
Photon production in the forward 
region and PDF fits

Juan Rojo
VU Amsterdam & Theory group, Nikhef

Emma Slade
Rudolf Peierls Center for Theoretical Physics, University of Oxford

ALICE Forward Calorimeter Meeting

CERN, 27/03/2018

1Juan Rojo                                                                                                                     ALICE FoCal meeting, CERN, 27/3/2018



2Juan Rojo                                                                                                                     ALICE FoCal meeting, CERN, 27/3/2018

Direct photon production 
and PDF fits reloaded 

NNPDF3.1 NNPDF3.1+ATLAS�

Fixed-target lepton DIS 1.207 1.203
Fixed-target neutrino DIS 1.081 1.087
HERA 1.166 1.169

Fixed-target Drell-Yan 1.241 1.242
Collider Drell-Yan 1.356 1.346
Top-quark pair production 1.065 1.049
Inclusive jets 0.939 0.915
Z pT 0.997 0.980

Total dataset 1.148 1.146

Table 4.5. Same as Table 4.4 now with individual experiments grouped into families of processes.

Figure 4.2. Left: comparison of the gluon PDF at Q = 100 GeV between the NNPDF3.1 and
NNPDF3.1+ATLAS� fits, normalized to the central value of the former. Right: the corresponding
relative one-sigma PDF uncertainties in each case.

two main implications of adding the photon data into NNPDF3.1. The first one is a moderate
reduction of the gluon PDF uncertainties in the region 10

�3
⇠
< x

⇠
< 0.4, which is consistent with

the kinematic coverage spanned by the ATLAS measurements shown in Fig. 2.1.
The second is a downward shift of the gluon central value in the large-x region, by an

amount of up to two thirds of the PDF uncertainty. For instance at x ' 0.4 the gluon in
NNPDF3.1+ATLAS� is about 4% smaller than in NNPDF3.1. Interestingly, the same trend
was observed when adding top-quark pair differential distributions to NNPDF3.0 [6]. The overall
consistency of the ATLAS direct photon data with the NNPDF3.1 dataset is highlighted by the
fact that in the whole range of x the two fits are consistent within uncertainties.

In addition to the impact of the photon data on the gluon, it is important to determine if the
new data is consistent with the quark PDFs. In Fig. 4.3 we show the comparison of the quark
PDFs at Q = 100 GeV between the NNPDF3.1 and NNPDF3.1+ATLAS� fits. We find only
rather small changes upon the addition of the photon data, both in terms of central values and
of uncertainties, The exception is the charm PDF, which decreases in uncertainty across the full
x range, partly due to its relation to the gluon via perturbative evolution. We therefore conclude
that the ATLAS data does not introduce tensions with the quark PDFs, and furthermore does
not strongly impact the size of their respective uncertainties.

Finally, in Fig. 4.4 we show the same comparison between theory predictions and experi-
mental data as in Fig. 4.1 now for the NNPDF3.1 and NNPDF3.1+ATLAS� sets for the three
rapidity bins of the ATLAS 8 TeV data included in the fit. We can see how in this case the
predictions obtained with NNPDF3.1+ATLAS� as an input move closer to the central values
of the experimental data as compared to the NNPDF3.1 baseline, although by a small amount.
These findings are consistent with the corresponding variations at the PDF level discussed in
Figs. 4.2 and 4.3.
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Direct photon production and PDF fits
Photon production in hadronic collisions 
is directly sensitive to the gluon PDF

Photon production data from fixed-target 
experiments was used in the very early 
global PDF fits to constrain the gluon 
PDF, but the apparent tension with some 
data lead to its replacement by jets

In 2012 we showed that all available 
isolated photon production data was 
consistent with NLO QCD calculations

However the precision of most recent 
LHC data required using NNLO QCD 
theory, which only recently became 
available

QCD Compton 
Scattering

D’Enterria, Rojo 12

Campbell, Ellis, Williams 16
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Direct photon production and PDF fits
Recently we have revisited the impact of 
LHC photon data into the global PDF fit, 
specifically the ATLAS 8 TeV data

Campbell, Rojo, Slade, Williams 18
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rapidity bins of the ATLAS 8 TeV data included in the fit. We can see how in this case the
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Theory based on NNLO QCD and LL 
electroweak calculations

Moderate impact on the medium-x gluon, 
consistent with previous studies at NLO

Good consistency with the rest of gluon-
sensitive experiments in NNPDF3.1
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Direct photon production and PDF fits
Good agreement between theory and data also at 13 TeV …
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Figure 5.1. Same as Fig. 4.4 for the ATLAS 13 TeV direct photon measurements. In addition to the
PDF uncertainties shown in the previous cases (darker bands), here we also include the scale uncertainties
associated to the NNLO QCD calculation (lighter bands).

independently varying the renormalization µR and factorization µF scales by a factor of two. For
the majority of E�

T bins, the scale uncertainty is O(5%), reaching a maximum of O(10%) in the
most forward rapidity bin at high E�

T . At NLO, we find the typical size of the scale uncertainty
to be approximately double that of the NNLO one, thus compounding the requirement to have
the NNLO predictions in order to adequately describe the direct photon data.

One of the main differences that arises in the comparison between data and theory at 8 TeV
and 13 TeV, as we discussed, is that the most forward rapidity bin is poorly described in the
former case, while it is reasonably well described in the latter. A possible way forward to under-
stand the origin of this discrepancy is to take ratios of the cross-section measurements at the two
centre-of-mass energies. Such ratios are useful since many theoretical and experimental system-
atic uncertainties cancel out [65], allowing us to elucidate possible issues arising for individual
center-of-mass energies. With this motivation, we have constructed the following ratio
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, (5.1)

for those bins where both E�
T and ⌘� overlap between the two center of mass energies, corre-

sponding to a total of 47 bins. Since the experimental covariance matrix is not available at
either of the two center-of-mass energies, the uncertainty on the ratio Eq. (5.1) is obtained by
adding in quadrature the total experimental errors in the numerator and the denominator. For
the theoretical calculation of Eq. (5.1), the correlation between the PDF uncertainties at 8 TeV
and 13 TeV is accounted for.

In Fig. 5.2 we show a comparison between the experimental measurements of the R13/8(E
�
T , ⌘

�
)

ratio, Eq. (5.1), with the corresponding calculations using the NNPDF3.1 and NNPDF3.1+ATLAS�
sets, normalized to the central value of the experimental data. Here the theoretical uncertainty
band includes only the contribution from the PDF uncertainties. From this comparison we find
that there is good agreement between data and theory for all the bins, including for the most
forward rapidity bin which was problematic at 8 TeV. The results of Fig. 5.2 suggest that the
underlying reason for the disagreement at 8 TeV in the most forward bin, either an inadequacy
of the theory calculation or some issue with the experimental measurement, is a common effect
between the two center of mass energies which mostly cancels out when computing their ratio.
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… as well as for the ratio of cross-sections between 13 TeV and 8 TeV
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The role of the fragmentation component
In addition to hard-scattering, collinear photons can be radiated off final-state quarks, leading to 
the poorly understood fragmentation component (depending on non-perturbative effects)

direct component fragmentation component

The need to model the fragmentation component is avoided if the smooth cone (Frixione) 
isolation criterion is used. Its parameters can be tuned to match the experimental isolation used

Understanding the isolation and fragmentation of photons in the forward region is required in 
order to fully exploit the potential of the FoCal measurements.
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PDF fits with FoCal direct photon 
production pseudo-data 
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Fit settings
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Using the same theory settings as those 
used for the ATLAS measurements, include 
FoCal pseudo-data in proton PDF fit

 Assume a given proton PDF central value 
as ``truth’’: main goal is ti assess impact on 
the PDF uncertainties

Assess impact of FoCal measurements for 
different prior datasets: 

i) a global dataset: NNPDF3.1

ii) a fixed-target DIS and Drell-Yan 
dataset: similar to nuclear PDF fits

Use the Monte Carlo PDF reweighting 
method, no limitations of principle for 
carrying out a full-fledged fit

look only at experimental uncertainties, 
central values arbitrary here
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Impact on a global dataset
When added on top of a proton global dataset (NNPDF3.1) the impact of the FoCal data is small

Note on impact of FoCal pseudo-data on the gluon PDF

Figure 1: Ratio of the unweighted PDF set to prior (left) and percentage PDF uncertainty (right).

Figure 2: Ratio of the unweighted PDF set to prior (left) and percentage PDF uncertainty (right).
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Figure 3: Ratio of the unweighted PDF set to prior (left) and percentage PDF uncertainty (right).

1

The reason is that other experiments already constrain the gluon PDF, in particular at small-x the 
HERA structure function data

global baseline                                

global baseline + FoCal                                
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Impact on a global dataset
When added on top of a proton global dataset (NNPDF3.1) the impact of the FoCal data is small

The reason is that other experiments already constrain the gluon PDF, in particular at small-x the 
HERA structure function data

global baseline                                

global baseline + FoCal                                 

Moderate error reduction for x < 0.0001
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When added on top of a nuclear-like dataset (DIS and DY data only) the impact of the FoCal data 
becomes much more significant, since there is no “nuclear HERA”

Assuming that collinear DGLAP factorisation works, a determination of the nuclear modifications of 
the gluon PDF at the 10% level down to x=10-4 would be possible

Impact on a ``nuclear’’ dataset
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Note on impact of FoCal pseudo-data on the gluon PDF
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Figure 2: Ratio of the unweighted PDF set to prior (left) and percentage PDF uncertainty (right).

Figure 3: Ratio of the unweighted PDF set to prior (left) and percentage PDF uncertainty (right).
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When added on top of a nuclear-like dataset (DIS and DY data only) the impact of the FoCal data 
becomes much more significant, since there is no “nuclear HERA”

Assuming that collinear DGLAP factorisation works, a determination of the nuclear modifications of 
the gluon PDF at the 10% level down to x=10-4 would be possible

Impact on a ``nuclear’’ dataset

DIS+DY baseline                                

DIS+DY  baseline + FoCal                                
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When added on top of a nuclear-like dataset (DIS and DY data only) the impact of the FoCal data 
becomes much more significant, since there is no “nuclear HERA”

Assuming that collinear DGLAP factorisation works, a determination of the nuclear modifications of 
the gluon PDF at the 10% level down to x=10-4 would be possible

Impact on a ``nuclear’’ dataset
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Large error reduction for x < 0.01

quantifies impact 
of FoCal

for a nuclear PDF 
analysis!
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next steps
Of course, this exercise assumes that collinear DGLAP is the whole story. What if the data contains 
effects beyond this framework, such as small-x / BFKL corrections, or saturation/CGC/higher-twists 
effects? We don’t want eg to absorb BGC effects into the fitted nuclear gluon PDF ….
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Parton distributions with BFKL resummation 

Perturbative fixed-order QCD calculations have been extremely successful in describing a wealth of 
data from proton-proton and electron-proton collisions

There are theoretical reasons that eventually we need to go beyond DGLAP: at small-x, logarithmically 
enhanced terms in 1/x become dominant and need to be resummed to all orders

 BFKL/high-energy/small-x resummation can be matched to the DGLAP collinear framework, and thus 
be included into a standard PDF analysis

DGLAP
Evolution in Q2

BFKL
Evolution in x

ABF, CCSS, TW + others, 94-08

Within small-x resummation, the NkLO fixed-order DGLAP splitting functions 
are complemented with the NhLLx contributions from BKFL

Juan Rojo                                                                                                               SCET2018, Amsterdam, 21/03/2018
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In order to assess the impact of small-x resummation for the description of the small-x and Q2 HERA data, 
compute the χ2 removing data points in the region where resummation effects are expected

Small-x resummation effects 
could be important here

Fixed-order theory
should work fine here

Quantifying BFKL effects in HERA data 

Dcut=1.5

Dcut=2

Dcut=2.5
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NNLO worsens as we include 
more small-x data

NNLO+NLLx best description everywhere

Quantifying BFKL effects in HERA data 
By smoothly probing the transition region between DGLAP and small-x, we can quantify the onset of 
novel QCD dynamics in HERA data - the same could be done for FoCal eg varying pTcut
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Comparison with charm production
Impact of FoCal photon data 
when added to a DIS+DY fit
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Impact of LHCb charm data 
when added to a global fit

DIS+DY baseline                                

DIS+DY  baseline + FoCal                                      

Global baseline                               

+ LHCb charm

D meson and direct photon production have very different systematic errors, both from the theory and 
from the experimental point of view: they are fully complementary to test nuclear PDFs at small-x

Disclaimer: a fully consistent comparison would require fitting the LHCb charm 
measurements in p+Pb collisions, which afaik it has never been carried out …
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Summary and outlook
 Direct photon production is an important process in hadron collisions. State of the art theory is 

NNLO QCD with LL electroweak corrections

 The ATLAS 8 TeV photon measurements have been successfully included in the NNPDF3.1 
global analysis, good overall consistent with other data in the global fit

 Photon production in the forward region (FoCal) offers a sensitive prove of small-x QCD in 
proton-lead collisions,  allowing us  to  constrain the  nuclear  gluon modifications  and to  test 
deviations wrt the collinear DGLAP framework

 The production of photons is characterised by very different theory and experimental errors 
than that of D mesons, so imho the two measurements are fully complementary
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