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Precision meaurements of       
photon production at the LHC 



Precision QCD at the LHC
Ø LHC dataset enables precise tests of QCD

Ø Tests of perturbative QCD predictions, especially at high scales

Ø Extracting the strong coupling constant and its running

Ø Studying the parton showers and hadronization mechanisms

Ø Huge dataset and precise object reconstruction enable increased precision 
and more granular measurements

Ø Focusing on 3 measurements today:

Ø Inclusive-photon production and its dependence on photon isolation at   
𝑠 = 13 TeV using 139 fb-1 of ATLAS data - ATLAS-CONF-2022-065

Ø Measurements of triple-differential cross sections for inclusive isolated-
photon+jet events in pp collisions at 𝑠 = 13 TeV - 1807.00782

Ø Measurement of the production cross section of pairs of isolated photons 
in pp collisions at 13 TeV with the ATLAS detector - 2107.09330
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-065/
https://arxiv.org/abs/1807.00782
https://arxiv.org/abs/2107.09330
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Ø The production of high-pT prompt photons (not coming from hadron decays) 
proceeds via 2 mechanisms:

Ø Measurements of inclusive isolated-photon cross sections

Ø Provide a testing ground for pQCD with a hard colourless probe

Ø Are sensitive to the gluon PDF (via 𝑞𝑔 → 𝑞𝛾) à input for global QCD fits

Ø Previous studies performed using 36 fb-1 from 2015+2016 data taking

Ø Including the full Run-2 data provides higher 𝐸!
" values with smaller 

statistical uncertainties

Ø The new measurements benefit from reduced systematics thanks to the 
work of the ATLAS Combined Performance groups

Daniel Camarero (Brandeis)                                                                                                Inclusive-photon production analysis

Motivation
• The production of high-   prompt-photons proceeds via two mechanisms: 

(Prompt photons: photons not coming from hadron decays)


• Measurements of inclusive isolated-photon cross sections  
‣ Provide a testing ground for pQCD with a hard colourless probe


‣ Are sensitive to the gluon density in the proton (via )  input for global QCD fits 

• Previous studies performed using  from the  datasets 

‣ Including the full Run-2 data provides higher  values with smaller statistical uncertainties


‣ The new measurements benefit from reduced systematics thanks to the work of the EGamma group

pT

qg → qγ →
36 fb−1 2015 + 2016

Eγ
T

3

Direct processes Fragmentation processes

https://arxiv.org/abs/1908.02746
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Ø Total systematic uncertainty 
and dominant contributions

Ø Dominant sources:

Ø Photon energy scale

Ø Luminosity 
measurement

Ø 𝑅#$ correlation (Pile up) 
for R = 0.2 (R = 0.4)

Ø Photon ID efficiency 
uncertainty significantly 
reduced wrt the previous 
analysis (1-3% à ~0.6%)
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Figure 4: Relative systematic uncertainties in the di↵erential cross sections as functions of E�T in di↵erent regions of
⌘� for R = 0.2 (top) and R = 0.4 (bottom): total (black histograms), and main contributions from photon energy scale
(grey areas), luminosity (green hatched areas), Rbg correlation (red areas, only for R = 0.2) and pile-up modelling
(blue areas, only for R = 0.4).
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Figure 4: Relative systematic uncertainties in the di↵erential cross sections as functions of E�T in di↵erent regions of
⌘� for R = 0.2 (top) and R = 0.4 (bottom): total (black histograms), and main contributions from photon energy scale
(grey areas), luminosity (green hatched areas), Rbg correlation (red areas, only for R = 0.2) and pile-up modelling
(blue areas, only for R = 0.4).
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Figure 4: Relative systematic uncertainties in the di↵erential cross sections as functions of E�T in di↵erent regions of
⌘� for R = 0.2 (top) and R = 0.4 (bottom): total (black histograms), and main contributions from photon energy scale
(grey areas), luminosity (green hatched areas), Rbg correlation (red areas, only for R = 0.2) and pile-up modelling
(blue areas, only for R = 0.4).
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Figure 4: Relative systematic uncertainties in the di↵erential cross sections as functions of E�T in di↵erent regions of
⌘� for R = 0.2 (top) and R = 0.4 (bottom): total (black histograms), and main contributions from photon energy scale
(grey areas), luminosity (green hatched areas), Rbg correlation (red areas, only for R = 0.2) and pile-up modelling
(blue areas, only for R = 0.4).
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Daniel Camarero (Brandeis)                                                                                                Inclusive-photon production analysis

Theoretical predictions
JETPHOX (fixed order) 

• Full fixed-order NLO pQCD 
calculations for direct and 
fragmentation processes 

• Scales: 


• Fragmentation functions: BFG II


• PDFs: MMHT2014, CT18, 
NNPDF3.1, and HERAPDF2.0 at 
NLO; ATLASpdf21 at NNLO


• Isolation: fixed cone at parton level


• Non-perturbative corrections: 
estimated using PYTHIA samples. 
Consistent with unity within 
(no correction applied)

μR = μF = μf = Eγ
T /2 (Eγ

T)

±1 %

15

SHERPA NLO (multi-leg merged) 

• Parton-level calculations for 
 jets at NLO (LO) 

supplemented with PS 

• Only direct contribution (Frixione’s 
isolation at ME level)


• Scales: dynamic scale setting ( )


• PDFs: NNPDF3.0 NNLO


• Fragmentation into hadrons and 
UE simulated as for SHERPA LO


• Isolation: fixed cone at particle 
level

γ + 1,2 (3,4)

Eγ
T

NNLOJET (fixed order) 

• Full fixed-order NNLO pQCD 
calculations for direct and 
fragmentation processes 

• Scales: 





• Fragmentation functions: BFG II


• PDFs: CT18 NNLO


• Isolation: fixed cone at parton level


• Non-perturbative corrections: 
same estimation as for JETPHOX

μR = μF = Eγ
T

μf = Eγ
T ⋅ Emax

T ⋅ R

Ø Theoretical uncertainties: scale variations (𝜇% , 𝜇& * 0.5, 2 varied singly or 
simultaneously), 𝜇' (fragmentation scale) PDFs, 𝛼(, non-perturbative 
corrections (only JETPHOX and NNLOJET) 

Ø NNLOJET scale uncertainties reduced by more than a factor of 2 wrt NLO 
calculations of JETPHOX and SHERPA
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Ø The NLO pQCD predictions of JETPHOX compared to the measured 
differential cross sections as functions of 𝐸!

" in different |𝑦"| regions

Ø Several PDFs: MMHT14, CT18, NNPDF3.1, HERAPDF2.0 and ATLASpdf21

Ø Adequate description of the data within experimental and theoretical 
uncertainties

Ø Different isolation radii for the first time as requested by theorists - 1904.01044
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Figure 14: Ratio of the NLO QCD calculations from Jetphox based on di↵erent PDF sets and the measured di↵erential
cross sections for inclusive isolated-photon production with R = 0.2 (top) and R = 0.4 (bottom) as functions of E�T in
di↵erent regions of ⌘�. The inner (outer) error bars represent the statistical uncertainties (statistical and systematic
uncertainties added in quadrature). For most of the points, the inner error bars are smaller than the marker size and,
thus, not visible. The shaded bands represent the theoretical uncertainty.
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Figure 14: Ratio of the NLO QCD calculations from Jetphox based on di↵erent PDF sets and the measured di↵erential
cross sections for inclusive isolated-photon production with R = 0.2 (top) and R = 0.4 (bottom) as functions of E�T in
di↵erent regions of ⌘�. The inner (outer) error bars represent the statistical uncertainties (statistical and systematic
uncertainties added in quadrature). For most of the points, the inner error bars are smaller than the marker size and,
thus, not visible. The shaded bands represent the theoretical uncertainty.

R = 0.2 R = 0.4

https://arxiv.org/abs/1904.01044
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Ø The NNLO pQCD predictions of NNLOJET compared to the measured 
differential cross sections as functions of 𝐸!

" in different |𝑦"| regions

Ø Predictions are consistent with the measurements within uncertainties, except 
in the region 1.56 < |𝑦"| < 1.81, where the NNLO predictions underestimate 
the data  
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Figure 15: Ratio of the NLO (dotted lines) and NNLO (solid lines) QCD calculations from Nnlojet based on the
CT18 PDF set and the measured di↵erential cross sections for isolated-photon production with R = 0.2 (top) and
R = 0.4 (bottom) as functions of E�T in di↵erent regions of ⌘�. The inner (outer) error bars represent the statistical
uncertainties (statistical and systematic uncertainties added in quadrature). For most of the points, the inner error
bars are smaller than the marker size and, thus, not visible. The shaded bands represent the theoretical uncertainties.
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Figure 15: Ratio of the NLO (dotted lines) and NNLO (solid lines) QCD calculations from Nnlojet based on the
CT18 PDF set and the measured di↵erential cross sections for isolated-photon production with R = 0.2 (top) and
R = 0.4 (bottom) as functions of E�T in di↵erent regions of ⌘�. The inner (outer) error bars represent the statistical
uncertainties (statistical and systematic uncertainties added in quadrature). For most of the points, the inner error
bars are smaller than the marker size and, thus, not visible. The shaded bands represent the theoretical uncertainties.
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Ø Ratios of differential 
cross sections for R = 
0.2, 0.4 as functions of 
𝐸!
" in the different |𝜂"|

regions 

Ø These measurements 
provide a stringent test 
of pQCD (systematics 
at ~1%-level)

Ø Nice overall data/MC 
agreement
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Figure 21: Measured ratios of the di↵erential cross sections for inclusive isolated-photon production for R = 0.2
and R = 0.4 as functions of E�T in di↵erent ⌘� regions. The NLO (dotted lines) and NNLO (solid lines) QCD
predictions from Nnlojet based on the CT18 PDF set are also shown. The inner (outer) error bars represent the
statistical uncertainties (statistical and systematic uncertainties added in quadrature) and the shaded bands represent
the theoretical uncertainties. For some of the points, the inner and outer error bars are smaller than the marker size
and, thus, not visible.
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Ø 𝛾 + jets measurement directly probes QCD and is sensitive to the gluon PDF 
over a wide range of Bjorken 𝑥 and 𝑄)

Ø Using 2.26 fb-1 of data at 13 TeV

Ø Dominant background from QCD multijet

Ø Use BDT to identify prompt photons – photon yield extracted from BDT shape

Triple differential γ+jets

3

Eur. Phys. J. C 79 (2019) 20

• γ+jets measurement directly probes QCD and is also sensitive to the gluon PDF over a wide 
range of x (momentum fraction) and Q2 (energy scale) 

• Using 2.26 fb-1 of data at 13 TeV 

• Dominant background from QCD multĳet 

• Use BDT to identify prompt photons, photon yield extracted from shape of BDT distribution. 

7
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Figure 2: Distributions of the BDT output for an EB (left) and an EE (right) bin with photon
ET between 200–220 GeV and |yjet| < 1.5. The points represent data, and the solid histograms,
approaching the data points, represent the fit results with the signal (dashed) and background
(dotted) components displayed. The bottom panels show the ratio of the data to the fitted
results and the c2/dof.

mented in the RooUnfold software package [43], to take into account migrations between dif-
ferent bins due to the photon energy scale and resolution, and into and out of the fiducial ET
region. The unfolding response matrix is obtained from the PYTHIA 8 photon+jet sample. The
unfolding corrections are small, of the order of 1%. The size of the corrections is also verified
using an independent photon+jet sample generated with MADGRAPH.

The inclusive isolated-photon differential production cross section is calculated as

d2s

dygdE
g
T
=

U (N
g)

DygDE
g
T

1
e SF L

, (1)

and the photon+jet as
d3s

dygdE
g
Tdyjet =

U (N
g)

DygDE
g
TDyjet

1
e SF L

, (2)

where U (N
g) denotes the unfolded photon yields in bins of width DE

g
T and Dy, and y is the

rapidity of either the photon or the jet. In these equations, e denotes the product of trigger,
reconstruction, and selection efficiencies; SF the product of the selection and electron veto scale
factors; and L is the integrated luminosity.

6 Systematic uncertainties
The uncertainty in the efficiency of the event selection is typically small except in the high-ET
region, where statistical uncertainties in both data and simulated events dominate. A summary
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Ø 𝛾 + jets cross section 
measured as a function of:

Ø 𝐸!
" for 𝐸!

" > 190 GeV

Ø |𝑦"| for 𝑦" < 2.5

Ø Rapidity of the leading 
jet for |𝑦*+,| < 2.5

Ø Measured cross section 
compared with NLO 
calculation from JETPHOX

14
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Figure 5: Differential cross sections for photon+jet production in two photon rapidity bins,
|yg| < 1.44 and 1.57 < |yg| < 2.5, and two jet rapidity bins, |yjet| < 1.5 and 1.5 < |yjet| < 2.4.
The points show the measured values with their total uncertainties, and the lines show the
NLO JETPHOX predictions with the NNPDF3.0 PDF set.
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Ø Ratio of theoretical 
predictions to data 
for 2 bins of 𝑦" and 
𝑦*+,

Ø Measurement 
extends the 𝐸!

" range 
from 300 GeV in the 7 
TeV analysis to 1 TeV

Ø For low to moderate 
𝐸!
" range, 

experimental 
uncertainties smaller 
or comparable to 
theoretical ones

Ø Potential to constrain 
PDFs

15
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Figure 6: The ratios of theoretical NLO prediction to data for the differential cross sections for
photon+jet production in two photon rapidity (|yg| < 1.44 and 1.57 < |yg| < 2.5) and two jet
rapidity (|yjet| < 1.5 and 1.5 < |yjet| < 2.4) bins , are shown. The error bars on the data points
represent their statistical uncertainty, while the hatched area shows the total experimental un-
certainty. The error bars on the ratios show the scale uncertainties, and the shaded area shows
the total theoretical uncertainties.
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Ø Comparison with 
different PDF sets: 
NNPDF3.0, CT14, 
MMHT14, HERAPDF2.0

Ø Differences between 
different PDF sets are 
small, within the 
uncertainties 
computed using 
NNPDF3.0

Ø At low 𝑦" , better 
data/theory 
agreement at high 
𝐸!
"

Ø At high 𝑦" , better 
data/theory 
agreement at low 𝐸!

"

16
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Figure 7: Ratios of JETPHOX NLO predictions to data for various PDF sets as a function of
photon ET for inclusive isolated-photons (top four panels) and photon+jet (four bottom pan-
els). Data are shown as points, the error bars represent statistical uncertainties, while the
hatched area represents the total experimental uncertainties. The theoretical uncertainty in
the NNPDF3.0 prediction is shown as a shaded area.



Measurement of diphoton production

Ø Diphoton final state very sensitive to QCD

Ø Direct and fragmentation photon 
processes are sensitive to different effects 

Ø Important background for Higgs 
production 

Ø Measuring the inclusive and differential 
diphoton cross-section 

Ø Using isolation and photon ID to estimate 
the background contributions 
Ø Most background is from jets misidentified 

as photons 
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Measurement of diphoton production
Ø Comparing inclusive cross-section 

measurements to several theoretical 
predictions

Ø Important to include higher jet multiplicity 
contributions i.e. from 𝛾𝛾 + (2𝑗, 3𝑗)

Ø Best agreement with either higher order 
computations or NLO predictions 
matched to PS

Ø Summary of the theoretical predictions 
below:
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Measurement of diphoton production
Ø 𝑚"" < 𝑝!- + 𝑝!) is suppressed

Ø Only populated because 
of 𝛾𝛾 + multijet

Ø Low-mass distribution is 
dependent on photon 
kinematic

Ø DIPHOX does not model data 
well

Ø NNLOJET and Sherpa do (they 
include higher order 
contributions)

Ø Slight underestimation from 
NNLOJET at high 𝑚""
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‣ m!! < pT1 + pT2 is suppressed 

‣ Only populated because of 

!!+multijet

‣ Low-mass distribution is 

dependent on photon kinematic 
cuts


‣ DIPHOX doesn’t model these well, 
but NNLOJET and Sherpa both 
include higher order contributions


‣ Slight underestimation from 
NNLOJET at high m!!
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Measurement of diphoton production
Ø Very small azimuthal 

decorrelation means very 
collinear à large impact from 
soft emissions

Ø Difficult to model well, 
large disagreements with 
fixed-order predictions

Ø Sherpa includes resummation
of these effects, and is able to
model this fairly well

Ø Some underestimation from 
NNLOJET on the intermediate 
region

Ø DIPHOX does not model this 
well anywhere
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‣ Very small azimuthal decorrelation 
means very collinear → large impact 
from soft emissions

‣ Difficult to model well, large 

disagreements with fixed-order 
predictions


‣ Sherpa includes resummation of 
these effects, and is able to model 
this fairly well


‣ Some underestimation from 
NNLOJET in the intermediate region


‣ DIPHOX does not model this well 
anywhere
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Conclusion & outlook
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Ø LHC provides a rich playground for studying QCD

Ø Able to study to high scales not tested by other experiments

Ø Large dataset enables very precise measurements

Ø Advances in theoretical predictions enable studying a wide range of effects

Ø Inclusive isolated-photon production provides a stringent test of the SM 
predictions in a wide range of 𝐸!

", as well as more detailed information for 
future PDF fits

Ø 𝛾 + jets measurement directly probes QCD and is sensitive to the gluon PDF 
over a wide range of Bjorken 𝑥 and 𝑄)

Ø Measurement of diphotons provides strong tests of higher order QCD effects

Ø With the on going Run 3 data taking, very interesting times ahead

Ø More measurements and data coming soon so… STAY TUNED!



Backup Slides



Inclusive photon production
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Ø The sensitivity to the PDFs 
investigated by comparing 
based on different PDFs

Ø MMHT14 as baseline

Ø Predictions based on the 
CT18/NNPDF3.1 are within 
2%

Ø Predictions based on the 
HERAPDF2.0/ATLASpdf21 
show differences of ~10%
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Figure 6: Relative di↵erence between the Jetphox predictions based on the CT18 (solid lines), NNPDF3.1 (dashed
lines), HERAPDF2.0 (dotted lines) and ATLASpdf21 (dot-dashed lines) and those based on the MMHT2014 PDFs
for R = 0.2 (top) and R = 0.4 (bottom) as functions of E�T in di↵erent regions of ⌘�.
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Figure 6: Relative di↵erence between the Jetphox predictions based on the CT18 (solid lines), NNPDF3.1 (dashed
lines), HERAPDF2.0 (dotted lines) and ATLASpdf21 (dot-dashed lines) and those based on the MMHT2014 PDFs
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Figure 6: Relative di↵erence between the Jetphox predictions based on the CT18 (solid lines), NNPDF3.1 (dashed
lines), HERAPDF2.0 (dotted lines) and ATLASpdf21 (dot-dashed lines) and those based on the MMHT2014 PDFs
for R = 0.2 (top) and R = 0.4 (bottom) as functions of E�T in di↵erent regions of ⌘�.

23

300 400 1000 2000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 0.6
γ

ηR = 0.2; |

JETPHOX

300 400 1000 2000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 0.8
γ

ηR = 0.2; 0.6 < |

JETPHOX

300 400 1000 2000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 1.37
γ

ηR = 0.2; 0.8 < |

JETPHOX

300 400 500 1000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 1.81
γ

ηR = 0.2; 1.56 < |

JETPHOX

300 400 500 1000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 2.01
γ

ηR = 0.2; 1.81 < |

JETPHOX

300 400 500 1000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 2.37
γ

ηR = 0.2; 2.01 < |

JETPHOX

300 400 1000 2000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 0.6
γ

ηR = 0.4; |

JETPHOX

300 400 1000 2000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 0.8
γ

ηR = 0.4; 0.6 < |

JETPHOX

300 400 1000 2000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 1.37
γ

ηR = 0.4; 0.8 < |

JETPHOX

300 400 500 1000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 1.81
γ

ηR = 0.4; 1.56 < |

JETPHOX

300 400 500 1000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 2.01
γ

ηR = 0.4; 1.81 < |

JETPHOX

300 400 500 1000

 [GeV]
γ

TE

0.2−

0.1−

0

0.1

0.2

R
e
la

tiv
e
 d

iff
e
re

n
ce

CT18/MMHT2014

NNPDF31/MMHT2014

HERAPDF20/MMHT2014

ATLASpdf21/MMHT2014

 = 13 TeVs

| < 2.37
γ

ηR = 0.4; 2.01 < |

JETPHOX

Figure 6: Relative di↵erence between the Jetphox predictions based on the CT18 (solid lines), NNPDF3.1 (dashed
lines), HERAPDF2.0 (dotted lines) and ATLASpdf21 (dot-dashed lines) and those based on the MMHT2014 PDFs
for R = 0.2 (top) and R = 0.4 (bottom) as functions of E�T in di↵erent regions of ⌘�.
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Impact of the photon data sets on PDFs
Ø ATLASpdf21 is a PDF fit to multiple ATLAS data sets - EPJC 82 (2022) 5, 438

Ø We removed all the 13/8 TeV isolated photon ratio data - 1901.10075

Ø This results in a marginal softening of the high-x gluon (blue to red), no 
decreased uncertainty – confirmed in NNPDF4.0 studies (much more data in!)

Ø These data do not have a large impact on PDFs… but very good to know that 
NNLO predictions describe these data nicely!
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Figure 11: ATLASpdf21 G6 PDF compared with G6 for fits not including various data sets. Only experimental
uncertainties are shown, evaluated with tolerance ) = 1. Left: not including the direct-photon production ratio data
taken at 13 and 8 TeV. Right: not including inclusive jet data at 8 TeV.

13 TeV (left) or only the CC̄ data at 8 TeV (right). It is clear that the data at 8 TeV have the stronger impact
on the shape of the G6 PDF but both data sets contribute to a modest reduction in the uncertainties.

5.2.4 Impact of photon data and inclusive jet data

There is little impact from the addition of the direct-photon production ratio data apart from a marginal
softening of the high-G gluon distribution as shown in Figure 11 (left). However, it is notable that these
data can now be well fitted at NNLO in QCD, given that they have been excluded from PDF fits for the last
20 years because of poor fits to lower-energy data [59, 73]. There is minimal tension with other data sets.

The principal impact of the inclusive jet data is on the gluon PDF. The main e�ect is a considerable
decrease in high-G gluon uncertainties, with a mild hardening of the gluon PDF at high G, as shown in
Figure 11 (right). There is minimal tension with other data sets.

5.3 Model, theoretical and parameterisation uncertainties

Additional uncertainties a�ecting the PDFs are presented in this section. These are classified as either
model, theoretical or parameterisation uncertainties.

5.3.1 Model and theoretical uncertainties

Model uncertainties include e�ects due to variations of the heavy-quark masses input to the TRVFN
heavy-quark-mass scheme, the minimum &

2 cut on the HERA data and the value of the starting scale
for evolution. The minimum &

2 cut was varied in the range 7.5 < &
2
min < 12.5 GeV2 and the starting
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𝝌𝟐/dof = 43/47

Figure 5.2. The full set of NNLO NNPDF4.0 PDFs: the up, antiup, down, antidown, strange, antistrange, charm
and gluon PDFs at Q = 100 GeV, compared to NNPDF3.1. Results are normalized to the central NNPDF4.0 value.
Solid and dashed bands correspond to 68% c. l. and one-sigma uncertainties, respectively.
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Inclusive photon production
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Ø Fiducial cross section 
in each |𝜂"| region, 
dived by the width of 
each |𝜂"| region

Ø To test R-dependence 
of the inclusive photon 
cross section

Ø NLO predictions from 
Sherpa describe this 
dependence within 
the uncertainties
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Figure 16: Measured fiducial integrated cross sections for inclusive isolated-photon production as functions of R in
di↵erent ⌘� regions. The NLO QCD predictions from Sherpa based on the NNPDF3.0 PDF set are also shown. The
error bars represent the statistical and systematic uncertainties added in quadrature. For some of the points, the error
bars are smaller than the marker size and, thus, not visible. The hatched bands represent the theoretical uncertainties.
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Ø Total and dominant systematic uncertainties on the differential cross sections
ratios

Ø From a 3-20% total uncertainty to a tipically < 1% uncertainty for the ratios
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Figure 5: Relative total systematic uncertainty on the ratios of the di↵erential cross sections for R = 0.2 and R = 0.4
(black histograms), relative uncertainty due to the pile-up modelling (blue areas), relative uncertainty due to the MC
modelling used for unfolding (green areas) and relative uncertainty due to the Rbg correlation (red hatched areas) as
functions of E�T in di↵erent regions of ⌘�.
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Ø The theoretical uncertainties for these calculations are computed as fully 
correlated

Ø Scale variations, PDFs, 𝛼( and non-perturbative corrections (only for JETPHOX 
and NNLOJET)

Ø Significant reduction obtained for the uncertainty on the ratios: from 10-20% 
(2-7.5%) total uncertainty to a ~1.5% (1%) uncertainty for the NLO (NNLO) 
predictions
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Figure 10: Relative theoretical uncertainty in Jetphox (top) and Sherpa (bottom) arising from scale variations (grey
areas), PDF uncertainty (cyan areas), ↵s uncertainty (red areas) and the total theoretical uncertainty (black histogram,
which includes the uncertainty on the non-perturbative corrections in the case of Jetphox) for the ratio of the
di↵erential cross sections as functions of E�T in di↵erent regions of ⌘�.
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Figure 10: Relative theoretical uncertainty in Jetphox (top) and Sherpa (bottom) arising from scale variations (grey
areas), PDF uncertainty (cyan areas), ↵s uncertainty (red areas) and the total theoretical uncertainty (black histogram,
which includes the uncertainty on the non-perturbative corrections in the case of Jetphox) for the ratio of the
di↵erential cross sections as functions of E�T in di↵erent regions of ⌘�.
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Figure 11: Relative theoretical uncertainty in the NNLO QCD prediction for the ratio of the di↵erential cross sections
as functions of E�T in di↵erent regions of ⌘� from Nnlojet due to the scale variations (grey areas). The relative
theoretical uncertainty in the NLO QCD prediction for the ratio from Jetphox due to the uncertainty in the PDFs
(cyan areas) and the uncertainty in ↵s (red areas) are also shown. The total relative theoretical uncertainty in the
ratio is shown as the black histogram and also includes the uncertainty on the non-perturbative corrections and the
statistical uncertainty in the NNLO QCD predictions.
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