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ABSTRACT: Isolated photons at hadron colliders are defined by permitting only a limited
amount of hadronic energy inside a fixed-size cone around the candidate photon direction.
This isolation criterion admits contributions from collinear photon radiation off QCD par-
tons and from parton-to-photon fragmentation processes. We compute the NNLO QCD
corrections to isolated photon and photon-plus-jet production, including these two contri-
butions. Our newly derived results allow us to reproduce the isolation prescription used in
the experimental measurements, performing detailed comparisons with data from the LHC
experiments. We quantify the impact of different photon isolation prescriptions, including
no isolation at all, on photon-plus-jet cross sections and discuss possible measurements of
the photon fragmentation functions at hadron colliders.
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1 Introduction

High-transverse momentum photons are produced copiously at hadron colliders and provide
a distinctive final-state signature in the form of an electromagnetic energy deposit. Their
production cross sections have been studied at early hadron colliders [1-5] as well as in
fixed-target experiments [6, 7], followed by first precision measurements at the Fermilab
Tevatron [8-11]. Production cross sections for photons at high transverse momentum
have been measured at the LHC by the ATLAS [12-14], CMS [15, 16] and ALICE [17]
collaborations, either fully inclusively or in association with hadronic jets. Besides their
importance for precision QCD phenomenology, these cross sections are also key ingredients
in data-driven background estimations in new physics searches [18].

With the Born-level production process [19, 20] being photon radiation off a quark in
quark—antiquark annihilation or quark—gluon scattering, these measurements offer direct
sensitivity to the gluon distribution in the proton. In global determinations of parton
distribution functions, the inclusion of photon production data has long been a matter
of debate [21-25], relating especially to the quantification of uncertainties associated with
the identification of photons in the experimental measurements and the implementation of
photon identification in the corresponding theory calculations. Photons that are observed



in a hadronic environment can arise from different sources: in addition to the direct Born-
level process that is calculable at parton level, they can also be emitted in the course of the
parton-to-hadron transition (fragmentation process), described by photon fragmentation
functions [26, 27|, or be produced as secondary photons in the decay of hadrons. In order
to single out the direct production process over fragmentation and photons from hadron
decays, observed photons are required to be sufficiently isolated from other hadronic ac-
tivity in the detector. This isolation criterion is typically formulated in the experimental
studies by admitting only a limited amount of hadronic energy in a fixed-size cone around
the direction of the photon candidate. For a fixed-size cone, a non-zero amount of hadronic
energy must be admitted to ensure the infrared safety of the resulting observable in QCD
perturbation theory, where the phase space for soft radiation is not allowed to be geo-
metrically restricted. This cone-based isolation is very efficient in suppressing secondary
photons, but admits contributions from photon fragmentation processes. Consequently,
the theory description of photon production observables must account for both the direct
and fragmentation contributions, and subject both contributions to the photon isolation
procedure applied in the experimental measurement. The fragmentation contribution can
be eliminated by imposing a dynamical isolation cone [28], smoothly lowering the hadronic
energy cut towards its center where all emissions are vetoed. While theoretically very
appealing and practical, in practice, this dynamical cone isolation could not be faithfully
implemented in experimental measurements.

With a fixed-cone isolation prescription, direct and fragmentation contributions can
not be separated from their final-state signatures and are closely linked to each other in the
theory description. In particular, higher order perturbative terms in the direct contribution
contain collinear parton—photon configurations that give rise to infrared singularities that
are compensated by the mass factorisation terms [26, 27] of the parton-to-photon fragmen-
tation functions. The next-to-leading order (NLO) predictions for inclusive photon [29-35],
and photon-plus-jet [36] production, which share the same parton-level processes, account
for these fragmentation contributions. They depend on the photon fragmentation func-
tions, which fulfil inhomogeneous DGLAP-type evolution equations with a priori unknown
non-perturbative boundary conditions. The available parameterisations of the photon frag-
mentation functions [37-39] rely on model estimates for these boundary conditions. Mea-
surements of non-isolated photon production at LEP [40, 41] are the only data that enable
a determination of the photon fragmentation functions [42] and a critical assessment [43]
of the model estimates.

Up to now, next-to-next-to-leading order (NNLO) calculations [44-46] of isolated pho-
ton and photon-plus-jet production were only performed for a dynamical cone isolation
(or a hybrid variant thereof [47]), since none of the available infrared subtraction schemes
was able to handle fragmentation processes at NNLO. This conceptual limitation has been
overcome recently with the incorporation of heavy hadron fragmentation processes into
residue subtraction [48] and photon fragmentation processes in antenna subtraction [49].
In this work, we employ the antenna subtraction method [50-52] to compute the NNLO
corrections to isolated photon and photon-plus-jet observables.

The paper is structured as follows. Section 2 reviews the different photon isolation pre-



scriptions used in experiment and theory and discusses their effect on direct and fragmen-
tation contributions. The calculation of the NNLO corrections and their implementation
in the NNLOJET parton-level event generator is discussed in Section 3. Our newly derived
predictions are compared with data from the LHC experiments in Section 4, discussing
in particular the impact on precision phenomenology applications. The incorporation of
fragmentation processes allows us to perform a detailed comparison of different isolation
prescriptions in Section 5, where we also quantify the numerical impact of the photon
fragmentation functions. In view of a potential hadron collider measurement of the pho-
ton fragmentation functions, we introduce a new observable derived from photon-plus-jet
final states in Section 6, and discuss its behaviour for different photon isolation prescrip-
tions. Section 7 summarises our most important findings and provides an outlook on future
precision phenomenology with isolated photon observables.

2 Definition of Isolated Photons

Photons can be produced by three different mechanisms in hadronic collisions. Direct
photons originate from the point-like QED coupling to quarks and are produced in the
hard scattering event. These photons usually have a clean signature, being well sepa-
rated from additional hadronic radiation. The second class of photons are photons from
fragmentation, i.e. these photons are radiated during the hadronisation process of an or-
dinary jet production event. This fragmentation process is described by non-perturbative
parton-to-photon fragmentation functions D,,_,,. Both direct and fragmentation photons
are primary photons. The last class of photons are secondary photons, which result from
hadronic decays (e.g. 7° — 77). The majority of photons produced in hadronic collisions
are secondary photons. In order to suppress this overwhelming background of photons and
enhance the contribution from direct photons, a photon isolation criterion is imposed in
the experimental measurement. Isolation criteria limit the hadronic energy in the vicinity
of the photon by a maximal value E7?*. It is noted that lowering the maximal hadronic
energy to zero is not feasible from an experimental point of view, nor it is infrared safe since
soft gluon emission must be unrestricted across the entire phase space to cancel infrared
singularities. Different isolation prescriptions that have been used in experimental analyses
and theoretical calculations are summarised as the following:

1. Fixed Cone Isolation: The hadronic energy inside a cone around the photon di-
rection with radius R = /(An)? + (A¢)? in pseudorapidity 1 and azimuthal angle ¢
is integrated. If the total hadronic energy E%adr does not exceed a certain maximal
value E7%* the photon is considered to be isolated. The maximal hadronic energy
can depend on the photon transverse momentum and is commonly parametrised in
the form

EF™ = ep) + EP". (2.1)

The fixed cone isolation is characterised by three parameters (R, e, E}hres) and is
used in all experimental measurements of photon production cross sections to date.



2. Smooth Cone Isolation [28]: All cones with radii r4 smaller than a maximal cone
radius Ry are considered. A photon candidate satisfies the smooth cone isolation
criterion if

Ebadr(p )y < BBaX(ry) VYrg < Ry. (2.2)

The maximal hadronic energy is smoothly decreasing with smaller cone radii r4 and
vanishes for r; = 0. This behaviour can be implemented using the functional form

n
EF™(ra) = capy (11_5;);;2) : (2.3)
where €4 > 0 and n > 0 are free parameters. As exact collinear radiation in the
photon direction is vetoed by the smooth cone isolation criterion, the fragmentation
contribution is completely eliminated. The smooth cone isolation is characterised by
three parameters (Rg, £4, n). Due to the finite resolution from the cell size of the
electromagnetic calorimeter, the smooth cone isolation can only be approximated in
an experimental analysis and so far has not been used in any measurement.

3. Hybrid Isolation [47]: A smooth cone isolation and a fixed cone isolation are
combined. First a smooth cone isolation with radius Ry is applied to the event. By
doing so, radiation collinear to the photon is completely vetoed and the fragmentation
contribution is eliminated. To all events which pass the smooth cone isolation a fixed
cone isolation with a cone radius R is applied. The two cone radii are chosen in
such a way that R > Rg4. Outside of the inner cone, hadronic radiation is treated
in the same manner as in the fixed cone isolation. Therefore, the hybrid isolation is
expected to be a better approximation of the fixed cone isolation compared to the
smooth cone isolation.

4. Democratic Clustering [42, 53]: The photon candidate is clustered together with
the partons by using a sequential jet clustering algorithm. Upon completion of the
clustering, the cluster containing the photon candidate is identified and the fraction
of electromagnetic energy inside the cluster

pr

= jet
ET

Zem (24)
is determined. If this energy fraction is larger than a certain minimal value z., the
photon is considered to be isolated. The democratic clustering isolation is described
by the jet algorithm and the parameter z..;. Refinements to the democratic clustering
approach using modern jet substructure techniques have been discussed recently [54].

Having implemented fragmentation processes into the theory predictions, it is also
possible to obtain results for the photon production cross section without imposing any
photon isolation. These inclusive predictions contain photons from primary production
processes. Secondary photons, which would dominate the measured non-isolated photon
production cross section, are not included. Therefore, these inclusive predictions can not
directly be compared to experimental measurements. It is however noted, that they can



still provide important insights on direct and fragmentation photons in inclusive scattering
kinematic. A detailed numerical study of the impact of the isolation prescription on the
photon-plus-jet cross section is presented in Section 5, where also results for non-isolated
photon-plus-jet production are shown.

3 Computational Set-Up

Isolated photon and photon-plus-jet production at hadron colliders originate from the same
parton-level subprocesses, since the finite transverse momentum of the isolated photon re-
quires the presence of a partonic recoil. Isolated photon cross sections are fully inclusive
over this extra partonic radiation, while photon-plus-jet cross sections are obtained by
requiring this extra radiation to be recombined into a resolved jet within kinematical ac-
ceptance. The relevant Born-level subprocesses [19, 20] are quark—antiquark annihilation
qq — ~vg and quark—gluon scattering qg — ~q.

Three different parton-level contributions combine to yield the NNLO QCD corrections
for isolated photon and photon-plus-jet production: the double virtual contribution (VV)
consisting of the two-loop corrections to the Born-level processes, the real-virtual contri-
bution (RV) consisting of one-loop Feynman diagrams with an additional parton radiation
and double real (RR) contribution where two additional partons are emitted. All matrix
elements in the different types of contributions are known in compact analytic form [55-60].

All three types of NNLO corrections are individually infrared divergent. The RR
and RV contributions exhibit singularities from configurations in which additional partons
become unresolved, i.e. soft and/or collinear. The RV and VV corrections contain explicit
singularities from the integration over the corresponding loop momenta. These singularities
cancel among each other once all contributions are summed up and the mass factorisation
related to the parton distributions and fragmentation functions is performed. In order to
extract the singularities in the different types of corrections and combine them into an
explicitly finite result, a subtraction method is employed. For our calculation we use the
antenna subtraction method [50-52], which is implemented in the NNLOJET parton-level
event generator.

We present in this paper the first NNLO calculation using the fixed cone photon isola-
tion that is applied in all experimental analyses to date. Therefore, it overcomes an essential
drawback of previous NNLO calculations for inclusive photon [44, 46] and photon-plus-jet
production [45, 46] that used idealised isolations (smooth cone or hybrid isolation), which
rely on an empirical tuning of the isolation parameters in the theory calculation to approx-
imate the effect of the experimental fixed cone procedure. A fixed cone isolation allows
singular photon-parton collinear configurations, which have to be subtracted along with the
QCD singularities up to NNLO. At variance with the subtraction of QCD singularities for
which no information on individual partons in unresolved limits is required, photonic singu-
larities have to be subtracted while retaining the information on the energy fraction of the
photon in the collinear cluster. For the subtraction of photonic singularities we use a new
class of antenna functions, fragmentation antenna functions [49], whose integrated forms
depend on the final-state momentum fraction. Calculations with a fixed cone isolation also



receive contributions from fragmentation processes. The mass factorisation terms of the
fragmentation functions cancel the explicit poles of the integrated fragmentation antenna
functions. Our construction of the antenna subtraction terms relevant to photon-parton
collinear singularities and their interplay with the mass factorisation of the fragmentation
functions is described in detail elsewhere [49].

The additional subtraction terms needed for the subtraction of the parton—photon
collinear limits are largely independent of the genuine QCD subtraction terms, so that
they can be combined in an additive manner. For the calculation presented in this paper
we build on the QCD subtraction terms which were already used in a previous NNLOJET
calculation for photon production cross sections [46] with a hybrid isolation.

The fragmentation contribution as well as the direct contribution (through the mass
factorisation terms of the fragmentation functions) depend on the fragmentation scale pi4.
In the same manner as for the mass factorisation scale in the parton distribution functions,
this scale should be chosen close to the characteristic scale of the process under consider-
ation. In the presence of photon isolation, the determination of this characteristic scale
does however deserve special attention. The mass factorisation procedure dresses the bare
parton distributions and fragmentation functions with unresolved parton radiation. This
unresolved parton radiation is inclusive in transverse momentum relative to the primary
bare parton, with relative transverse momenta ranging between zero (the exact collinear
limit) and the factorisation scale. This factorisation scale does therefore reflect up to which
relative transverse momentum scale additional parton radiation is admitted into the ob-
servable under consideration. For the mass factorisation of the parton distributions, this
factorisation scale can clearly be chosen to be of the order of the transverse momentum of
the photon p., since the isolated photon and photon-plus-jet cross sections are inclusive in
initial-state radiation up to this scale. The situation for final-state photon fragmentation
is however entirely different. Here, the relative transverse momentum of the final-state
photon with respect to the fragmenting parton—photon cluster defines the characteristic
scale of the process. In the absence of any isolation criterion, this scale could also be of the
order of pJ., since no restrictions on additional radiation are applied. As soon as an isola-
tion requirement is imposed on the photon, however, any additional radiation associated
with the fragmentation process is severely restricted. Only radiation inside the isolation
cone and below the maximal hadronic energy threshold is admitted, thereby substantially
lowering the scale up to which the observable is inclusive in extra radiation.

For our calculations we set this scale close to the maximal invariant mass inside the
isolation cone. For a fixed cone isolation with cone radius R and maximal hadronic energy

E7* it reads
Meone = \/ EF** pl. RZ + O(R?) (3.1)

where we assumed that the hadronic energy stems from a single parton radiation at the
distance R to the photon. This assumption is valid as long as the value for the scale
remains larger than the hadronisation scale. Due to the small values for E7** used in

the experimental isolation prescriptions the typical numerical values for the fragmentation



scale are O(1GeV) to O(10 GeV) and therefore small compared to the renormalisation and
factorisation scale which are set by default to pr = pp = pJ. in our calculation.

For an isolated photon cross section, a choice of fragmentation scale pa of the order
of p) would imply that partonic radiation up to this scale is removed from the direct
contribution and assigned to the fragmentation contribution, which is added back in a
resummed form. For photon-parton invariant masses between mcone and p:}, this radiation
is however either vetoed by the isolation prescription or represents resolved out-of-cone
configurations that should remain part of the direct contribution. By attributing them to
the fragmentation contribution, their kinematics is misrepresented and their overall impact
is underestimated since the collinear resummation of the photon fragmentation functions
attenuates them in the range of momentum fractions relevant to isolated photon cross
sections. As a matter of fact, cone-isolation cross sections lead to a complicated hierarchy
of scales [35] and to the emergence of non-global logarithmic corrections [61, 62] that
potentially require dedicated resummation.

The scale uncertainties of the predictions are determined by varying the three scales
by a factor of 2 and % around their central values:

HR = ap%, HEF = bp%, HA = CMcone » (32)

with a,b,c € {%, 1,2} and only retaining combinations with % < a/b,aje,bjc < 2 (15-
point scale variation). For our predictions we use the NNPDF4.0 PDF set [63] and the
BFGII set [39] for the parton-to-photon fragmentation functions. Moreover, we assign an
O(«) power counting to the quark-to-photon and gluon-to-photon fragmentation functions,
which is justified by the low mass factorisation scale used for these functions, and their
overall small contribution to the cross sections. It should be noted that this power counting
differs from the usual assignment of O(«/a;) to the photon fragmentation functions, which
lacks however any formal ground as soon as p4 # pg.

Imposing this power counting, the photon production cross sections at the different
levels of accuracy read

da_’y-‘rX,LO — dé_LO

dir »
~v+X,NLO _ 3~NLO ~NLO
do =dog, + dafrag ,
~v+X,NNLO __ 3ANNLO ~NNLO
do” =dogy,  +dOp, (3.3)

where the direct contribution is given by

~LO ~LO
dogy = doy™,
~NLO ~NLO ~NLO

~NNLO ~NNLO ~NNLO
dog, ~ = do, +doyp (3.4)
and the fragmentation contribution at the respective order takes the form

~NLO __ ~LO
dopad =Y 6y @ Dy,
p



NNLOJET JETPHOX
oo (192.487 =+ 0.009) pb (192.488 + 0.003) pb
ohoonly (97.903 + 0.058) pb (97.75 & 0.14) pb
Thas (14.255 £ 0.009) pb (14.2550 4 0.0002) pb
g M (14.999 + 0.022) pb (14.971 + 0.015) pb

Table 1: Comparison of direct and fragmentation contributions to the photon-plus-jet
cross section obtained with NNLOJET and JETPHOX. The ’only’ numbers indicate the
increment from the coefficient at the respective order.

dohai© = > " dey" 0 @ Dy (3.5)
p

Here, the sum over p runs over all final-state partons and D,_,, are the mass-factorised
fragmentation functions. The cross section dé; denotes the production of a hard resolved
particle ¢ and déyp contains the mass factorisation counter-terms of the fragmentation
functions.

3.1 Comparison with JETPHOX

NLO QCD corrections to isolated photon and photon-plus-jet cross sections using a fixed
cone isolation have already been calculated and implemented in the JETPHOX code [34].
These predictions allow for a validation of the implementation of fragmentation processes
up to NNLO (employing our counting of orders) and the validation of the direct contribution
up to NLO in NNLOJET.

In order to compare with JETPHOX we use a similar set-up to the ATLAS 13 TeV
photon-plus-jet study [14]. The following cuts on the transverse momenta and (pseudo-
)rapidities of the photon and the jet are imposed:

pr>125GeV Pl > 100GeV, |ny] < 2.37, |yje] < 2.37. (3.6)

To simplify the set-up we do not apply additional cuts on the pseudorapidity of the photon
nor do we require a minimum angular separation between the photon and the jet. A fixed
cone photon isolation with the parameters

R=04, £=0.0042, EM* =10GeV (3.7)

is imposed. Jets are constructed using a kr jet algorithm with a cone radius Rje; = 0.4. For
comparison only we set all scales (also the fragmentation scale) to the transverse momentum
of the photon, i.e. pr = pp = pa = pj and use the NNPDF31 nnlo_as_0118_mc¢ PDF
set [64].

The comparison between the JETPHOX and NNLOJET results for the predictions of
the different contributions to the photon-plus-jet cross sections are shown in Table 1. The



predictions for the direct and fragmentation contribution obtained with NNLOJET and
JETPHOX agree within the respective integration uncertainties. However, we discovered a
1% deviation between the NNLO fragmentation coefficient stemming from the numerically
small gluon-to-photon fragmentation process alone, which is however within the technical
uncertainties of the JETPHOX implementation.

4 Comparison with Experimental Measurements

The cross section for photon production in hadronic collisions has been studied extensively
in experimental measurements. Earlier measurements of isolated photon [1-5, 8, 11] and
photon-plus-jet production [9, 10] in hadronic collisions were followed by measurements at
the LHC. These measurements for isolated photon production [12, 13, 15, 17] as well as for
the production of a photon in association with a jet [14-16] are covering a large kinematic
range and are reaching percent level accuracy demanding for theory predictions meeting
this level of precision.

In the experimental analyses selection cuts on the photon are imposed. Typically
these cuts limit the transverse momentum p% and the pseudorapidity 7, of the photon to a
specific kinematic range. Photon-plus-jet measurements use the anti-k7 algorithm [65] for
jet reconstruction and apply additional cuts on the transverse momentum of the (leading)
jet pjjft as well as on its rapidity yje; or pseudorapidity njet.

In the following we will compare our NNLO predictions for isolated photon production
to 13TeV ATLAS [13] and 7TeV ALICE data [17] and our predictions for the photon-
plus-jet cross section to 8 TeV CMS [16] and 13TeV ATLAS data [14]. Throughout
this comparison we set the value for the electromagnetic coupling constant to o = a(0) =
1/137.036, as is appropriate for the coupling of an external resolved photon. For the first
time these NNLO predictions employ the same photon isolation as in the experimental
measurements, thus avoiding the mismatch inherent in previous theory—data comparisons
at this order and eliminating the associated source of systematic uncertainty.

4.1 ATLAS 13 TeV Isolated Photon Measurement

The ATLAS 13TeV isolated photon measurement [13] provides data for the photon pro-
duction cross section differential in the photon transverse momentum pJ. for four different
pseudorapidity bins

Iny| < 0.6, 0.6 <|n,|<1.37, 1.56 < |n,| <1.81, 1.81< |n,|<2.37. (4.1)

The photon is required to have a minimum transverse momentum pJ. > 125 GeV. Moreover,
a fixed cone photon isolation with parameters

R=04, =00042, FEM=48GeV (4.2)

is imposed. For our theoretical predictions we use the same photon isolation and the scales
are set according to (3.2).
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Figure 1: Photon transverse momentum distributions for isolated photon production at
LO, NLO and NNLO for four different pseudorapidity bins. The prediction are compared
to 13TeV ATLAS data [13].

Figure 1 shows the isolated photon cross section for the four photon pseudorapidity
bins. For all bins the NNLO corrections are positive and increase the cross section by 5-
6% compared to the NLO cross section. These corrections are relatively constant over the
whole transverse momentum range. However, we observe an increase in the NNLO-to-NLO
K-factor for the first two pseudorapidity bins for very large transverse momenta where the
corrections increase to roughly 9% compared to the NLO predictions. In contrast, for the
forward pseudorapidity bins the K-factor is decreasing for large transverse momenta where
the difference between the NLO and NNLO cross section is only a few percent.

The scale uncertainty at NLO is 18% for the first and second pseudorapidity bin and
increases to 24% for the more forward pseudorapidity bins. In all bins the scale uncertainty
is slightly increasing towards larger pJ.. Including NNLO corrections significantly reduces
the scale uncertainty. Over most of the range in pJ. and 7, the NNLO scale variation
amounts to (+1.5,—3.0)% and it only increases moderately for large photon transverse
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Figure 2: Predictions for the photon transverse momentum distribution at LO, NLO, and
NNLO. The predictions are compared to data from the ALICE measurement [17].

momenta.

Comparing our NNLO predictions with the ATLAS data, we observe that in the first,
third and fourth pseudorapidity bin the slope of the measured distribution is well captured
by the predictions. However, the predictions undershoot the data by 10% (15%) in the
first (third) bin and are not compatible in normalisation with the data over the largest
range of photon transverse momenta. In the second and fourth pseudorapidity bin, data
and predictions agree in the mid pJ. region. In the second bin, the slope of the measured
distribution is slightly steeper than that of the theory predictions.

The fragmentation contribution to the NNLO cross section is very small and amounts
to only 2% of the full NNLO cross section in the low pJ. region and is negligible for mid
and large transverse momenta. Therefore, the NNLO predictions presented here are very
similar to the NNLO predictions obtained with a hybrid isolation shown in [13], taking
however into consideration a different overall normalisation due to the different value for
the electromagnetic coupling constant that was used there.

4.2 ALICE 7 TeV Isolated Photon Measurement

The ALICE 7 TeV isolated photon measurement [17] provides data for the photon produc-
tion cross section differential in the photon transverse momentum in the range 10 GeV <
pp < 60GeV. The photon is required to have a pseudorapidity |n,| < 0.27 and a fixed
cone photon isolation with the parameters

R=04, =0, EM=2GeV (4.3)

is imposed.
The prediction for the photon transverse momentum distribution and the comparison
to the ALICE data is shown in Figure 2. In our predictions for the ALICE measurement
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we used a fixed fragmentation scale of u4 = 3 GeV since our default choice g = Mcone in
Eq. (3.1) yields numerical values for the fragmentation scale that are too small and outside
of the supported range of the BFGII fragmentation functions. Lastly, we multiply our
predictions by the correction factors accounting for hadronisation effects and underlying
event contributions that are quoted in [17]. We use a fixed cone photon isolation with the
parameters of (4.3).

The NNLO corrections enhance the NLO predictions by approximately 8% in the
region 10 GeV < pJ. < 16 GeV and 6% in the region 16 GeV < p. < 60 GeV. A significant
reduction of scale uncertainty is observed when going from NLO to NNLO. The NLO scale
variation ranges from 54% in the lowest bin to 26% in the highest bin. In contrast, the
scale uncertainty at NNLO is only (45, —10)% in the low pJ. regime and further decreases
to (+1.5, —4.5)% in the last transverse momentum bin.

All data points are in agreement with our NNLO prediction within the experimental
and theoretical uncertainties, noting that experimental errors exceed the scale uncertainty
of the NNLO calculation across the entire kinematic range.

The contribution from fragmentation processes to the NNLO cross section is decreasing
with increasing p;}. In the lowest bin the fragmentation contribution amounts to 10% of
the cross section while in the highest bin it only contributes 2% to the cross section.

4.3 CMS 8 TeV Photon-Plus-Jet Measurement

The CMS 8TeV photon-plus-jet study [16] provides data for the photon-plus-jet cross
section as a function of the transverse momentum of the photon, the pseudoradidity of the
photon, and the pseudorapidity of the jet. The photon is required to have p'} > 40 GeV
and |ny| < 1.44 or 1.57 < || < 2.5. Jets are identified using the anti-k7 algorithm with a
cone radius Rje = 0.5. The leading jet is required to have pJ:,?t > 25GeV and |njet] < 2.5.
Moreover, it must be separated from the photon candidate by ARyje; > 0.5.

While the ATLAS and ALICE measurements apply their photon isolation procedures
at the fiducial cross section level, photon isolation in the CMS measurement [16] is per-
formed only at the level of object reconstruction. The photon isolation parameters used
in the CMS measurement can thus not be taken over to the theory predictions (which are
always at the level of fiducial cross sections) in a direct manner. The CMS 8 TeV study
recommends [16] that theory predictions should be computed with the fixed-cone isolation
parameters

R=02, =0, EM*=4GeV (4.4)

to mimic the effect of photon isolation in their measurement.
Data for the photon transverse momentum distribution are given for different bins in
the pseudorapidity of the photon

Iny| < 0.8, 08<|ny| <144, 1.57<|ny| <21, 21<|n|<25, (4.5)
and the jet

IMjet] < 0.8, 0.8 < |njet| < 1.5, 1.5 < |mjet| < 2.1, 2.1 < |mjes] < 2.5. (4.6)
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Figure 3: Photon transverse momentum distributions for different bins in the pseudora-
pidity of the photon and the jet. The predictions are compared to CMS 8 TeV data [16].

For the theory predictions we use a fixed cone isolation with the parameters of (4.4).
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Since the numerical values of our default choice of the fragmentation scale g4 = Meone are
again too small and not supported by the BFGII set for these isolation parameters, we use
a fixed fragmentation scale of p4 = 3 GeV. Our NNLO predictions are compared to CMS
data in the 16 different pseudorapidity ranges in Figure 3. For most of the range of photon
and jet pseudorapidities the NNLO corrections are positive and increase the cross section by
7—10%. Compared to NLO the shape of the NNLO distribution is slightly modified. In the
low p% regime the corrections are small (for some pseudorapidity bins even negative) and
increase towards larger transverse momenta. For some of the forward pseudorapidity bins
a decline of the NNLO-to-NLO K-factor for high photon transverse momenta is observed.
The scale uncertainties at NLO amount to approximately 25% for similar photon and jet
pseudorapidities and increase up to 40% for unbalanced pseudorapidity configurations. At
NNLO the scale uncertainty is reduced to (+1,—3)% for comparable pseudorapidities of
the photon and the jet. For less balanced configurations we also observe a substantial
reduction of scale uncertainty compared to NLO for small and mid p;.. However, in these
configurations the NNLO scale uncertainty increases in the high pJ. regime.

Comparing the NNLO predictions to the CMS data, we observe a disagreement, which
is most prominent in the low p% regime where the predictions overshoot the data by up
to 50%. This tension between data and theory predictions is reduced for mid and large
photon transverse momenta. However, also in this p% range we observe an inconsistency
between theory and data in some of the forward pseudorapidity bins of the photon and
the jet. We note that the reduction by more than a factor of two of the scale uncertainty
bands going from NLO to NNLO is essential to fully expose this tension.

Due to the tight isolation criterion (4.4) the fragmentation contribution to the NNLO
cross section is small. Its contribution to the cross section is 3-5% in the lowest photon
transverse momentum bin and declines steeply for increasing p).. However, given that these
fiducial-level photon isolation criteria are only an approximation to the object-level isola-
tion criteria used in the CMS measurement [16], this quantification of the fragmentation
contributions is quite uncertain.

4.4 ATLAS 13 TeV Photon-Plus-Jet Measurement

The ATLAS 13TeV photon-plus-jet measurement [14] provides data for the cross section
differential in the photon transverse momentum, the leading jet transverse momentum, the
azimuthal angular separation between the photon and the jet, the photon—jet invariant
mass, and the cosine of the scattering angle in the photon—jet centre-of-mass system cos 6*.
Jets are identified using the anti-k7 algorithm with a cone radius Rjet = 0.4. In the
measurement the leading jet fulfilling |yjer| < 2.37 and AR.jer > 0.8 is selected and it
has to have a transverse momentum p];t > 100GeV. Photons are required to have a
minimum transverse momentum of pJ. > 125GeV and they have to satisfy |n,| < 2.37.
Moreover, photons in the transition region between the barrel and the endcap calorimeters
(1.37 < |ny| < 1.56) are excluded. A photon isolation with parameters

R=04, =0.0042, FE¥=10GeV (4.7)
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Figure 4: Predictions for the photon transverse momentum distributions at LO, NLO,
and NNLO. The predictions are compared to data from the ATLAS measurement [14].

is imposed. For the invariant mass and the | cos6*| distribution the additional cuts
1Ny + Yjer| < 2.37, |cosB| <0.83, mjer > 450 GeV (4.8)

are applied. Our NNLO predictions and the comparison to the ATLAS data for the different
distributions are shown in Figure 4-8.

The p} distribution is shown in Figure 4. Including NNLO corrections strongly impacts
the shape of the distribution compared to NLO: In the low p} region the cross section
is reduced by —7% while in the medium to large photon transverse momentum regime
the NNLO corrections are positive and amount to approximately +7%. The NLO scale
uncertainty of (17 — 22)% is reduced to (+1,—4)% for low and (42, —5)% for high photon
transverse momenta at NNLO.

Comparing our NNLO predictions to data, we see excellent agreement for the shape
of the distributions. In the low and mid pJ. region the data falls slightly above the NNLO
prediction. However, theory and data remain consistent within the respective uncertain-
ties in this regime. In the highest bin for which data is available, the NNLO prediction
overestimates the data. This tension could indicate the onset of electroweak Sudakov log-
arithms [66, 67], which become sizeable in this region of phase space. The contribution
from fragmentation processes to the full NNLO cross section is 5% in the low pzﬁ regime.
For larger values of the photon transverse momentum this contribution declines strongly.
A more detailed discussion of the different contributions to the NNLO cross section will be
provided in Section 5.2 below.

The leading jet transverse momentum distribution is shown in Figure 5. At LO the jet
recoils against the photon alone and therefore the transverse momenta of the jet and the
photon coincide. Beyond LO this one-to-one correspondence does no longer hold and the
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Figure 5: Predictions for the leading jet transverse momentum distributions at LO, NLO,
and NNLO. The predictions are compared to data from the ATLAS measurement [14].

phase space region 100 GeV < p];t < 125 GeV, which is not accessible at LO, is populated.
This region of phase space is contained in the first bin ([100, 130] GeV) of the distribution.
In this bin the NNLO corrections enhance the NLO cross section by 15% and reduce the
scale uncertainty from 28% to 12%. Since the NNLO corrections are effectively only of
NLO-type in the bulk of phase space that contributes to this bin, the scale uncertainty
remains rather large. For larger pjj‘ft the NNLO corrections are negative and reduce the cross
section by between —4% in the second bin and —40% in the very high p];t region. Especially
for small and intermediate jet transverse momenta the scale uncertainty is strongly reduced
by including NNLO corrections. In the second bin the NNLO scale uncertainty is only
(+1, —3)% and it increases moderately to (+2, —11)% in the region around pl_,‘ft ~ 500 GeV.
For even larger transverse momenta the scale uncertainty increases significantly. This
kinematic regime is dominated by events with two hard recoiling jets and a relatively
soft photon. These configurations are effectively described at NLO accuracy resulting in
increasing scale uncertainties.

While at NLO the theory prediction fails to describe the shape of the data, including
NNLO corrections a very good agreement with the data in shape and normalisation is
observed. It is only in the second bin that the data within its uncertainties does not
overlap with the NNLO scale uncertainty band. However, this deviation remains below
two standard deviations.

As for the p}, distribution, the contribution from fragmentation processes to the cross
section is small. Tt amounts to 5% in the first bin and further decreases for larger transverse
momenta.

Figure 6 shows the invariant mass distribution of the photon-jet system. In the mea-
surement of this distribution additional constraints on | cos 8*| and the sum of the photon
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Figure 6: Predictions for the photon-jet invariant mass distributions at LO, NLO, and
NNLO. The predictions are compared to data from the ATLAS measurement [14].

pseudorapidity and jet rapidity are imposed. The NNLO correction reduces the cross sec-
tion by between —7% and —11% compared to NLO and shifts the cross section to the lower
edge of the NLO uncertainty band over the entire invariant mass spectrum. The impact of
the NNLO corrections is most prominent in the region around m.je; ~ 1000 GeV. As far as
scale uncertainties are concerned, a strong improvement going from NLO to NNLO is ob-
served. While the scale uncertainty at NLO is 23% in the low mass regime and increases up
to 27% in the tail of the distribution, the maximal scale uncertainty at NNLO is (+1, —8)%
for m,jet = 1000 GeV and further decreases for both smaller and larger invariant masses.

As in the photon transverse momentum spectrum, the NNLO distribution underesti-
mates the data in the low mass region by 6-8%. In this regime data and theory predictions
are not fully consistent. For larger masses we see agreement between theory and data
within the increasing experimental errors. We also observe that the shape of the mea-
sured distribution is better described at NNLO compared to NLO. The observation that
the measured distribution in the low mass region as well as in the low to mid p}. regime
falls systematically above the NNLO predictions could point to an underestimation of the
NNPDF4.0 PDF set in this region of phase space.

The angular separation distribution of the leading jet and the photon is shown in
Figure 7. At LO the photon is recoiling against a single parton, forming the jet. In this
back-to-back configuration A¢ = 7 holds. Smaller angular separations are accessible only
from NLO onwards. The scale uncertainty at NLO in this region increases with smaller A¢
from 44% up to 55%. In the back-to-back bin the NLO scale uncertainty is 13%. Including
NNLO corrections reduces the scale uncertainty in this bin to (43, —6)%. In the region
3/5m < A¢ < 9/107 the scale uncertainty at NNLO amounts to (19— 28)%. The lowest A¢
bin is effectively populated only at NNLO, resulting in a large NNLO-to-NLO K-factor of
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Figure 7: Predictions for the photon-plus-jet cross section as a function of the azimuthal
angular separation between the photon and the jet at LO, NLO, and NNLO. The predic-
tions are compared to data from the ATLAS measurement [14].

almost four and a large scale uncertainty of (+33, —22)%. NNLO corrections are necessary
to describe the data accurately beyond the back-to-back configuration. Over the complete
A¢ spectrum data and predictions are consistent within their respective uncertainties.

The contribution from fragmentation processes to the NNLO cross section is largest in
the back-to-back bin where it yields 5 % of the total cross section. Its relative contribution
decreases for smaller azimuthal separations.

The ATLAS study also provides data for the cross section as a function of cos8* =
tanh(Ay/2), where Ay is the rapidity difference of the jet and the photon. 6* corresponds
to the scattering angle in the center of mass frame of the underlying 2 — 2 scattering
event. The distribution in |cos#*| is shown in Figure 8. For the measurement of this
distribution the additional cuts (4.8) on the invariant mass of the photon-jet system and
the sum of jet rapidity and photon pseudorapidity are imposed. As for the invariant mass
distribution, the NNLO corrections are negative and reduce the NLO cross section by —6%
for small values of |cos#*| and by roughly —10% for larger values. The scale uncertainty
at NLO ranges from 15% to more than 50% for | cos #*| values close to unity. The inclusion
of NNLO corrections yields a strong reduction of scale uncertainty. For small values of
| cos 6*| the NNLO scale band is (+1,—4)% and it moderately increases to (+2, —9)% at
large | cos 0*|.

Comparing the NNLO prediction to data, we observe good agreement in most bins,
except for the last two for which data are provided. In these two bins the NNLO prediction
falls below the data by approximately 10%. In [14] the | cos #*| distribution was discussed as
a candidate for providing sensitivity on the photon fragmentation contribution in particular
at high values of |cos#*|. As discussed in more detail in Section 5.2 below, we indeed
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observe an increase of the fragmentation contribution to the full NNLO cross section from
1.5% in the first bin to almost 10% in the region | cos 6*| ~ 1. Therefore, the disagreement
between theory and data in the last two bins could point to an underestimation of the
fragmentation contribution by the BFGII set at large photon momentum fractions.

5 Comparison of Different Isolation Prescriptions

In this section we investigate the impact of different isolation prescriptions on the distri-
butions of the photon-plus-jet cross section. For this comparison we use the set-up of the
13TeV ATLAS study [14] and only modify the photon isolation.

Our comparison includes two calculations with a fixed cone isolation. As the default
isolation the ATLAS isolation with parameters

R=04, £=0.0042, E¥"=10GeV  (default cone) (5.1)

is used. To investigate the change in magnitude and in composition (direct vs. fragmenta-
tion contribution) of the cross section with increasing maximal hadronic energy inside the
cone 7%, we consider a loose fixed cone isolation with parameters

R=04, =0.0042, E¥™ =50GeV  (loose cone). (5.2)

Previous NNLO calculations for isolated photon [44, 46] and photon-plus-jet produc-
tion [45, 46] used idealised photon isolations, i.e. smooth cone or hybrid cone prescriptions.
In the following comparison we confront a hybrid isolation with parameters

R =04, ¢ =0.0042, B = 10GeV, Ry =0.1, ¢4 =0.1, n=2 (hybrid)  (5.3)
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with the default fixed cone isolation. The parameters of the inner cone are tuned to mimic
the ATLAS fixed cone isolation [46]. Therefore, one objective of the following comparison
is to reveal to which extent the hybrid isolation faithfully reproduce the experimental
isolation prescription at NNLO accuracy.

In the democratic clustering isolation approach [53, 54] photons and partons are clus-
tered together. This democratic treatment of photons and partons can be particularly
useful for calculations of electroweak corrections were additional photons are emitted. To
test the impact of democratic clustering on QCD corrections we apply an anti-k7 algorithm
with cone radius Rjet = 0.4 and a z¢yy = 0.926. The criterion zem > Zeut With zem denoting
the electromagnetic energy fraction (2.4) can be reformulated as a criterion on the maximal
hadronic energy inside the cone of the democratic jet. The maximal integrated hadronic
energy inside this cone may not exceed

ppex = L2 2o (5.4)
Zcut
The value zey = 0.926 is chosen such that at pJ. = 125 GeV the maximal hadronic energy
is 10 GeV, which coincides with the value of EtThl”es of the ATLAS isolation criterion.

In addition to these isolated photon-plus-jet calculations, we also present results for the
photon-plus-jet cross section without imposing any photon isolation. Even if this inclusive
set-up may not be feasible in an experimental measurement, it can provide valuable insights
on the overall impact of applying an isolation criterion to the photon.

The comparison of the isolation prescriptions is performed in two steps. In Section 5.1
we examine the impact of the isolations on the magnitude of the cross sections. A detailed
analysis of the composition of the cross sections in terms of direct and fragmentation
components follows in Section 5.2.

5.1 Comparison of the NNLO Cross Sections

For the comparison of the isolation prescriptions we use our default scale choices pur =
g = p?,, and g4 = Meone- The predictions with hybrid isolation do not contain a contri-
bution from fragmentation processes and therefore they do not depend on a fragmentation
scale. In this case the scale uncertainty is estimated by a seven-point scale variation of the
renormalisation and factorisation scales. It is noted that for the hybrid isolation an addi-
tional uncertainty arises from the choice of the isolation parameters (Rgq, €4, n) in (5.3).
We do not quantify this uncertainty here but stress that it is not captured by the scale
uncertainty. For the inclusive predictions without photon isolation the standard choice for
the fragmentation scale cannot be applied as there is no isolation cone. For this inclusive
set-up we use p g4 = p%, since the fragmentation process is in this case inclusive with respect
to all extra radiation up to the characteristic scale p% of the final state.

The different predictions for the pJ. and pl_,?t distributions of the photon-plus-jet cross
section are compared in Figure 9. In the lower panels we show the ratio of the individual
predictions with respect to the default ATLAS isolation.

Comparing the photon transverse momentum distributions, we observe a difference
between the hybrid and default isolation of roughly 4% for small p/.. For larger values this

—90 —



NNLOJET pp-y+jet Vee13 Tev NNLOJET pp-ytjet /E=13 Tev

10t
NNLO default f— NNLO default

—
i NNLO hybrid
- NNLO hybrid 100 ] .
e | NNLO democratic NNLO democratic
= 7 NNLO loose  SSS— NNLO loose

NNLO no iso NNLO no iso
100 —
0 =
; —
| TE

NNPDF40_nnlo_as_01180 é‘ NNPDF40_nnlo_as_01180
3 L
R}

._.
2

l
[pb/GeV]

do/dp¥ [pb/GeV]

-3
Be=Pr=PY, Ha=Mcone P¥ 1071 pe=pr=pY, Ha=Mcone P¥

py>125 GeV, |ny|<2.37, [1.37,1.56] excl. — p¥>125 GeV, |n,]1<2.37, [1.37,1.56] excl.
p2°°>100 GeV, |yjer|<2.37, LRyjee=0.8 10-4, PI*>100 GeV, |yjec|<2.37, ORy5ec=0.8

._.
2
&

-
=)
1

&

.d
2

"
N

N

o

Ratio to NNLO default
Ratio to NNLO default
w
°

200 300 400 600 1000 200 300 400 600 1000
jet
py [GeV] pi** [GeV]

Figure 9: Predictions for the photon transverse momentum (left) and jet transverse mo-
mentum distributions (right) with different isolation prescriptions.

difference is reduced and at pj. =~ 1000 GeV the two predictions largely overlap. A similar
behaviour is found for the loose isolation and the inclusive photon-plus-jet cross section.
At small transverse momenta a 10% (24%) difference compared to the default isolation
is observed for the prediction with a loose (without) isolation. With increasing pJ. the
distributions approach each other. The loose isolation cross section fully coincides with the
default cross section for p). = 2 TeV, while the inclusive remains 6% larger. This behaviour
indicates that photons at large transverse momenta are likely to be accompanied by only
little hadronic energy so that the impact of the photon isolation is only moderate.

The slope of the democratic clustering distribution is not as steep as the slope of the
default distribution. This behaviour can be understood from the functional form of the
effective maximal hadronic energy inside the democratic jet given in (5.4). At p). = 125 GeV
the maximal hadronic energy for democratic clustering is E7** = 10GeV and therefore
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similar to the corresponding value for the default isolation E7** = 10.5 GeV. However, in

the democratic clustering approach it increases more strongly with increasing pJ. compared
to the default isolation. At pJ. = 1000 GeV the maximal hadronic energy is EF** = 80 GeV
for democratic clustering, while for the default criterion it is EF** = 14.2 GeV. Therefore,
in the high pJ. regime the democratic clustering cross section does even exceed the cross
section obtained with a loose isolation. An important observation is that the region of
largest discrepancy between the isolation prescription coincides with the region where the
contribution from fragmentation processes is strongest. This will be further analysed in
Section 5.2, where the composition of the cross sections with different isolation prescriptions
is discussed.

The difference between the hybrid isolation and the default isolation in the pJTet dis-
tribution is also most prominent at low transverse momenta. In the first bin the hybrid
isolation overshoots the default isolation by 10% while in the second bin it falls below the
default isolation by 5%. For plﬁt > 170 GeV the shapes of the two distributions coincide
and the hybrid isolation exceeds the default isolation by only a few percent. The distribu-
tion obtained with a loose isolation falls above the default isolation over the entire range
of jet transverse momenta. The largest difference between the two isolations is observed in
the regime 130 GeV < pJ:,'ft < 300 GeV where the corresponding ratio reaches almost 1.13.

In the first bin of the pl_,‘ft distribution the inclusive (no isolation) photon-plus-jet cross
section is smaller than the cross section obtained with the default isolation. This pecu-
liar behaviour stems from the Sudakov shoulder [68] at pjj‘ft = 125 GeV causing a poor
convergence of the perturbative expansion in this regime. Towards larger jet transverse
momenta a strong increase in the ratio is observed. As discussed in Section 4.4 this regime is
dominated by events with two hard recoiling jets accompanied by a relatively soft photon
(still fulfilling the pJ. cut). A large contribution to this configuration stems from frag-
mentation processes, where a high-pr jet fragments into a photon and passes a moderate
momentum fraction of its original momentum to the photon. Such fragmentation processes
in this kinematic configuration are almost fully vetoed by all isolation criteria, since the
photon is accompanied by a large amount of hadronic energy. The strongly increasing
scale uncertainty in the tail of the distribution is caused by the particular scale choice
LR = [tF = jia = P, yielding large logarithms of the ratio pjﬁt /p7- in this regime.

An increasing ratio between the democratic clustering isolation and the default isola-
tion can also be seen in the 117JT6t distribution. In the lowest bin the cross section obtained
with democratic clustering is 7% smaller than the default cross section while at high pjj'ft
the democratic clustering cross section exceeds the default cross section by 10%.

Figure 10 shows the invariant mass distribution of the photon—jet system as well as
the rapidity distribution of the leading jet. For the invariant mass distribution the addi-
tional cuts (4.8) are imposed. Comparing the invariant mass distribution of the default
and the hybrid isolation, we observe the largest difference in the low mass region. At
Myjet = 500 GeV the hybrid isolation overestimates the ATLAS isolation by 4%. The dif-
ference between the two isolation prescriptions vanishes at very high invariant masses. For
Mjet = 3000 GeV we observe only a 1% difference and the scale uncertainty bands of both
predictions largely overlap.
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Figure 10: Predictions for the photon-jet invariant mass (left) and the leading jet rapidity
distribution (right) using different isolation prescriptions.

Comparing the loose and the default isolation, the largest difference is found in the
low mass regime where the loose isolation prediction exceeds the default isolation by 11%.
With increasing masses the corresponding ratio decreases and it amounts to only 1.02 in
the highest mass bin.

In the mass regime around m.je; = 600 GeV a strong increase of the inclusive photon-
plus-jet distribution compared to the default distribution is seen. The relative difference
of the two distributions reaches its maximum around 1000 GeV . For larger masses the
corresponding ratio moderately decreases to a value of 1.5.

The distribution obtained with a democratic clustering isolation shows a slightly dif-
ferent slope compared to the default distribution and the corresponding ratio increases
from 1.01 to roughly 1.05 in the very high mass regime. This indicates that the large m.jet
regime is dominated by high-pr photons for which the two isolation criteria deviate.
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Figure 11: Predictions for the photon-plus-jet cross section differential in | cos 6*| (left)
and in the azimuthal angular separation between the photon and the jet (right) using
different isolation prescriptions.

The shapes of the rapidity distributions of the leading jet coincide for the different
isolation prescriptions, yielding constant ratios over the whole rapidity range. This is in
line with the expectation that the entire rapidity range is dominated by low-pr jets events.
The corresponding ratio can be inferred from the ratios obtained for the first few bins
of the jet transverse momentum distribution. The hybrid isolation systematically falls
above the default isolation by about 4%, the loose isolation by about 9% and the inclusive
photon-plus-jet cross section by about 20%. The democratic isolation prescription matches
the default isolation not only in shape but also in magnitude, as is expected given that
the parameters were tuned to match at low pJ. where the cross section is largest. Both
isolations yield very similar distributions. The fragmentation contribution to the different
distributions is constant over the considered rapidity range.
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The |cosf*| distribution and the A¢ distribution are shown in Figure 11. 6* corre-
sponds to the polar scattering angle of the underlying 2 — 2 scattering event. Due to a dif-
ferent functional dependence on cos 6* of the underlying matrix elements, the contribution
from fragmentation is most prominent in the high | cos #*| regime (see also Section 5.2). The
largest difference between the hybrid and the default isolation is observed in this regime,
where it amounts to almost 13%. The loose isolation distribution also deviates strongest
from the default isolation for large |cos#*|. The corresponding ratio increases from 1.06
at small |cos@*| to 1.17 at |cos@*| = 1. In contrast to the loose and hybrid isolation, the
democratic clustering distribution agrees with the default isolation distribution over the
full range of |cos#*| within the respective scale uncertainty bands. This indicates that
the impact of events with very high-pr photons to the | cos 6*| distribution is small. The
inclusive photon-plus-jet cross section exceeds all isolated photon-plus-jet cross sections.
The largest difference between the inclusive distribution and the default distribution is
observed at |cosf*| = 0.65 where it amounts to roughly 55%. The corresponding ratio
decreases for larger and smaller values of | cos 6*|.

The different A¢ distributions almost fully coincide for 7/2 < A¢ < 37/5. In this
regime the photon is recoiling against at least two additional partons. Therefore, it is likely
to be well separated from additional hadronic energy and the isolation prescription does not
strongly impact the cross section. This is in line with the observation that fragmentation
processes yield only a negligible contribution to the cross section in this kinematic range.
The difference between the different isolations increases with increasing A¢. The largest
discrepancy is observed in the back-to-back bin. In this bin the inclusive distribution is
25% larger than the default distribution and the loose isolation distribution overshoots the
default isolation by 9%. The distribution obtained with democratic clustering matches the
default distribution over the whole range of A¢, which shows that the impact of photons
with large transverse momenta to this distribution is very small. The hybrid isolation
overestimates the default isolation for 7/10m < A¢ < m by approximately 4%. Since the
fragmentation contribution to the cross section increases with A¢, this confirms observa-
tions in other distributions that the difference between the hybrid and default isolation is
largest in regions where also the fragmentation contribution is largest.

A particularly remarkable feature of all distributions is the close agreement between
democratic isolation and default cone-based isolation, which is observed everywhere except
for the high-p). tail of the photon transverse momentum distribution. This agreement
is most likely a consequence of the fact that the anti-k7p algorithm [65] that is used for
the clustering in the democratic isolation approach results in an almost perfectly cone-
shaped capture area of radius Rje; [69] (which is chosen identical to the isolation cone
radius R here), and that the z., applied subsequently on the photon jet is determined to
reproduce EF** of the default isolation at the lower end of the p:} distribution, where the
cross section is largest. With parameters chosen appropriately, the effect of the democratic
isolation procedure based on the anti-kp algorithm is thus very similar to a fixed cone
isolation.
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Figure 12: Decomposition of the cross section differential in the photon transverse momen-
tum. Results obtained with the default isolation, a loose isolation, democratic clustering
and without isolation are shown.

5.2 Decomposition of the Cross Sections

In this section we investigate the impact of the isolation prescription on the composition
of the photon-plus-jet cross section. As the hybrid isolation only contains a contribution
from direct photon production processes, this isolation is not considered in the following.

In Figure 12 the photon transverse momentum distributions for the default isolation,
the loose isolation, democratic clustering isolation, and the inclusive set-up are shown.
Besides the decomposition of the full NNLO cross section (red) into the direct (yellow)
and fragmentation contribution (green) according to (3.3), the LO and NLO predictions
are displayed. In the LO approximation the photon is in a back-to-back configuration with
one additional parton. Therefore, it is well separated from any hadronic energy and the
isolation prescription does not affect the cross section at this order. This does no longer
hold from NLO onward, where additional real radiation processes as well as fragmentation
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Figure 13: Decomposition of the cross section differential in the jet transverse momentum.
Results obtained with the default isolation, a loose isolation, democratic clustering and
without isolation are shown.

processes start to contribute.

For the default isolation, the loose isolation and the inclusive set-up the contribution
from fragmentation processes to the full NNLO cross section declines with increasing py..
Moreover, the looser the isolation parameters are the larger is the fragmentation contribu-
tion to the photon transverse momentum distribution. For the default isolation the impact
of the fragmentation contribution to the full NNLO cross section is 5% in the lowest bin
and beyond pJ. = 600 GeV it decreases to less than 1%.

With a loose photon isolation a higher sensitivity on the fragmentation processes is
obtained. At small photon transverse momenta 20% of the full NNLO cross section stems
from these processes. Without photon isolation, direct photons and fragmentation each
yield roughly 50% of the cross section at small pJ. and in the high pJ. regime the fragmen-
tation contribution still amounts to 25% of the cross section. For the democratic clustering
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Figure 14: Decomposition of the cross section differential in the photon-jet invariant

mass. Results obtained with the default isolation, a loose isolation, democratic clustering
and without isolation are shown.

isolation the fragmentation contribution moderately increases with increasing p% from 5%
to 8%. This is in line with the observation in Figure 9 where the strongest discrepancy to
the default isolation was found in the high pJ. regime.

Figure 13 shows the decomposition of the leading jet transverse momentum distribution
for the different isolations. Comparing the default and loose isolation, an increase in the
sensitivity on fragmentation processes with looser isolation parameters is observed. The
predictions obtained with the default isolation contain a relative fragmentation contribution
of 5% for low pjﬁt whereas for the loose isolation the fragmentation contribution is 20% in
this regime. As for the pJ. distribution, the impact from fragmentation processes decreases
with increasing transverse momenta.

In the democratic clustering approach the relative contributions from direct photons
and photon fragmentation remain almost constant over the complete kinematic range. For
this isolation roughly 4% of the photons originate from fragmentation processes.
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For the inclusive set-up the high p];t region is completely dominated by fragmentation
processes. Here the direct contribution only amounts to 15% of the NNLO cross section.
This strong increase of fragmentation processes causes the large difference between the
inclusive and isolated photon cross sections displayed in Figure 9. At large jet transverse
momenta, events with two hard recoiling jets accompanied by a relatively soft photon
yield the largest contribution to the cross section. In this configuration the allowed range
of momentum fractions which one of the jet passes to the photon during fragmentation
increases with increasing leading jet transverse momentum. The accessible momentum
fraction range for the fragmentation of a 1 TeV jet is z € [0.125,1], while for a jet with
150 GeV transverse momentum it is only z € [0.83,1]. The fragmentation functions are
strongly increasing towards lower momentum fractions. Therefore, in the majority of events
in the tail of the inclusive pjj‘ft distribution the photon is accompanied by a large amount
of hadronic energy.

The breakdown of the invariant mass distribution of the photon—jet system is shown in
Figure 14. The composition of the cross section as a function of the invariant mass is very
similar to the composition of the pJ. distributions, reflecting the functional dependence of
Meyjet ON p;}. For the fixed cone isolations, the contribution from fragmentation is largest
for small masses where it amounts to 20% for the loose isolation and 4% for the default
isolation. Towards larger masses the fragmentation contribution declines strongly. The
invariant mass distribution obtained with democratic clustering contains an increasing
contribution from fragmentation processes for larger masses. For m.j; ~ 500 GeV the
contribution from fragmentation to the NNLO cross section is 6% and it increases to 9%
at Mmojer ~ 3 TeV.

The fragmentation contribution dominates the non-isolated NNLO cross section over
the entire range of masses. Its relative size increases from 56% for low masses to 66%
in the tail of the distribution. The invariant mass distribution also shows that the scale
uncertainties of the fragmentation and the direct contribution largely compensate each
other yielding only a very small scale band of the full NNLO cross section.

Comparing Figure 14 to the invariant mass distribution in Figure 10, we observe a
similar correlation between the sensitivity on fragmentation processes and the sensitivity
on the isolation prescription, i.e. the regions in which the isolation prescriptions deviate
are the regions with the largest fragmentation contribution.

The difference between photon pseudorapidity and jet rapidity is related to the scat-
tering angle in the parton-parton centre-of-momentum frame, with large rapidity difference
corresponding to small scattering angles. Predictions for the cross section as a function
of the rapidity difference are shown in Figure 15. For all isolations the cross section is
falling with increasing |1y — yjet|. Moreover, for very large rapidity differences the NNLO
predictions fall below the scale uncertainty band of the NLO predictions indicating a poor
perturbative convergence of the cross section in this kinematic regime.

The relative size of the fragmentation contribution increases towards larger rapidity
differences for all considered isolations. At |1y — yjet| = 4, fragmentation processes amount
to 11% of the full NNLO cross section for the default isolation. For even larger rapidity
differences a strong decline of the direct contribution is observed, yielding even larger
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Figure 15: Decomposition of the cross section differential in the rapidity difference be-
tween the photon and the jet. Results obtained with the default isolation, a loose isolation,
democratic clustering and without isolation are shown.

relative contributions from fragmentation processes. In the democratic clustering approach
we observe a very similar behaviour of the cross section. Using this isolation the relative
size of the fragmentation contribution also increases towards very unbalanced configurations
and at |1y — yjet| = 4 fragmentation processes amount to 16% of the NNLO cross section.

No qualitative change is found for the loose isolation prescription. The impact of
the fragmentation contribution grows from 10% for small rapidity differences to 44% at
11y — yjet| = 4. We note that it is only in these very unbalanced configurations that
the fragmentation contribution is roughly as large as the direct contribution for the loose
isolation.

For the inclusive set-up the direct contribution dominates for |7, — yjet| < 1.4. For
larger rapidity differences fragmentation processes dominate the NNLO cross section. For
rapidity differences larger than four the contribution from direct photons is negligible.
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Figure 16: Decomposition of the cross section differential in the azimuthal separation
between the photon and the jet. Results obtained with the default isolation, a loose
isolation, democratic clustering and without isolation are shown.

The cross sections as a function of the angular separation of the photon and the jet are
shown in Figure 16. For all isolation set-ups the relative size of the fragmentation contri-
bution grows with increasing A¢ and it is largest in the back-to-back bin. Figure 11 shows
that the default isolation and the democratic clustering yield very similar A¢ distributions.
This observation also holds for the composition of the cross section. For both isolations
the relative contribution from fragmentation increases from 0.5 % at 7/2 < A¢ < 37/5 to
roughly 5% in the back-to-back bin.

Direct photon production also dominates the A¢ distribution obtained with a loose
isolation. For small A¢ direct photons contribute almost exclusively, while in back-to-back
configurations 20% of the cross section is given by fragmentation processes.

Dropping the isolation requirement, the fragmentation contribution increases strongly.
However, also with this set-up the lowest A¢ bin is largely dominated by direct pho-
tons. The fragmentation contribution in this bin is only 6%. In the back-to-back bin the
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Figure 17: Decomposition of the cross section differential in |cos*|. Results obtained
with the default isolation, a loose isolation, democratic clustering and without isolation are
shown.

fragmentation contribution is roughly 50%. The large suppression of the fragmentation
contribution in the small A¢-regime is due to an insufficient number of real radiation par-
tons in fragmentation processes to effectively populate this kinematic regime. The large
NNLO-to-NLO K-factor for the full cross section in the first bin shows that at least three
additional partons besides the photon are needed to effectively populate this bin. In our
predictions for the fragmentation contribution only processes with up to two additional
partons are included. Therefore, it is expected that including higher order fragmentation
processes would yield a strong increase in the fragmentation contribution for small Ag.
The observable |cos6*| was discussed by ATLAS [14] as a potential candidate for
providing sensitivity on fragmentation processes in particular at large values of |cos6*|.
The different isolated cross sections as well as the non-isolated cross section differential
in |cos@*| are shown in Figure 17. As expected from the different dependence of the
underlying Born matrix elements for direct and fragmentation processes on cos8*, the

~32 -



relative fragmentation contribution increases for all set-ups towards larger | cos 6.

For small | cos 6*| direct photons dominate the cross section for all considered isolations.
The fragmentation contribution for | cos 6*| < 0.3 amounts to only 1.5% of the full NNLO
cross section with the default isolation. For democratic clustering 3% of the cross section
originate from fragmentation processes and for the loose isolation 8%. In the bin 0.7 <
|cos0*| < 0.83, which is the highest bin for which the ATLAS measurement provides
data, the relative contribution from fragmentation is 6% for the default isolation, 8% for
democratic clustering and 27% for the loose fixed cone isolation. For even larger values
of | cos 6*|, which have not been accessed by experimental measurements yet, the relative
fragmentation contribution increases even further.

For the non-isolated cross section direct photon and fragmentation contribute almost
equally for |cos6*| < 0.4. Towards larger values of | cos6*| a strong decline of the direct
contribution is observed and at |cos@*| ~ 1 fragmentation contributes 90% to the full
NNLO cross section.

6 Imbalance between Photon and Jet Transverse Momentum: 2z,

At large longitudinal momentum transfers, the photon fragmentation functions are only
weakly constrained through experimental measurements at LEP from the ALEPH [40] and
OPAL [41] experiments. However, for (tightly) isolated photon production the fragmenta-
tion contribution almost exclusively stems from events in which a large fraction of trans-
verse momentum is passed to the photon. To constrain the photon fragmentation functions
in this kinematical region, several observables in electron-positron annihilation [53], deep
inelastic scattering [70, 71] and at hadron colliders [72, 73] have been proposed. These
proposed observables derive their sensitivity on the photon fragmentation functions at
large momentum transfer from either investigating the substructure of a jet containing a
highly energetic photon or from kinematic photon-jet correlations. Having very precise
experimental data and theory predictions which incorporate the fragmentation processes
at NNLO, it can now be envisaged to determine the photon fragmentation functions in this
regime using isolated photon and photon-plus-jet data from the LHC.

In this section we study the observable z.., which provides differential sensitivity
on the photon fragmentation functions and therefore could help to constrain the photon
fragmentation functions in future studies. The variable z.. is a measure for the imbalance
of the photon and leading jet transverse momenta, i.e.

o
Zrec = ;Z?;t ) (6.1)

T
A similar variable z,, including a projection of the photon momentum onto the leading jet
axis, has been proposed in [72]. For the LO cross section of direct photon production, the
two objects are exactly balanced in the transverse plane and thus z. = 1 holds. From
NLO onwards additional parton radiation can generate configurations for which ze. is not
equal to unity. In this case we can distinguish two different scenarios. If the additional
parton is radiated in the hemisphere of the photon we have 2., < 1 while if the additional
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parton is radiated in the opposite hemisphere and it is not clustered with the other parton
by the jet algorithm we have 2y > 1.

For photon fragmentation at Born level, two back-to-back jets (partons) are radiated
from which one subsequently fragments into a photon and passes a fraction z of its mo-
mentum to the photon. This process is described by the parton-to-photon fragmentation
function Dj,_,~(2). In this case the imbalance between the transverse momentum of the
photon and the leading jet is given by

¥ jet
by _ ZPp

pj;t - ';t

Consequently, at this order there is a one-to-one correspondence between z... and the

(6.2)

Zrec =

argument of the fragmentation function z. The range of z.. values which is populated
by lowest order fragmentation processes can be inferred from the corresponding isolation
parameters. For a fixed cone isolation with parameter (R, e, E%hres) and assuming that
€ < 1, we have

Y
; Pr .
min min
1> Zree > %o = p—v %ﬂres , (6.3)

Tmin
where p%min is the minimal photon transverse momentum. Beyond lowest order, the one-to-
one correspondence between zp.. and the argument of the fragmentation function does no
longer hold. Moreover, the radiation of additional partons extends the range of populated

min

Zrec Values to Zree > 1 and 2pee < 2ion.

Results for the zpe distributions of the photon-plus-jet cross section are shown in
Figure 18. For the predictions we used the set-up of the ATLAS 13 TeV study [14] and
compared the default isolation, the fixed cone loose isolation, democratic clustering and
the non-isolated cross section. For all set-ups we observe an increase of the NNLO cross
section towards zyec =~ 1. Due to the Sudakov shoulder at z... = 1, the distributions show
a poor perturbative convergence in the near vicinity of z,,. = 1. Considering the NNLO-
to-NLO K-factors of the z distributions, the region in which the fixed-order calculation
fails to give a reliable description can be estimated to be zwe € [0.93,1.06]. The isolated
distributions are dominated by direct photons over most of the kinematic range. In the
region zpe. < 1 the fragmentation contribution is increasing with ze. only below the value

min

ZI'GC

in (6.3), corresponding to a kinematical region that requires the fragmenting photon
cluster to be accompanied by at least two other partons and that is described only at NNLO

and beyond. For the default isolation and for democratic clustering we have 2%i* = (.926

and for the loose isolation zi" = 0.714. At 22" the fragmentation contribution drops,

resulting in a kink of the full NNLO cross section, which is most prominent for the loose
rec
default isolation and for democratic clustering it even turns negative. Some modest amount

isolation. For z < Zree < 1 the contribution from fragmentation is very small for the
of fragmentation contribution remains for the loose isolation prescription.

A completely different picture emerges if no photon isolation is applied. In this case,
the direct production processes dominate the z.e. distribution only for z... > 1. We observe
a strong increase in the fragmentation contribution for zye. < 1. Already for zpe. < 0.89,
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Figure 18: Decomposition of the cross section differential in z.... Results obtained with
the default isolation, a loose isolation, democratic clustering and without isolation are

shown.

fragmentation processes dominate over direct photon production and for even smaller values
of zrec fragmentation processes contribute almost exclusively. Again, the immediate vicinity
of zrec = 1 can not be described by fixed-order perturbation theory due to the Sudakov
shoulder behaviour. In contrast to the z.. distributions for different photon isolation
prescriptions, no further perturbative instability is observed around a z™* < 1 value.
Figure 19 compares the z. distributions at NNLO obtained for the different photon
isolation prescriptions, also including hybrid isolation. Substantial deviations outside the
theory uncertainties from the default ATLAS isolation are observed only if no isolation is
applied. While democratic clustering yields a distribution almost identical to the default
isolation, loose and hybrid isolation predict a uniform but not significant enhancement
of the distribution for z... < 1. The substantial enhancement of the non-isolated ziec
distribution for z... < 1 is entirely due to photon fragmentation processes. This observa-
tion strongly suggests that a determination of the photon fragmentation functions at the
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LHC could potentially be attempted by a measurement of the 2z, distribution in photon-
plus-jet events without any isolation requirements on the photon. The sensitivity on the
fragmentation functions could potentially be enhanced further by taking the difference or
a ratio between isolation prescriptions and/or applying additional fiducial selection cuts,
e.g. |cosf*| = 0.5 or A¢p

processes.

> 3™ t0 enhance the relative contribution from the fragmentation
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We are perfectly aware of the substantial experimental challenges that a measurement
of photon production cross sections without any isolation requirement entails. Its demon-
strated sensitivity on the photon fragmentation functions presents a strong motivation to
further investigate the prospects of such a measurement, and warrants a detailed assessment
of potential experimental challenges.

7 Conclusions

In this paper, we used the antenna subtraction method to compute the NNLO QCD correc-
tions to isolated photon and photon-plus-jet production, including contributions [49] from
collinear photon radiation off partons and parton-to-photon fragmentation. Previous calcu-
lations at this order [44-46] discarded these contributions by applying an idealised photon
isolation based on a dynamical isolation cone [28]. Our newly derived results enable us
for the first time to reproduce the photon isolation procedure used in the experimental
measurements, which is based on a fixed-size cone around the photon direction, admit-
ting a finite amount of hadronic energy. Our results are implemented in the NNLOJET
parton-level event generator. A detailed comparison with experimental results from AT-
LAS, CMS and ALICE demonstrated the impact of the NNLO corrections for precision
phenomenology.

The mass factorisation scale in the photon fragmentation functions separates direct
and fragmentation contributions; it reflects up to which scale an observable is inclusive in
extra radiation accompanying the photon. We argue that in the case of isolated photons,
this scale is related to the maximal invariant mass of photons and partons inside the isola-
tion cone, which is typically much lower than the photon transverse momentum. Choosing
a larger mass factorisation scale in the photon fragmentation functions would imply to cut
out a substantial amount of out-of-cone parton radiation from the direct process at fixed
order, which is added back in resummed (and thus attenuated) form through the frag-
mentation functions, thereby leading to an erroneous description of out-of-cone dynamics.
With the invariant mass scale choice in the photon fragmentation functions, the fragmen-
tation contributions are small and vanish with increasing photon transverse momentum.
The smallness of the factorisation scale and the overall small impact of the fragmentation
contributions justifies a power counting of « for the fragmentation functions, which is used
throughout in our work.

The newly derived NNLO corrections allow us to compute predictions for photon-plus-
jet production without any photon isolation and to compare different isolation prescrip-
tions. The application of the default ATLAS photon isolation leads to a decrease of the
non-isolated cross section by only 30%. Results obtained with a dynamical cone are close
in normalisation to the default fixed-cone predictions, but deviate in the kinematical shape
especially at low photon transverse momenta. Loosening of the isolation parameters in-
creases the cross sections, with the largest effects observed at low photon or jet transverse
momentum.

The democratic clustering procedure for photon isolation [42, 53] treats photons as
any other partons in the jet clustering, identifying the photons only after the jet clustering
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by labelling all jets containing more than a predefined large fraction of electromagnetic
energy as isolated photons. This isolation procedure will be particularly advantageous when
electroweak corrections to photon observables are taken into account, since it eliminates
all ambiguities relating to a discrimination in kinematical handling between identified and
non-identified photons. It has however been proven impractical to be implemented in
experimental analyses so far. We demonstrate that by using democratic clustering in
the anti-k7 algorithm with a cone size identical to the fixed cone isolation and properly
adjusted energy fraction threshold, the predicted cross sections are nearly identical to those
obtained for fixed cone isolation. These results may help to enable measurements applying
democratic clustering especially for electroweak precision observables.

We introduce the observable z. derived from photon-plus-jet final states, which allows
us to identify kinematical regions that are potentially sensitive on photon fragmentation
contributions and the form of the fragmentation functions. The highest sensitivity to
parton-to-photon fragmentation functions is observed if no photon isolation is applied, and
we discuss possible hadron collider measurements of these functions.

Our newly derived results eliminate the systematic uncertainty resulting from the mis-
match of photon isolation prescription between experiment and theory for isolated photon
final states at hadron colliders. They will thus enable a broad range of precision phe-
nomenology studies with these observables, including electroweak precision studies, con-
straints on parton distributions, and the determination of photon fragmentation functions.
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