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Exploring the high-energy frontier 
at the Large Hadron Collider
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Outstanding questions in Particle Physics

Huge gap, 1017, between Higgs and Plank scales

Elementary  or  composite?  Additional  Higgs 
bosons?

Coupling to Dark Matter? Role in cosmological 
phase transitions?

Is the vacuum state of the Universe stable?

The Higgs boson

1 GeV (Proton mass)
125 GeV (Higgs mass)

1017 GeV (Planck scale)

With radiative corrections,
the  natural  value  of  the 
Higgs mass is Planck scale
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Degrassi et al 12
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Outstanding questions in Particle Physics

Huge gap, 1017, between Higgs and Plank scales

Elementary  or  composite?  Additional  Higgs 
bosons?

Coupling to Dark Matter? Role in cosmological 
phase transitions?

Is the vacuum state of the Universe stable?

The Higgs boson

Weakly interacting massive particles? Sterile 
neutrinos? Extremely light particles (axions)?

Interactions with Standard Model particles?

What is the structure of the Dark Sector? Is 
Dark Matter self-interacting?

Dark Matter
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Outstanding questions in Particle Physics

Huge gap, 1017, between Higgs and Plank scales

Elementary  or  composite?  Additional  Higgs 
bosons?

Coupling to Dark Matter? Role in cosmological 
phase transitions?

Is the vacuum state of the Universe stable?

The Higgs boson

Weakly interacting massive particles? Sterile 
neutrinos? Extremely light particles (axions)?

Interactions with Standard Model particles?

What is the structure of the Dark Sector? Is 
Dark Matter self-interacting?

Dark Matter

Why three families? Can we explain masses 
and mixings?

Origin  of  Matter-Antimatter  asymmetry  in 
the Universe?

Are  neutrinos  Majorana  or  Dirac?  CP 
violation in the lepton sector?

Quarks and leptons
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Outstanding questions in Particle Physics

Many of these crucial questions can be addressed at the Large Hadron Collider

For the next 20 years, LHC will be the forefront of the exploration of the high-energy frontier
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Many of these crucial questions can be addressed at the Large Hadron Collider

For the next 20 years, LHC will be the forefront of the exploration of the high-energy frontier
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Only 5% of the full LHC dataset on tape
Lots of exciting physics to harvest!



Why precision?
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Precision at hadron colliders?
High-energy lepton colliders involve elementary particles without substructure

Clean initial state, well-behaved perturbative expansion (𝜶QED ⪝ 0.01)

Quantum Electrodynamics and lepton colliders are ideal for high-precision measurements
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Precision at hadron colliders?
 QED leads to high-precision predictions such as the anomalous magnetic moment of the electron

One of the most accurate predictions ever provided by any scientific theory!
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This accuracy could be key for new discoveries!

i.e. muon g-2 experiment @ BNL and FNAL



Hadron colliders offer 
excellent energy reach, but 
also very messy environment:
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Precision at hadron colliders?

Sherpa artist
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Hadron colliders offer 
excellent energy reach, but 
also very messy environment:
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Precision at hadron colliders?

Sherpa artist

initial state: non-perturbative 
proton’s parton distributions
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Precision at hadron colliders?

Sherpa artist

initial state: non-perturbative 
proton’s parton distributions

quark-gluon hard-scattering: 
slow perturbative convergence

𝜶QCD = 0.2
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Precision at hadron colliders?

Sherpa artist

initial state: non-perturbative 
proton’s parton distributions

quark-gluon hard-scattering: 
slow perturbative convergence

parton showering and 
hadronization
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Hadron colliders offer 
excellent energy reach, but 
also very messy environment:
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Precision at hadron colliders?

Sherpa artist

initial state: non-perturbative 
proton’s parton distributions

quark-gluon hard-scattering: 
slow perturbative convergence

parton showering and 
hadronization

plus lots of poorly understood 
non-perturbative effect: 
background noise such multiple 
parton intercations, pile-up….
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Hadron colliders offer 
excellent energy reach, but 
also very messy environment:
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Can we really aim 
for precision 

physics at LHC?

Precision at hadron colliders?

Sherpa artist

initial state: non-perturbative 
proton’s parton distributions

quark-gluon hard-scattering: 
slow perturbative convergence

parton showering and 
hadronization

plus lots of poorly understood 
non-perturbative effect: 
background noise such multiple 
parton interactions, pile-up….
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If BSM physics is too heavy and beyond the reach of the LHC, its effects could still 
be present in kinematic distributions due to virtual corrections

Generic BSM scenarios can be parametrised in a model-independent way in terms of higher-
dimensional operators: the SM Effective Field Theory (SMEFT):

A large number of these operators can be directly probed at the LHC
For instance, some operators contributing to inclusive jet, dijet, and multi-jet production are:

Crucially, no dedicated searches are required: we can exploit all the excellent measurements 
that the LHC has (and will) produce, provided theoretical calculations are up to par
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Why precision at the LHC?



Why precision at the LHC?
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BSM physics could manifest as subtle deviations wrt to the Standard Model predictions

Even for high-mass resonances, theory uncertainties degrade or limit many BSM searches

The robustness of global stress-tests of the SM (electroweak fit, SM Effective Field Theory 
analysis) relies crucially in high-precision theoretical calculations

BSM physics might very well hiding itself in the tails of distributions

To enhance the discovery potential of new Beyond the Standard Model physics!

Marco Farina, HL/HE LHC workshop

Generic SMEFT expansion
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Energy helps accuracy
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Recent progress in theoretical calculations has demonstrated that the LHC is not only a 
discovery machine: it can (and should!) carry out a precision physics program

Farina et al 16

Electroweak precision tests at the LHC 
are possible

Constraints on some SMEFT EW 
operators can markedly improve LEP 
bounds

 Exploiting increase in partonic energy

eg constraints on “oblique” operators from 
high-mass ATLAS and CMS Drell-Yan (NC and CC) data
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Precision QCD 
and perturbative matrix elements
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Loops and more loops
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Perturbative calculations in QCD organised as a series expansion in the strong coupling

Leading Order (Born level)
Easy, textbook calculations
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Loops and more loops
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Perturbative calculations in QCD organised as a series expansion in the strong coupling

Leading Order (Born level)
Easy, textbook calculations

Next-to-Leading Order (NLO)
More tricky, now mostly automated
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Loops and more loops
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ie Higgs production with up to three extra particles in the final state with MG5_aMC
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Loops and more loops
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Perturbative calculations in QCD organised as a series expansion in the strong coupling

Leading Order (Born level)
Easy, textbook calculations

NNLO: Very difficult, but now 
becoming standard

Next-to-Leading Order (NLO)
More tricky, now mostly automated
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Pushing the QCD precision frontier
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Gavin Salam 2017

Explosion of (N)NNLO QCD calculations in last years: NNLO is now the standard at the LHC



Pushing the QCD precision frontier
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Explosion of (N)NNLO QCD calculations in last years: NNLO is now the standard at the LHC

Improved agreement with experimental data

Reduced theoretical uncertainties (MHOUs)

Allows extraction of SM inputs (PDFs, 𝜶S) 
and more stringent BSM constraints
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Loops and more loops
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Perturbative calculations in QCD organised as a series expansion in the strong coupling

Next-to-Leading Order (NLO)
More tricky, now mostly automated

Leading Order (Born level)
Easy, textbook calculations

NNLO: Very difficult, but now 
becoming standard

N3LO: stop dreaming, 
forget about this! (or not?)
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Loops and more loops
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Case example: Higgs production in gluon fusion, dominant channel at the LHC

Until 2015, cross-section was known up to two loops (NNLO)

Calculation required O(1000) interference diagrams and O(47000) loop and phase space integrals 
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Loops and more loops
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How difficult could it be to compute one more perturbative order, i.e., N3LO?

NNLO: O(1000) interference diagrams and O(47000) loop and phase space integrals 

N3LO: O(105) interference diagrams and O(108) loop and phase space integrals 

Hopeless??

Juan Rojo                                                                                                          Cosmology and Particle Physics Seminar, Basel, 14/05/2018



Loops and more loops
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How difficult could it be to compute one more perturbative order, i.e., N3LO?

NNLO: O(1000) interference diagrams and O(47000) loop and phase space integrals 

N3LO: O(105) interference diagrams and O(108) loop and phase space integrals 

Hopeless??

Theory error reduced to few-percent: boosting discovery potential  of  Higgs coupling measurements!

A
nastasiou et al. 15-16
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We have come a long way ….
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Zanderighi IC
FA w

orkshop 2017
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Machine Learning and
Artificial Neural Networks 
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Machine Learning at the LHC
By Machine Learning we usually understand those families of computer algorithms that learn how 
to excel on a task based on a large sample of examples, rather than on some a priori fixed rules

 ML algorithms are nowadays ubiquitous, from driverless cars to Amazon’s purchase suggestions, 
to automated medical imaging recognition to beating the words best players at Go and chess

 ML tools rely on the efficient exploitation of immense datasets. And the LHC has a lot of data!

LHC data analysis: 30 PB/year!
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Artificial Neural Networks

Artificial  neural  networks  aim  to  excel  where  domains  as  their  evolution-driven  counterparts 
outperforms traditional algorithms in tasks such as pattern recognition, forecasting, classification, ...

Inspired by biological brain models, Artificial Neural Networks (ANNs) are mathematical algorithms 
widely used in a wide range of applications, from HEP to targeted marketing and finance forecasting

From biological to artificial neural networks
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A bank wants to offer a new credit card to their clients. Two possible strategies:

Contact all customers: slow and costly

Contact 5% of the customers, train a ANN with their input (savings, income, loans) and their 
output (yes/no) and  use the information to contact only clients likely to accept the product

Cost-effective method to improve marketing performance!

% of customers contacted

%
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w
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Random client selection

ANN-based client selection

ANNs - a marketing example
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Generative Adversarial Networks
  New architecture for an unsupervised neural network training (unlabelled samples) 

 Based on two independent nets that work separately and act as adversaries: 

 the Discriminator (D) undergoes training and plays the role of classifier, and 

 the Generator (G) and is tasked to generate random samples that resemble real samples with a 
twist rendering them as fake samples.
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The many uses of GANs

arXiv:1710.10196

Which one of these images are real and which ones are fake (generated by the GANs)?
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Convolutional Neural Networks

 Convolutional Neural Networks (CNNs) have convolutional layers based on filters

 Each filter maps a group of numbers into a number, reducing the dimensionality of the data

 Specially useful for pattern recognition (eg for self-driving vehicles)

mathworks.com
Juan Rojo                                                                                                          Cosmology and Particle Physics Seminar, Basel, 14/05/2018

http://mathworks.com
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ANNs can enable an autonomous vision-control drone to recognise and follow forest trails

Image classifier operates directly on pixel-level image intensities 

If a trail is visible, the software steers the drone in the corresponding direction

Giusti et al, IEEE Robotics and Automation Letters, 2016
Similar algorithms at work in self-driving cars!

Convolutional Neural Networks
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Recurrent Neural Networks
RNNs use as inputs not just the current “training examples” but also what they have perceived 
previously: they have a built-in notion of time ordering useful for time-dependent functions

Feed"forward"or"recurrent"?"

"RNN"will"be"a"funcNon"with"inputs""x_t""(input"vector)"and"
previous"state""y(t−1)"."The"new"state"will"be""y(t)"."
The"recurrent"funcNon,""f""is"used"for"all"Nmes"t" 25"

RNN"take"as"their"input"not"just"the"current"input"example"
they"see,"but"also"what"they"have"perceived"previously"
# “NoNon"of"Nme"/"ordering”""
Useful"to"learn"“Nme"dependent"funcNons”"

The output of a RNN at time time, y(t), depends both on the current input example x(t) as well 
as of its previous output y(t-1) (or activation states of hidden neutrons at t-1)

Juan Rojo                                                                                                          Cosmology and Particle Physics Seminar, Basel, 14/05/2018

e.g. writing has an intrinsic time ordering than image recognition has not
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Recurrent Neural Networks
Lead to truly game-changer applications, such as random generation of country song lyrics

http://www.mattmoocar.me/blog/RNNCountryLyrics/
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Precision QCD 
and the proton structure
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Extract PDFs from lepton-proton collisions Use PDFs to predict proton-proton cross-sections 
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In high-energy hadron colliders the collisions involve composite particles (protons) with internal 
substructure (quarks and gluons): the LHC is actually a quark/gluon collider!

Anatomy of hadronic collisions

Calculations of cross-sections in hadron collisions require the combination of perturbative 
cross-sections with non-perturbative parton distribution functions (PDFs)

Parton Distributions
Non-perturbative 
From global analysis

Quark/gluon collisions
Perturbative
From SM Lagrangian
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the inner life of protons 
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Distribution of energy that quarks and gluons carry  inside proton quantified by Parton Distributions

x: Fraction of the proton’s momentum

Q: Energy of the quark/gluon collision
Inverse of the resolution length

PDFs determined by non-perturbative QCD dynamics 
Extract from experimental data within a global analysis

g(x,Q) : Probability of finding a gluon 
inside a proton, carrying a fraction x of the 
proton momentum when probed at energy Q

Juan Rojo                                                                                                               ICFA 2017 Seminar, Ottawa, 07/11/2017
Extract PDFs from lepton-proton collisions Use PDFs to predict proton-proton cross-sections 
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Distribution of energy that quarks and gluons carry  inside proton quantified by Parton Distributions

x: Fraction of the proton’s momentum

Q: Energy of the quark/gluon collision
Inverse of the resolution length

PDFs determined by non-perturbative QCD dynamics 
Extract from experimental data within a global analysis

Juan Rojo                                                                                                               ICFA 2017 Seminar, Ottawa, 07/11/2017
Extract PDFs from lepton-proton collisions Use PDFs to predict proton-proton cross-sections 

Highly non-trivial validation of the 
QCD factorisation framework:

Including O(5000) data points ,
from O(40) experiments, 
some of them with ⪝1% errors, 

yet still χ2/Ndat ⩬ 1 !

the inner life of protons 

g(x,Q) : Probability of finding a gluon 
inside a proton, carrying a fraction x of the 
proton momentum when probed at energy Q



Why precision PDFs?
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Ultimate accuracy of many LHC calculations limited by knowledge of proton structure

heavy SUSY particle production Higgs couplings

W mass determination

[HL-LHC forecast]
PD

F errors

spread  betw
een PD

F sets
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ANNs also provide universal unbiased interpolants to parametrise the non-perturbative dynamics that 
determines the size and shape of the PDFs from experimental data

ANNs as universal unbiased interpolants
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Traditional approach

NNPDF approach

ANNs eliminate theory bias introduced in PDF fits 
from choice of ad-hoc functional forms

NNPDF  fits  used  O(400)  free  parameters,  to  be 
compared with O(10-20) in traditional PDFs. Results 
stable if O(4000) parameters used!

ad-hoc ansatz
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PDF Replica Neural Network Learning

x 
g(

x,
 Q

2 
= 

2 
G

eV
2 )

x

The training of the Neural Networks is performed using Genetic Algorithms
Each curve corresponds to a possible functional form for the gluon PDF
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Artificial Neural Networks vs Polynomials
 Compare a benchmark PDF analysis where the same dataset is fitted with Artificial Neural Networks  

and with standard polynomials, other settings identical)

 ANNs avoid biasing the PDFs, faithful extrapolation at small-x (very few data, thus error blow up)

Polynomials Neural Networks

PDF error

PDF error

No Data No Data
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Progress in PDF determination
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Precision NNLO gluon at large-x from combining top, jet and Z pT LHC data

Progress in PDF determinations allows fully exploiting higher-order QCD calculations

NNPDF 2017

Many exciting recent developments in global PDF analysis: constraints from LHC measurements, 
statistical validation of PDF uncertainties, the strange and charm content of the proton ….
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The gluon used to be the worse known PDF ….
Now it exhibits a remarkable robustness!
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Photon-initiated processes at the LHC

pp -> W+W-
pp -> HW+

The proton contains not only quarks and gluons, but also photons: the LHC is also a photon collider!

At high mass PI contributions and NLO EW corrections have opposite sign, and thus in general one 
expects a partial cancellation among them  

This seems to be the case for many processes: once PI effects included, NLO EW corrections rather small

Bertone, Carrazza, Pagani, Rojo, Vicini, Zaro (in preparation)
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Figure 4.1. Representative PI diagrams for various LHC processes: Drell-Yan, vector-boson pair pro-
duction, top-quark pair production, and the associated production of a Higgs with a W boson.

4 Photon-initiated processes at the LHC

We shall now explore some of the implications of NNPDF3.1luxQED for LHC phenomenology.
Specifically, we shall investigate the application of this new set to the study of Drell-Yan, vector-
boson pair production, top-quark pair production, and the associated production of a Higgs
boson with a W boson. Representative PI diagrams contributing to these processes at the
Born level are shown in Fig. 4.1. Our aim is to assess the relative size of the PI contributions
with respect to quark- and gluon-initiated subprocesses at the

p
s = 13 TeV LHC. See also

Refs. [24, 34, 44–48] for recent studies.
The results presented in this section have been obtained at LO in both the QCD and QED

couplings using MadGraph5 aMC@NLO interfaced to APPLgrid through aMCfast. We will compare
the predictions of NNPDF3.1luxQED to those of NNPDF3.0QED and LUXqed17. In all cases we
will use the NNLO PDF sets, though the photon PDF depends only mildly on the perturbative
order (see Fig. 3.2). PDF uncertainties for the NNPDF sets are defined as the 68% confidence
level interval and the central value as the midpoint of this range. This is particularly relevant
for NNPDF3.0QED for which, due to non-Gaussianity in the replica distribution, PDF errors
computed as standard deviations can di↵er by up to one order of magnitude as compared to the
68% CL intervals.

4.1 Drell-Yan production

We begin by examining the role of PI contributions in neutral-current Drell-Yan production. We
will study this process in three di↵erent kinematic regions of the outgoing lepton pair: around
the Z peak, at low invariant masses, and at high invariant masses. We start with the Z peak
region, defined as 60  Mll  120 GeV, where Mll is the lepton-pair invariant mass, and focus
on the central rapidity region |yll|  2.5, relevant for ATLAS and CMS.2 This region provides
the bulk of the Drell-Yan measurements included in modern PDF fits and therefore assessing
the impact of PI contributions is particularly important here.

In Fig. 4.2 we show the ratio of the PI contributions to the corresponding quark- and gluon-
initiated contributions for Drell-Yan production as a function of Mll at

p
s = 13 TeV in the Z

peak region. We compare the predictions of NNPDF3.0QED, LUXqed17, and NNPDF3.1luxQED,
with the PI contributions normalised to the central value of NNPDF3.1luxQED. For reference
we also show the value of the PDF uncertainties in NNPDF3.1luxQED.

We find that PI e↵ects for this process are at the permille level forMll ⇠ MZ but they become
larger as we move away from the Z peak, reaching 3% for Mll = 60 GeV. At the lower edge of the
Mll region the contribution of the PI channel exceeds the level of PDF uncertainty, highlighting
the sensitivity of this distribution to the photon PDF. We find that NNPDF3.1luxQED and
LUXqed17 lead to a larger PI contribution as compared to NNPDF3.0QED at low Mll. As the
PI contribution is only significant away from the Z-peak, where the bulk of the cross-section
lies, these e↵ects may be reasonably neglected in the integrated cross-sections.

Fig. 4.2 demonstrates that the PI contributions in NNPDF3.1luxQED and LUXqed17 lead
to very similar results for Drell-Yan production around the Z peak. We have verified that this
similarity holds also for the low and high mass kinematic regions, as well as for the rest of

2
We have verified that similar results hold for the forward rapidity region, 2.0  yll  4.5, relevant for LHCb.
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Mll region the contribution of the PI channel exceeds the level of PDF uncertainty, highlighting
the sensitivity of this distribution to the photon PDF. We find that NNPDF3.1luxQED and
LUXqed17 lead to a larger PI contribution as compared to NNPDF3.0QED at low Mll. As the
PI contribution is only significant away from the Z-peak, where the bulk of the cross-section
lies, these e↵ects may be reasonably neglected in the integrated cross-sections.

Fig. 4.2 demonstrates that the PI contributions in NNPDF3.1luxQED and LUXqed17 lead
to very similar results for Drell-Yan production around the Z peak. We have verified that this
similarity holds also for the low and high mass kinematic regions, as well as for the rest of

2
We have verified that similar results hold for the forward rapidity region, 2.0  yll  4.5, relevant for LHCb.

14
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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
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A new world at small-x 
Ultimately, the need for (or lack of) BKFL resummation in ep and pp collider data can only be assessed 
by performing a global PDF analysis based on (N)NLO+NLLx theory

 Theoretical tools are now available: HELL for NLLx resummation, interfaced to APFEL

Ball, Bertone, Bonvini, Marzani, JR,Rottoli 17

NNPDF3.1 (N)NLO+NLL fits stabilize the perturbative PDF expansion at small-x, in particular for the 
gluon, and markedly improve the fit quality to the small-x HERA data

gluon
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Evidence for BFKL dynamics in HERA data 
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
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Using NNLO+NLLx theory, the NNLO instability at small-x of the χ2  disappears

Excellent fit quality to inclusive and charm HERA data achieved in the entire (x,Q2) region 

Evidence for BFKL dynamics in HERA data 

NNLO worsens as we include 
more small-x data

NNLO+NLLx best description everywhere

Including more low-x, low Q data                                               
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Jon Butterworth, 
the Guardian, 28/12/2018
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Precision QCD at the LHC

 Recent  progress  with theoretical  QCD calculation  have realised the dream of 
turning the LHC into a high-precision experiment 

 Two-loop QCD calculations and beyond are now the standard for LHC processes

 Detailed mapping of the proton structure: few-percent errors in most PDFs in 
relevant LHC range, including gluon and photon

 Implications beyond colliders also for astroparticle, nuclear, hadronic physics

Rich interplay with Machine Learning and Neural Network algorithms

 Precision QCD could be the key for unravelling new physics at the LHC!
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Fascinating times to explore the high-energy frontier!

equipped with our high-precision QCD toolbox!
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Fascinating times to explore the high-energy frontier!

equipped with our high-precision QCD toolbox!
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Thanks for your attention!
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Extra material
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the neutrino universe 
Observation of ultra-high energy (UHE) neutrino events at IceCube heralds start of neutrino astronomy

Neutrinos are not deflected or attenuated: unique probes of extreme astrophysical events
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the neutrino universe 
Observation of ultra-high energy (UHE) neutrino events at IceCube heralds start of neutrino astronomy

Neutrinos are not deflected or attenuated: unique probes of extreme astrophysical events
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the neutrino universe 
Observation of ultra-high energy (UHE) neutrino events at IceCube heralds start of neutrino astronomy

Same centre-of-mass energy than in proton-proton collisions at the TeV!
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Precision QCD and … neutrino astronomy?

 65

IceCube 2016

Detection of ultra-high energy neutrinos represents the beginning of neutrino astronomy: 
new window to the Universe!

However, the dominant background, prompt neutrinos from charm decays, never been detected…

Neutrinos from pion, kaon decays

Neutrinos from charm decays
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QCD (and the LHC) to the rescue! Include D  meson production data from LHCb  into PDF fit to 
constrain small-x gluon: precise predictions for signal and background events at neutrino telescopes

IceCube ECR = 100 PeV        

Direct overlap kinematics between charm production 
in UHE cosmic rays and at the LHC

LHCb  Elab ≈ 14 TeV   

Precision QCD and … neutrino astronomy?

Lorentz boost

Juan Rojo                                                                                                          Cosmology and Particle Physics Seminar, Basel, 14/05/2018



 67

Precision determination of small-x gluon 
from charm production art LHCb

backgrounds

Progress in precision QCD benefits other fields 
beyond collider physics (i.e. also nuclear physics)

Precision QCD and … neutrino astronomy?
QCD (and the LHC) to the rescue! Include D  meson production data from LHCb  into PDF fit to 
constrain small-x gluon: precise predictions for signal and background events at neutrino telescopes

Gauld, JR 16

Gauld, JR, Rottoli, Sarkar, Talbert 15
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Precision determination of small-x gluon 
from charm production art LHCb

signal

Progress in precision QCD benefits other fields 
beyond collider physics (i.e. also nuclear physics)

Precision QCD and … neutrino astronomy?
QCD (and the LHC) to the rescue! Include D  meson production data from LHCb  into PDF fit to 
constrain small-x gluon: precise predictions for signal and background events at neutrino telescopes

Gauld, JR 16
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Avoiding overfitting

Example"1d"
regression)

""""""""""is"now"a"1d"funcNon"
"of"a"1d"variable"x"

6"

EsNmate"funcNon"using""
polynominals"

Problem"is"to"determine"
“best”"model"parameters"
This"is"done"by"defining"an"
“error"funcNon”"or"loss"funcNon"
which"is"then"“minimized”."

! Easy"to"solve""
"
However:"Which"order""
of"the"polynomial"?"

For a flexible enough input functional form for the Parton Distributions, 
one might end up fitting statistical  fluctuations rather than the underlying physical law! 
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Avoiding overfitting
 Separate the input measurements into a training and a validation sample
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Avoiding overfitting
 Separate the input measurements into a training and a validation sample

 The validation sample is never trained, only used to monitor the quality of the fit to the training sample

 The optimal stopping point is at the global minimum of the validation χ2

Undertrained Overtrained

Optimal stopping point
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Pushing the QCD precision frontier

 72

G
avin Salam

 2017

LHC phenomenology at 1% precision is within reach!

Higher order QCD calculations allow a much superior exploitation of the LHC physics output 
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