.e. the choices
of scales or proton PDF's.

5 Conclusions and outlook

Prompt photons have many important applications in high-energy collisions. They range
from determinations of the strong coupling constant, proton and nuclear PDFs to those
of the properties of the QGP. Our recent calculation of prompt photon and photon+jet
production at NLO+PS with POWHEG+PYTHIA combines the reliability of NLO calcu-
lations with detailed information on the final state as required for realistic phenomenolog-
ical analyses.

In this paper, we have performed a first comparison of these calculations with LHC
data, in particular of isolated photon production as measured by ATLAS and of photons
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Figure 12. Nuclear PDF sensitivity of forward low-pJ. photon-jet measurements with LHCb in
p-Pb collisions at the LHC with a nucleon-nucleon centre-of-mass energy of /syny = 5.02TeV.
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nCTEQ15 pp baseline is also shown (grey).
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Figure 13. Same as figure 12, but for Pb-p collisions.
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produced in association with jets as measured by CMS in pp and pPb collisions at various
centre-of-mass energies of the LHC. For inclusive photons, we found very good agreement
and, as expected, considerably reduced scale uncertainties compared to LO+PS predictions
with PYTHIA. For associated photon+jet production, the transverse momentum balance
and azimuthal correlations could be described for the first time correctly at NLO.

For the extraction of the thermal photon spectrum in PbPb collisions, the ratio of
inclusive over decay photons R, represents an important quantity that allows to eliminate
the contribution from decay photons. We predicted this quantity at NLO and NLO+PS,
i.e. more reliably than it was done previously by the ALICE collaboration, and thus reduced
the theoretical uncertainty considerably. The implementation of medium effects in heavy-
ion collisions is left for future work.

We then made predictions for pPb collisions for ongoing analyses at \/syy = 5.02 TeV
in all four major LHC experiments. In particular, ALICE allows to measure also low
transverse momenta, whereas LHCb has very good forward instrumentation. We studied
the potential of these analyses for future determinations of nuclear PDFs in distributions
in the observed parton momentum fraction in the lead ion x%%s. We found that LHC
photon data could have an important impact on the determination of nuclear effects such
as shadowing at low .

ATLAS has also measured isolated prompt photon production in PbPb collisions at
a nucleon-nucleon centre-of-mass energy of \/syn = 2.76 TeV [13]. After scaling the data
by the mean nuclear thickness (T'44), they agree with NLO JETPHOX predictions in
all rapidity and centrality regions within statistical and systematic uncertainties. This
supports the interpretation that the strong suppression observed for the production of jets
and hadrons in PbPb collisions compared to the scaled pp measurement is due to a strong
partonic energy loss in the medium. We expect this conclusion to hold also for our similar
NLO+PS POWHEG+PYTHIA results. A consistent matching of our NLO calculations
with a medium-modified PS is, however, beyond the scope of the present work.
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