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Isolated photon production at hadron colliders proceeds via direct production and fragmentation
processes. Theory predictions for the isolated photon and photon-plus-jet cross section often
impose idealised photon isolation criteria, eliminating the fragmentation contribution and introducing a systematic uncertainty in the comparison to data. We present NNLO predictions for
the photon-plus-jet cross section with the experimental isolation including both, direct and fragmentation contributions. Predictions with two different parton-to-photon fragmentation functions
are compared, allowing for an estimation of the uncertainty stemming from the only loosely
constrained photon fragmentation functions.
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1. Introduction

All analyses of the inclusive isolated photon [3–8] and photon-plus-jet cross section [8–12]
in hadronic collisions have applied a cone based photon isolation in which the hadronic energy
in a fixed-size cone around the photon must not exceed a certain threshold value. The latest
measurements of non-isolated photon production have been performed at LEP [13, 14].
Until recently, all next-to-next-to leading order (NNLO) QCD calculations for isolated photon
production [15–17] employed idealised isolation procedures [18, 19], eliminating all hadronic
radiation in the exact photon direction. Using these types of idealised isolations, the theory
predictions neither have to handle singular collinear parton-photon configurations, nor do they have
to include photon fragmentation processes. While simplifying the theoretical calculation, the use of
these isolations limits the comparison between theory predictions and experimental data: idealised
isolations rely on an empirical tuning of isolation parameters to approximate the experimental
isolation and therefore introduce an additional source of uncertainty in the theoretical calculation.
This drawback of previous state-of-the-art predictions has recently been overcome by a new NNLO
calculation for the photon production cross section using the experimental isolation criterion [20],
which builds on the implementation of photon fragmentation processes in the antenna subtraction
formalism [21].
Calculations using experimental photon isolations depend on the photon fragmentation functions. These functions obey inhomogeneous DGLAP evolution equations and their unknown
boundary distributions must be modelled or extracted from experimental data. Since only sparse
data sets suitable for the extraction of the fragmentation functions are available, most fragmentation
function sets model this boundary condition [22–24]. So far, only non-isolated photon data [13, 14]
were used for an extraction of the fragmentation functions from measurements [25].
In this study, we compare our NNLO QCD predictions for the photon-plus-jet cross section
to ATLAS data [11]. In the theory predictions the experimental isolation is used, avoiding any
mismatch in the theory-data comparison. By computing the theory predictions with two different
parton-to-photon fragmentation function sets, we estimate the uncertainty stemming from the only
loosely constrained photon fragmentation functions.
2
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Photons are very frequently produced in hadronic collisions. Compared to the production
of final-state partons, which undergo a hadronisation processes before they are detected, finalstate photons can directly be measured by means of their distinct signature in the electromagnetic
calorimeter. Therefore, measurements of photons in hadronic collisions give clean probes of the
underlying hard scattering event and are of particular importance for testing our understanding of
perturbative QCD. A complication in the analysis of photon cross sections arises from photons not
produced in the hard scattering event. These non-direct photons can either stem from fragmentation
processes, i.e. the fragmentation of a jet into a photon during hadronisation described by nonperturbative parton-to-photon fragmentation functions [1, 2], or hadron decays, e.g. π 0 → γγ.
Although these non-direct photons typically have smaller transverse momenta than direct photons,
they also yield a large background in the fiducial phase space volume. This complication is
overcome in experimental analyses by imposing a photon isolation which aims to disentangle direct
from non-direct photons.
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2. Photon Isolation and Fragmentation

γ

where pT denotes the transverse momentum of the photon candidate. The fixed cone isolation is
characterised by the three parameters (R, ε, ETthres ). It effectively eliminates photons from hadron
decays but cannot fully suppress photons from fragmentation processes.
Theory predictions using the fixed cone isolation consequently depend on the parton-to-photon
fragmentation functions D p→γ (z, µ2A), where z is the longitudinal momentum fraction passed from
parton p to the photon and µ A denotes the fragmentation scale at which the fragmentation functions
are mass-factorised. The photon fragmentation functions fulfil inhomogeneous DGLAP evolution
equations. The boundary condition of the evolution cannot be calculated in a perturbative manner
but must be modelled or extracted from data. In this work we focus on two determinations of the
fragmentation functions: the BFG set and the ALEPH parametrisation.
The most recent fragmentation function set is the BFG set [24], which incorporates the solution
of the evolution equation at next-to-leading-logarithmic accuracy. The non-perturbative boundary
condition is modelled by imposing an ansatz in which the parton-to-photon fragmentation functions
are expressed as a superposition of parton-to-meson fragmentation functions. The BFG parametrisation consists of two sets of fragmentation functions, denoted by BFGI and BFGII. In our numerical
study we use the BFGII set that describes flavour sensitive quark-to-photon fragmentation functions
and also includes a gluon-to-photon fragmentation function.
The ALEPH collaboration measured the quark-to-photon fragmentation function in events with
two jets of which one carries an electromagnetic energy fraction z > 0.7 [13]. By comparing the
measured distribution to the theoretical calculation of the photon-plus-jet cross section at LO [26],
the LO quark-to-photon fragmentation function
Dq→γ (z, µ2A) =

αQ2q


 αQ2 

q
(0)
(0)
pγq
(z) log µ2A/µ20 +
−pγq
(z) log(1 − z)2 − 13.26
2π
2π

(2)

(0)
has been extracted, where the starting scale is µ0 = 0.14 GeV, Q q is the charge of quark q and pγq
denotes the leading order quark-to-photon spitting function. Equation (2) is the fixed order solution
of the DGLAP equation at O(α). The quark-to-photon fragmentation function at O(ααs ) has been
determined in [25]. The ALEPH parametrisation does not describe gluon-to-photon fragmentation
processes.

3
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Direct photons are typically well separated from hadronic debris while most of the fragmentation photons and photons from hadron decays are contaminated by hadronic radiation. Therefore,
a way to reduce the contribution from these non-direct photons is to impose a photon isolation.
Isolation criteria allow only limited amount of hadronic energy in the vicinity of the photon. If
the hadronic energy accompanying the photon exceeds a certain threshold value ETmax , the event is
discarded.
All experimental analyses to datepuse a fixed cone isolation in which the integrated hadronic
energy inside a cone of radius R = (∆η)2 + (∆φ)2 in pseudorapidity η and azimuthal angle φ
around the photon candidate direction must remain below the maximal value ETmax . This threshold
is commonly parametrised as
γ
ETmax = ε pT + ETthres ,
(1)
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3. Implementation

µ A = mcone =

q

γ

ETmax pT R2 + O(R3 ) .

(3)

Here, R denotes the radius of the isolation cone and ETmax is the maximal hadronic energy inside
the cone (1). This particular choice of the fragmentation scale reflects that additional parton
radiation accompanying the fragmentation process is restricted by the photon isolation criterion.
Since experimental analyses commonly impose tight isolation criteria, the numerical values for the
fragmentation scale (3) are small compared to the values of the renormalisation and factorisation
scale. We determine the scale uncertainty by varying the three scales by a factor of two around
their central value, i.e.
γ

µR = a pT ,

γ

µF = b pT ,

µ A = c mcone ,

a, b, c ∈

2, 2

1

,

(4)

and we only keep combinations with 1/2 < a/b, b/c, a/c < 2. The scale uncertainty band is
given by the envelope of these 15 combinations. In our comparison to data from the ATLAS
13 TeV photon-plus-jet study [11] we use the BFGII fragmentation function set [24] and choose the
NNPDF4.0 PDF set [36].
The photon production cross section is composed of a direct and a fragmentation contribution.
The different orders in the perturbative expansion take the form
LO
dσ̂γ+X,LO = dσ̂dir
,

NLO
NLO
dσ̂γ+X,NLO = dσ̂dir
+ dσ̂frag
,
NNLO
NNLO
dσ̂γ+X,NNLO = dσ̂dir
+ dσ̂frag
,

4

(5)
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Our numerical results for the photon production cross section are obtained using the parton-level
Monte Carlo event generator NNLOJET, which implements the antenna subtraction formalism [27–
29] at NNLO. All matrix elements required for the computation of NNLO QCD corrections to the
photon production cross section are known in analytic form [30–35] and have been implemented in
NNLOJET.
Using the experimental fixed cone isolation, our predictions have to account for both: photon
fragmentation processes and singular parton-photon collinear configurations. These configurations
have to be subtracted while retaining the information on the photon in the collinear cluster and upon
integration are absorbed into the fragmentation functions by means of collinear factorisation [1, 2].
Within antenna subtraction, new phase space factorisations and new fragmentation antenna functions
were introduced to handle photon fragmentation processes at NNLO [21]. As far as the subtraction
of genuine QCD infrared singularities is concerned, our implementation builds on the subtraction
terms used in a previous calculation [17] with NNLOJET. Originally constructed for an idealised
isolation, these subtraction terms can be combined with additional fragmentation subtraction terms
for predictions employing a fixed cone isolation.
In our calculation the central values for the renormalisation scale µR and the initial-state
γ
factorisation scale µF are set to the transverse momentum of the photon, i.e. µR = µF = pT , and
the fragmentation scale µ A to the maximal invariant mass inside the isolation cone, i.e.
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Figure 1: Predictions for the photon transverse momentum distribution (left) and jet transverse momentum
distribution (right) at LO, NLO, and NNLO. The predictions are compared to data from the ATLAS 13 TeV
photon-plus-jet measurement [11].

where we assigned an O(α) power counting to the fragmentation functions. This counting of powers
is warranted by our choice of the fragmentation scale and the overall numerically small contribution
from fragmentation processes.

4. Numerical Results
We compare our NNLO cross section to data of the ATLAS 13 TeV photon-plus-jet measureγ
ment [11]. In the experimental analysis only photon candidates with pT > 125 GeV and |ηγ | < 1.37
or 1.56 < |ηγ | < 2.37 are considered. Moreover, a fixed cone isolation with parameters
R = 0.4 ,

ε = 0.0042 ,

ETthres = 10 GeV ,

(6)

is imposed. Jets are reconstructed using an anti-kT algorithm with a cone radius Rjet = 0.4. The
reconstructed jet must be separated from the photon candidate by ∆Rγjet > 0.8 and it has to fulfil
jet
|yjet | < 2.37 and pT > 100 GeV.
The comparison of our predictions to the measured photon and jet transverse momentum
distribution is shown in Figure 1. The inclusion of NNLO corrections strongly impacts the shape
of the two distributions compared to the NLO approximation of the cross section. At small photon
transverse momenta, the NNLO corrections are negative and reduce the cross section by -7 %,
γ
while for pT & 300 GeV the NNLO corrections uniformly increase the cross section by 7 %. In the
first bin of the jet transverse momentum distribution the NNLO-to-NLO K-factor is 1.15. Towards
jet
larger transverse momenta the K-factor decreases and at pT ∼ 1 TeV it amounts to only 0.60. This
kinematic regime is dominated by events with two highly energetic jets accompanied by a relatively
soft photon. For these events our NNLO predictions are effectively of NLO accuracy, causing this
jet
particularly small NNLO-to-NLO K-factor in the tail of the pT distribution.
Over a wide kinematic range the scale uncertainty at NNLO is small and does not exceed 5-7 %.
jet
Only in the low and high pT regime the uncertainty remains larger. Due to the asymmetric pT cuts
5
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σ ALEPH /σ BFGII
1.653

BFGII
(8.525 ± 0.001) pb

ALEPH
(14.094 ± 0.003) pb

(11.61 ± 0.01) pb

(18.02 ± 0.02) pb

1.551

(284.3 ± 0.2) pb

(290.7 ± 0.2) pb

1.022

Table 1: Comparison of predictions for the integrated photon-plus-jet cross section obtained with the BFGII
set of fragmentation functions and the LO ALEPH fragmentation functions. σ NNLO refers to the full NNLO
cross section, taking into account the fragmentation and direct contribution.

5. Uncertainty from the Choice of Fragmentation Functions
The theoretical uncertainties obtained from the 15-point scale variation take into account
missing higher order effects but do not include the uncertainty originating from the fragmentation
functions. To get an estimate of the uncertainty stemming from these poorly constrained functions,
we recomputed the NNLO theory predictions for the photon-plus-jet cross section with the LO
ALEPH fragmentation functions (2) and compared these predictions with our benchmark predictions using the BFGII set. The kinematic set-up of the ATLAS 13 TeV photon-plus-jet study [11]
is used and the scales are set according to (4). We note that the use of the LO ALEPH parametrisation instead of the NLO parametrisation is not fully consistent in NNLO predictions. Only the
NLO fragmentation functions incorporate the exact solution of the evolution equation at O(ααs ).
Notwithstanding, our comparison employing the LO ALEPH parametrisation enables us to give an
estimate of the overall uncertainty from the choice of fragmentation functions.
Table 1 compares the two predictions at the level of the integrated cross section. The ALEPH
fragmentation functions yield a 65 % larger NLO fragmentation contribution compared to the BFGII
set. Taking into account NNLO corrections to fragmentation processes, this discrepancy is reduced
but it remains larger than 55 %. Fragmentation processes contribute only ∼ 5 % to the full NNLO
cross section. Nevertheless, the very large uncertainty on this small contribution results in a ∼ 2 %
difference at the level of the full NNLO cross section. Given that the scale uncertainties of the
NNLO cross section are only a few percent, this shows that the uncertainty from the choice of
fragmentation functions is non-negligible also for tightly isolated cross sections.
6
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on the photon and the jet, the first bin of the jet transverse momentum distribution is effectively
populated only from NLO onwards, resulting in a 12 % NNLO scale uncertainty in this bin. In the
jet
γ
tail of the pT distribution our particular scale choice of µR = µF = pT yields large scale ratios of
jet
γ
pT /pT for a majority of the events. In this regime the scale uncertainty is ∼ 55 % .
Comparing our predictions to the measured distributions, we observe perfect agreement in the
shapes of the distributions once NNLO corrections are taken into account. For the jet transverse
momentum distribution data and theory predictions coincide within their respective uncertainty
over almost the entire kinematic range. It is only in the second bin of this distribution that the theory
γ
predictions slightly undershoot the data. For pT . 350 GeV the theory predictions systematically
fall below the measured distribution and theory predictions and data are not fully compatible within
their uncertainties in the regime. At larger photon transverse momenta, theory predictions and data
are compatible.
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Figure 2: Predictions for the photon-plus-jet cross section differential in the photon transverse momentum
(left) and the jet transverse momentum (right) obtained with the BFGII set and the LO ALEPH parametrisation
of the fragmentation functions.

In Figure 2 the cross sections differential in the photon transverse momentum and jet transverse
momentum are compared. For the photon transverse momentum distribution the ratio of the full
NNLO cross sections obtained with the two fragmentation function sets is ∼ 1.02 for small to mid
γ
pT and slightly increases towards very large values of the photon transverse momentum, where it
amounts to ∼ 1.03. Comparing only the fragmentation contributions (lower panel in Figure 2), a
strong enhancement of the ALEPH cross section with respect to the BFGII contribution towards
γ
high pT is observed. At very large photon transverse momenta, the fragmentation functions are
probed in the very near vicinity of unity. In this regime the LO ALEPH fragmentation functions
are particularly enhanced compared to the BFGII set due to the explicit logarithm log(1 − z)2 in (2).
The relative contribution from fragmentation processes in this kinematic regime is small compared
to the direct contribution so that this enhancement does not strongly affect the full NNLO cross
section.
For the jet transverse momentum distribution the ratio of the full NNLO cross section obtained
jet
with the two fragmentation function sets is decreasing with increasing pT . In the first bin the ratio
jet
is 1.03, while at pT ∼ 1 TeV it is only 1.01. The ALEPH fragmentation contribution increases
strongly compared to the BFGII contribution with increasing jet transverse momenta, reflecting that
events with only one high-pT jet require a recoiling photon with very large transverse momentum.
The comparison of the NNLO predictions for the photon-plus-jet cross section obtained with
the two different fragmentation function sets reveals that the uncertainty stemming from the fragmentation functions is of the order of a few percent and therefore not negligible. For tight isolations,
the fragmentation functions are probed in the close vicinity of unity. In this regime the BFGII frag7
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mentation functions are almost unconstrained and yield very different results compared to the LO
ALEPH parametrisation.

6. Conclusion
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