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Neutrino telescopes as QCD microscopes 

Credit: IceCube/NASA



• DPhil, Oxford 
- Heavy quarks physics  

• Postdoc IPPP, Durham 
- Collider phenomenology 

• Postdoc ETH, Zurich 
- Higher-order corrections 

• VENI Grant at Nikhef 
 
 

“… from colliders to the cosmos”
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Young generation - My trajectory to Nikhef

Rhorry Gauld, Nikhef Jamboree 2018



Overview
• Neutrino telescopes  

- why is QCD relevant?  
 

• Challenges:  
- data-driven  
- theoretical (skipped for time)  

• BGR18 predictions  
 

• Concluding remarks

 3

Valerio Rhorry Juan

 23Juan Rojo                                                                                             LHCb Implications Workshop, CERN, 17/10/2018

air/water target

D-meson

signal: neutrino-nucleus scattering background: prompt charm production

Sensitive to small-x quarks (and 
thus gluons via evolution) down to 

x ≃ 10-8  and Q ≃ MW

 

Sensitive to small-x gluons down 
to x ≃ 10-6  and Q ≃ Mcharm in the 

centre-of-mass frame
 

Neutrino telescopes as QCD microscopes

Rhorry Gauld, Nikhef Jamboree 2018
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Neutrino messengers
Credit: IceCube/NASA

• Weakly interacting, point to production source (unhindered after production) 

• Indicative of cosmic ray accelerators (come from charged pion/kaon decays)

Rhorry Gauld, Nikhef Jamboree 2018
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Neutrino messengers
Credit: IceCube/NASA

• Weakly interacting, point to production source (unhindered after production) 

• Indicative of cosmic ray accelerators (come from charged pion/kaon decays)

Multi-messenger observations of a flaring blazar
coincident with high-energy neutrino

IceCube-170922A

The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool telescope, Subaru, Swift/NuSTAR,

VERITAS, and VLA/17B-403 teams ⇤†

Individual astrophysical sources previously detected in neutrinos are limited
to the Sun and the supernova 1987A, whereas the origins of the diffuse flux of
high-energy cosmic neutrinos remain unidentified. On 22 September 2017 we
detected a high-energy neutrino, IceCube-170922A, with an energy of ⇠290 terra–
electronvolts. Its arrival direction was consistent with the location of a known
�-ray blazar TXS 0506+056, observed to be in a flaring state. An extensive
multi-wavelength campaign followed, ranging from radio frequencies to �-
rays. These observations characterize the variability and energetics of the
blazar and include the first detection of TXS 0506+056 in very-high-energy �-
rays. This observation of a neutrino in spatial coincidence with a �-ray emit-
ting blazar during an active phase suggests that blazars may be a source of
high-energy neutrinos.

Since the discovery of a diffuse flux of high-energy astrophysical neutrinos (1, 2), IceCube
has searched for its sources. The only non-terrestrial neutrino sources identified previously are
the Sun and the supernova 1987A, producing neutrinos with energies millions of times lower
than the high-energy diffuse flux, such that the mechanisms and the environments responsible
for the high-energy cosmic neutrinos are still to be ascertained (3, 4). Many candidate source
types exist, with Active Galactic Nuclei (AGN) among the most prominent (5), in particular
the small fraction of them designated as radio-loud (6). In these AGNs, the central super-
massive black hole converts gravitational energy of accreting matter and/or the rotational energy
of the black hole into powerful relativistic jets, within which particles can be accelerated to

⇤The full lists of participating members for each team and their affiliations are provided in the supplementary
material.

†Email: analysis@icecube.wisc.edu
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Neutrino messengers
Credit: IceCube/NASA

Muon-neutrino energy spectrum 

11

Fig. 7: The obtained ⌫µ spectrum of this analysis compared to the unfolding analyses of AMANDA [1], ANTARES
[15] and IceCube-59 [3]. The unfoldings can have slightly di↵erent zenith dependent sensitivities. In addition to
the unfolding results the best fit and its uncertainties from an IceCube parameter fit [6], evaluated for the zenith
dependent sensitivity of this work, are shown.

bins which cover an energy range from E⌫ = 126TeV to
E⌫ = 3.2PeV. The size of the excess was computed with
respect to the Honda 2006 model [22], as well as with
respect to fluxes of atmospheric neutrinos predicted us-
ing the cosmic ray interaction models SIBYLL-2.1 [42]
and QGSJET-II [43] and is found to vary depending on
energy and the underlying theoretical model.

The largest deviation of 2.8� is observed in the 11-
th bin (ECenter = 177.8TeV) with respect to an atmo-
spheric neutrino flux computed using QGSJET-II. For
atmospheric neutrino fluxes computed using SIBYLL-2.1
and the Honda 2006 model, the largest excess of 2.4�
is observed for the 13-th bin (ECenter = 707.9TeV). For
all three flux models discussed above, the prompt com-
ponent of the atmospheric flux was modeled according
to the ERS model [13]. Uncertainties on the theoretical
predictions – indicated by the shaded bands in Fig. 8 –
were not taken into account for the calculation of the
excess. The size of the excess is found to decrease for
the last bin, due to larger statistical and systematic
uncertainties. Table 3 summarizes the significance of
the excess for the four highest energy bins with respect
to selected model calculations. A slight increase of the
significances is found when results of recent perturba-

tive QCD calculations [44,45,46] are used to model the
prompt component.

Due to the relatively small number of events ob-
served in the four highest energy bins, the observed
correlation between those bins is rather large, especially
in the case of neighbouring bins. This prohibits an ac-
curate estimation of the spectral index of the di↵use
flux of high energy astrophysical neutrinos, as well as its
normalization. Furthermore, in such an estimate, two
observables would be estimated on the basis of only four
data points.

4 Consistency Check

A comparison of the unfolded spectrum with theoret-
ical predictions for a purely atmospheric flux shows
good compatibility up to energies of E⌫ ⇡ 126TeV
(see Fig. 8). Due to lower maximum energies [1,15],
larger uncertainties and the detector geometry [3], no
hints for a non-atmospheric component were observed
in previous spectral measurements. Nevertheless, those
measurements are in good agreement with the result of
this analysis (see Fig. 7).

Measured muon-neutrino flux 
IceCube collaboration - arXiv:1705.07780

E⌫µ ⇠ PeV
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• Weakly interacting, point to production source (unhindered after production) 

• Indicative of cosmic ray accelerators (come from charged pion/kaon decays)
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ν(k) ν/ℓ(k′)

X

W/Z(q)

N(p)
quark

quark’

Neutrino-nucleon Deep Inelastic Scattering
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s = (k + p)2 = m2
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Total CoM Energy

Neutrino-nucleon Deep Inelastic Scattering
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Note:

    
   — DIS Structure functions (QCD) 

Neutrino-nucleon Deep Inelastic Scattering

Rhorry Gauld, Nikhef Jamboree 2018



9− 8− 7− 6− 5− 4− 3− 2− 1− 0
[x]

10
log

0
1
2
3
4
5
6
7
8
9]2

[Q
10

lo
g

Enclosed fraction: 20%
Enclosed fraction: 40%
Enclosed fraction: 60%
Enclosed fraction: 80%

 xν EN = 2 m2Q

Fraction of inclusive cross-section within contours

 GeV810× = 5νE

CC scattering

NNPDF3.1sx NLO

 13

d2�CC
⌫I

dx dQ2

�
x,Q2, E⌫

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
5⇥ 108 GeV

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Example, 500 PeV neutrino

Rhorry Gauld, Nikhef Jamboree 2018



9− 8− 7− 6− 5− 4− 3− 2− 1− 0
[x]

10
log

0
1
2
3
4
5
6
7
8
9]2

[Q
10

lo
g

Enclosed fraction: 20%
Enclosed fraction: 40%
Enclosed fraction: 60%
Enclosed fraction: 80%

 xν EN = 2 m2Q

Fraction of inclusive cross-section within contours

 GeV810× = 5νE

CC scattering

NNPDF3.1sx NLO

 14

-610 -510 -410 -310 -210 -110
1

10

210

310

410

510

610

710 FT DIS

HERA1

FT DY

TEV EW

TEV JET

ATLAS EW

LHCB EW

LHC JETS

HERA2

ATLAS JETS 2.76TEV

ATLAS HIGH MASS

ATLAS WpT

CMS W ASY

CMS JETS

CMS WC TOT

CMS WC RAT

LHCB Z

TTBAR

Data, Global PDF fit  
NNPDF3.0

d2�CC
⌫I

dx dQ2

�
x,Q2, E⌫

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
5⇥ 108 GeV

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Example, 500 PeV neutrino

Rhorry Gauld, Nikhef Jamboree 2018



D-hadrons at LHCb
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D-hadrons at LHCb
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Example, 500 PeV neutrino
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Bringing it all together
• Perturbative accuracy 

- NNLO+NLLx accurate predictions for Structure Functions 
- APFEL Bertone, Carrazza, Rojo, arXiv:1310.1394  
- HELL: Bonvini et al., arXiv:1607.02153, 1708.07510, 1805.06460, 1805.08785  

• Parton distribution functions 
- NNPDF3.1sx free protons, arXiv:1710.05935  
- LHCb D-hadron data, arXiv:1302.2864, 1510.01707, 1610.02230 

• Heavy quark mass effects 
- FONLL matching scheme, Forte et al., arXiv:1001.2312  
- Top quark mass effects included at NLO, e.g. 

• Nuclear corrections (Target is        )  
- Obtained with EPPS16 nPDFs, Eskola et al., arXiv:1612.05741

⌫ + qd ! `� + t
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Figure 2.5. The ratio of the CC (left) and NC (right) neutrino-isoscalar cross-section at NLO
computed in the mt ! 1 limit compared with our default (ref.) nf = 6 FONLL calculation with
mt = 172.5 GeV.

The mass-averaged structure function for a water/ice target may thus be written as

F
H2O =

1

2 +A

�
2F p + ZF

p,A +NF
n,A

�
, (2.8)

where F p is the structure function of a free proton, and F
p(n),A represents that of a proton

(neutron) which is bound within a nucleus with mass number A containing Z protons and

N neutrons, with A = Z +N . In this case, the bound nucleus is that of oxygen which is

an isoscalar target (N = Z) with A = 16. Predictions for these structure functions can

be computed according to Eq. (2.3), where the PDFs correspond to those of the (bound)

nucleon. This implies that one should account for the e↵ects that quark and gluon PDFs

of a nucleon experience inside a heavy nucleus. These corrections have been quantified in

a number of analyses of nuclear parton distribution functions (nPDFs) [68–71].

To assess the impact of nuclear corrections on the UHE neutrino-nucleon cross-sections,

we have computed the mass-averaged total cross-section for an H2O molecule using the

nPDFs from the EPPS16 global analysis [69]. These predictions are obtained by first com-

puting the cross-section for both a free proton and an oxygen target, and then performing

a combination according to

�⌫H2O(E⌫) =
1

18
(2�⌫p(E⌫) + �⌫O(E⌫)) . (2.9)

The EPPS16 fit is constructed taking the CT14 NLO free-nucleon PDFs [85] as a baseline.

Therefore, we use the central value of this PDF set for the free-nucleon predictions.4 Results

for both CC and NC scattering cross-sections (for the sum of neutrino- and antineutrino-

induced processes) are shown in Fig. 2.6. Distributions are presented as normalised to those

of the corresponding free-nucleon predictions. The quoted uncertainty bands represent the

1� uncertainty of the EPPS16 set (excluding free-nucleon uncertainties) evaluated using

the asymmetric Hessian prescription.

4In the numerical computation, we also adjust the values of Qmin and xmin values to match those of
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Results - BGR18
For details: Bertone, Gauld, Rojo, arXiv:1808.02034

• Nuclear corrections relevant in PeV range 

• Theoretical predictions stable (<10% unc.) into multi PeV range

1 PeV
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Results - BGR18

• Significant differences (10%) w.r.t. to older benchmark calculations 

• Origin understood, more accurate BGR18 predictions should be used
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Results - BGR18

• Significant differences (10%) w.r.t. to older benchmark calculations 

• Origin understood, more accurate BGR18 predictions should be used

1 PeV

For details: Bertone, Gauld, Rojo, arXiv:1808.02034

LHCb data 
relevant

Rhorry Gauld, Nikhef Jamboree 2018
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Figure 2.5. The ratio of the CC (left) and NC (right) neutrino-isoscalar cross-section at NLO
computed in the mt ! 1 limit compared with our default (ref.) nf = 6 FONLL calculation with
mt = 172.5 GeV.

The mass-averaged structure function for a water/ice target may thus be written as

F
H2O =

1

2 +A

�
2F p + ZF

p,A +NF
n,A

�
, (2.8)

where F p is the structure function of a free proton, and F
p(n),A represents that of a proton

(neutron) which is bound within a nucleus with mass number A containing Z protons and

N neutrons, with A = Z +N . In this case, the bound nucleus is that of oxygen which is

an isoscalar target (N = Z) with A = 16. Predictions for these structure functions can

be computed according to Eq. (2.3), where the PDFs correspond to those of the (bound)

nucleon. This implies that one should account for the e↵ects that quark and gluon PDFs

of a nucleon experience inside a heavy nucleus. These corrections have been quantified in

a number of analyses of nuclear parton distribution functions (nPDFs) [68–71].

To assess the impact of nuclear corrections on the UHE neutrino-nucleon cross-sections,

we have computed the mass-averaged total cross-section for an H2O molecule using the

nPDFs from the EPPS16 global analysis [69]. These predictions are obtained by first com-

puting the cross-section for both a free proton and an oxygen target, and then performing

a combination according to

�⌫H2O(E⌫) =
1

18
(2�⌫p(E⌫) + �⌫O(E⌫)) . (2.9)

The EPPS16 fit is constructed taking the CT14 NLO free-nucleon PDFs [85] as a baseline.

Therefore, we use the central value of this PDF set for the free-nucleon predictions.4 Results

for both CC and NC scattering cross-sections (for the sum of neutrino- and antineutrino-

induced processes) are shown in Fig. 2.6. Distributions are presented as normalised to those

of the corresponding free-nucleon predictions. The quoted uncertainty bands represent the

1� uncertainty of the EPPS16 set (excluding free-nucleon uncertainties) evaluated using

the asymmetric Hessian prescription.

4In the numerical computation, we also adjust the values of Qmin and xmin values to match those of

EPPS16.
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(neutron) which is bound within a nucleus with mass number A containing Z protons and

N neutrons, with A = Z +N . In this case, the bound nucleus is that of oxygen which is

an isoscalar target (N = Z) with A = 16. Predictions for these structure functions can

be computed according to Eq. (2.3), where the PDFs correspond to those of the (bound)

nucleon. This implies that one should account for the e↵ects that quark and gluon PDFs

of a nucleon experience inside a heavy nucleus. These corrections have been quantified in

a number of analyses of nuclear parton distribution functions (nPDFs) [68–71].

To assess the impact of nuclear corrections on the UHE neutrino-nucleon cross-sections,

we have computed the mass-averaged total cross-section for an H2O molecule using the

nPDFs from the EPPS16 global analysis [69]. These predictions are obtained by first com-

puting the cross-section for both a free proton and an oxygen target, and then performing

a combination according to

�⌫H2O(E⌫) =
1
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(2�⌫p(E⌫) + �⌫O(E⌫)) . (2.9)

The EPPS16 fit is constructed taking the CT14 NLO free-nucleon PDFs [85] as a baseline.

Therefore, we use the central value of this PDF set for the free-nucleon predictions.4 Results

for both CC and NC scattering cross-sections (for the sum of neutrino- and antineutrino-

induced processes) are shown in Fig. 2.6. Distributions are presented as normalised to those

of the corresponding free-nucleon predictions. The quoted uncertainty bands represent the

1� uncertainty of the EPPS16 set (excluding free-nucleon uncertainties) evaluated using

the asymmetric Hessian prescription.

4In the numerical computation, we also adjust the values of Qmin and xmin values to match those of

EPPS16.
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for either NC or CC scattering. The mass-averaged cross-section for neutrino scattering on

a molecule of H2O is obtained according to Eq. (2.9). In fact, for the highest neutrino ener-

gies, any departures from non-isoscalarity can be ignored and the following approximation

can be made

�⌫H2O(E⌫) '
�⌫I(E⌫)

18
(2 +R⌫O(E⌫)) . (2.12)

The total uncertainty in Eq. (2.12) can then be computed by adding in quadrature the

free-nucleon PDF uncertainties (arising from �⌫I) with those of the nPDFs (from R⌫O).

The factorised expression in Eq. (2.12) makes it straightforward to improve the pre-

diction of the total cross-section when a more precise determination of R⌫O(E⌫) becomes

available.5 The large uncertainties associated to R⌫O(E⌫) in the current calculation can be

related to the lack of experimental data used to determine nPDFs (and in particular those

sensitive to the gluon) in the region of x . 10�2. Indeed, to compute R⌫O(E⌫) at large

E⌫ values it is necessary to extrapolate nPDFs to small values of x by several orders of

magnitude. In the extrapolation region results are driven to a large extent by the particular

methodological choices made to extract nPDFs. Examples are the parameterisation (i.e.

the functional form assumed to parameterise the x and A dependence) or �
2 tolerances

that define the 1� PDF uncertainties.6

As will become apparent in Sect. 4, the uncertainty associated to the nuclear corrections

is a limiting factor in the calculation of the UHE neutrino-nucleon cross-section. This

provides a strong motivation to improve global fits of nPDFs by extending the kinematic

coverage of the input data set. One possibility is to include LHC data collected in p+Pb

collisions which are sensitive to the small-x region. The nPDFs are typically parameterised

as continuous functions of the nucleus mass number A. Therefore, constraints obtained for

nucleons bound within a Pb nucleus (A = 208) are relevant also for lighter nuclei such as

oxygen.

Progress in this direction may be possible by studying forward D-meson production

in p+Pb collisions [86, 87], but these data have not yet been included in a global nPDF

fit. However, a recent study of heavy-quark production in p+Pb collisions [88] has demon-

strated that nuclear e↵ects present at small x are well contained within the well contained

within the 1� PDF uncertainty band of EPPS16. This study therefore suggests that the

quoted nPDF corrections and corresponding uncertainties in this work are reasonable, and

may be considered conservative.

In the longer term, stringent constraints would also be provided by possible future

lepton-ion colliders such as the EIC [89] and the LHeC [90]. For example, projections based

on EIC pseudo-data indicate that the nuclear PDF uncertainties of the EPPS16 analyses

could be reduced by up to a factor of three at x ⇠ 10�4, especially if the large energy

5Another benefit of this factorised expression is that it is straightforward to calculate the nuclear cor-

rection for other nuclear targets. This may be relevant for the modelling of neutrino absorption within the

Earth as neutrinos may scatter via the NC process on an Fe target [72].
6We have also repeated the analysis above using the nCTEQ15 nuclear PDF sets [70] and obtained

consistent results. However, it was found that the 1� uncertainties were considerably smaller as compared to

the EPPS16 results. Therefore, we quote the EPPS16 results which provide a more conservative uncertainty

estimate.
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Heavy quark mass effects in DIS
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CC: top-quark effects important

Top quark production also possible:
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Figure 2.4. Comparison between the FONLL and ZM-VFN heavy-quark mass schemes at NLO
for the calculation of the single-di↵erential cross-section d�⌫I/dQ2, Eq. (2.5), for CC (left) and NC
(right) scattering at E⌫ = 107 GeV. In both cases the limit mt ! 1 is taken to decouple the e↵ects
of the top quark.

display the absolute distributions while the lower panels show the ratio to the ZM-VFNS.

In these plots the limit mt ! 1 is taken to decouple the e↵ect of the top quark.3 In the

upper panel of these plots, the total cross-section obtained by integrating over the allowed

range in Q
2 is also reported.

In the case of CC scattering, the inclusion of charm-mass e↵ects introduces a positive

shift of up to 5% in the region of Q
2 . 10 GeV2 but has a negligible impact on the

total cross-section. The impact of bottom-mass e↵ects is entirely negligible. This is due

to the strong suppression for the subprocesses involving the CKM matrix elements Vub

and Vcb. Heavy-quark mass corrections in NC case display a similar behaviour at low

energies but introduce a negative correction in the intermediate energy range of Q
2
2

[20, 500] GeV2. The net e↵ect is a reduction of the total cross-section by (1-2)%. While

not shown here, similar results are also obtained for neutrino energies in the range E⌫ 2

[103, 1012] GeV. From this comparison, we conclude that charm- and bottom-quark mass
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Kinematically possible if:

b-quark PDF generation enhanced at small x
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Perturbative stability

410 510 610 710 810 910 1010 1110
 [GeV])ν(νE

0.8

0.9

1

1.1

1.2

1.3)Iν+ν(N
C

, r
ef

.
σ/

)I
 

ν+ν(N
C

σ

NNPDF3.1sx NLO (ref.)

NNPDF3.1sx+LHCb NLO

NNPDF3.1sx+LHCb NLO+NLL

NNPDF3.1sx+LHCb NNLO+NLL

410 510 610 710 810 910 1010 1110
 [GeV])ν(νE

0.8

0.9

1

1.1

1.2

1.3
)Iν+ν(C

C
, r

ef
.

σ/
)I

 
ν+ν(C

C
σ

NNPDF3.1sx NLO (ref.)

NNPDF3.1sx+LHCb NLO

NNPDF3.1sx+LHCb NLO+NLL

NNPDF3.1sx+LHCb NNLO+NLL

CC cross-section NC cross-section

6−10 5−10 4−10 3−10
x

0

5

10

15

20

25

30

35

40)2
=4

 G
eV

2
x,

Q
(

xg

NNLO+NLLx

NLO+NLLx

NLO

NNPDF3.1sx+LHCb

Differences in input PDFs ~(20-30)%

Cancellations between coefficient 
functions and PDFS:  

 
 

=> Cross-section level ~(2-3)%

Fi(x,Q
2) =

X

a=g,q

Z 1

x

dz

z
Ci,a

⇣x
z
,Q2

⌘
fa

�
z,Q2

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



 26

Other results
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BFKL dynamics at small-x

Juan Rojo                                                                                             LHCb Implications Workshop, CERN, 17/10/2018
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NNLO quality degrades as more 
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Monitor the fit quality as one includes 
more data from the small-x region

Best description of small-x HERA data 
only possible with BFKL effects!
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charm-quark (pair) production - LHCb
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Exclusively reconstruct D-hadrons within experimental acceptance  
 
For example, LHCb fiducial region:

pDT < 8 GeV

2.0 <yD < 4.5



 29

Measurements performed double differentially in       and       .     

Measurements performed at multiple hadronic CoM values

pDT yD
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For details,  R. Gauld, J. Rojo: arXiv 1610.09373
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Order = NLO

NLO NLO+NLLx NNLO+NLLx

Dataset (Ndat) �
2
orig/Ndat �

2
new/Ndat �

2
orig/Ndat �

2
new/Ndat �

2
orig/Ndat �

2
new/Ndat

N5 (78) 1.0 0.71 1.11 0.78 1.61 0.84

N7 (72) 0.8 0.69 0.84 0.72 0.96 0.75

N13 (119) 1.51 1.13 1.6 1.16 2.0 1.22

N5+7+13 (269) 1.17 0.89 1.25 0.93 1.61 0.98

R13/5 (99) 1.64 1.66 1.87 1.79 1.83 1.74

Table 3.1. The values of the �2 per data point, �2
/Ndat, for each of the LHCb D-meson production

datasets considered in this analysis. Each centre-of-mass energy contains the results of all the D-
meson species considered. For each of the three theory settings, we show the results both before
(�2

orig) and after (�2
new) adding the LHCb data into the fit. In the first column we also indicate the

values of Ndat for each dataset. In this work the results based on the N5+7+13 dataset are taken as
the baseline.

R13/5 data is observed to be slightly poorer. This may be due to the fact that the R
ij

13/X

is less sensitive to the gluon PDF, or may indicate that the bin-by-bin correlations for this

observable have been over/under estimated.

In this analysis the partonic cross-sections for charm-quark production, convoluted

with NLO and (N)NLO+NLLx accurate PDFs, are accurate to NLO in all cases. In order

to assess the robustness of these results with respect to this approximation, the analysis

of the N5+7+13 normalised cross-section dataset has been repeated in the following way. A

modified �
2 is introduced to quantify the agreement between theory and data, defined as

�
2
mod =

X

i

�
O

exp
i

�O
th
i

�2

(�Oexp
i

)2 + (�Oth
i
)2

, (3.2)

where Oi corresponds to the i-th bin value of the observable O and �Oi to its uncertainty.

Note that in our baseline analysis the theoretical uncertainty �O
th
i

is not accounted for.

This estimator is then used to repeat the NLO+NLLx analysis, and in this case we define

the theory error �Oth
i

to be the following shift

�O
th
i ⌘ O

evNLO
i �O

evNLO+NLLx
i

, (3.3)

where the cross-sectionO
evNLO
i

is evaluated by evolving upwards the NLO+NLLxNNPDF3.1sx

set from Q0 = 1.64 GeV to larger-Q values using fixed-order NLO evolution. The cross-

section O
evNLO+NLLx
i

is instead evaluated using NLO+NLLx settings for the evolution.

The same strategy can be applied to the NNLO+NLLx case, where Eq. (3.2) is written in

terms of OevNNLO
i

and O
evNNLO+NLLx
i

.
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Chi-squared values for NNPDF3.1sx fits -  Bertone, Gauld, Rojo: arXiv 1808.02034
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Example, 500 PeV neutrino
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Impact of LHCb data on UHE cross-section
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Results - BGR18
For details: Bertone, Gauld, Rojo, arXiv:1808.02034
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Nuclear corrections = EPPS16
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Next on the agenda…
In progress: RG, arXiv:1901.XX


