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LHC at the forefront of the exploration of the high energy regime
Precise predictions are the key not to miss this unigue opportunity!
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Apollinari et al., CERN Yellow Report 4 (2017)
NNLO

LHC-XS (N°LO ggF)

High-Luminosity LHC
—Higher mass reach

Huge increase in integrated
uminosity

ATLAS, SM summary plots



LHC at the forefront of the exploration of the high energy regime
Precise predictions are the key not to miss this unigue opportunity!
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Direct detection:
o premsmn_requwed to
LHC-XS (N'LO ggF) characterise NP

A

L |

H
J  10:EWSCALE

ATLAS, SM summary plots



LHC at the forefront of the exploration of the high energy regime
Precise predictions are the key not to miss this unigue opportunity!
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Indirect detection:
precision essential to
o spot deviations
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Standard Model Production Cross Section Measurements  status: July 2018 delt
e [

PP 50x10°8 PLB 761 (2016) s

Reference

Jets R=0.4

Dijets R=0.4

Wt
wz

ZZ

w;han

Zy

wv

tZj

ttw

ttz

tty

Wijj EWK
ZjjEWK
i

Zyijj I’E,WK
W=W+1jj EWK
WZjj EWK

10~* 1073 1072 107!

ATLAS, SM summary plots

pr>125Gev [

pr>25GeV A

pr>100Gev O

a

8

E{>40(30) GeV
E7>25(22) GeV

A
o
oA
o

Theory

A B LHC pp Vs =7 TeV

L]

Data
stat
stat ® syst

LHC pp Vs =8 TeV

Data
stat

LHC pp Vs = 13 TeV

Data
stat
stat @ syst

ATLAS Preliminary
Run 1,2 /s =7,8,13 TeV

10t 102 10° 10°

10° 106

wlasas

saaadaaaalaaaslas

n A
o W

o

N G I G N N N D N N PO (g I 1y 6O . N m IO D n RGO p IO 6 g D TN n n ) N
OCHONOOOOPPOPOOPOWHPOoPOPOPOHPOOINORPOPORPSWASWASWASHD

101 0.51.01.52.025

o [pb] data/theory

Nucl. Phys. B4
JHES8

< (2015)

HEP 09 (2017) 020
JHEP 05, 059 (2014)
PLB 2017 04 072
JHEP 06 (2016) 005
PRD 89, 052004 (2014)
PLB 759 (2016) 601
JHEP 05 (2018) 077
EPJC 77 (2017) 367
JHEP 02 (2017) 117
JHEP 02 (2017) 117
JHEP 02 (2017) 117
PLB 761 (2016) 136
EPJC 74: 3109 (2014)
EPJC 74: 3109 (2014)
JHEP 04 (2017) 086
EPJC 77 (2017) 531
PRD 80, 112006 (2014)
PLB 773 (2017) 354
PLB 763, 114 (2016)
PRD 87, 112001 (2013)
PRD 95 (2017) 112005
JHEP 01, 086 (2013)
JHEP 01 (2018) 63
JHEP 01, 064 (2016)
PLB 716, 142-159 (2012)
ATLAS-CONF-2018-034
PRD 83, 092004 (2016)
EPJC 72, 2173 (2012)
PRD 97 (2018) 032005
JHEP 01, 099 (2017)
JHEP 03, 128 (2013)
PLB 756, 228-246 (2016)
PRD 87, 112003 (2013)
PRD 93, 112002 (2016)
PRD 87, 112003 (2013)

EPJC 77 (2017) 563 [hep-ex]

JHEP 01, 049 (2015)
PLB 780 (2018) 557
EPJC 77 (2017) 40
JHEP 11, 172 (2015)
EPJC 77 (2017) 40
JHEP 11, 172 (2015)
JHEP 11 (2017) 086
PRD 81, 072007 (2015)
EPJC 77 (2017) 474
EPJC 77 (2017) 474
PLB 775 (2017) 206
JHEP 04, 031 (2014)
PRD 83, 112002 (2016)
PRL 115, 031802 (2015)
EPJC 77, 646 (2017)
JHEP 07 (2017) 107
ATLAS-CONF-2018-030
PRD 96, 012007 (2017)
ATLAS-CONF-2018-033
PRD 93, 092004 (2016)

Theoretical
predictions
must catch
up with
experimental
precision!




: Hard scattering of
Ry SIR Y U partons (Perturbative
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Parton Distribution
Functions

Parton Showering and
Hadronization

Multiple Parton
Interaction, Underlying
Events
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* [INTRODUCTION
=» WHAT PDFS ARE
=» WHY THEY CRUCIAL AT HADRON COLLIDERS

» HOW PDFS BECAME PRECISION PHYSICS
=» EXPERIMENTA DATA
=»THEORY PROGRESS
=» ROBUST STATISTICS

* NEW FRONTIERS
= THEORETICAL UNCERTAINTIES IN PDFS
=» PDFS AND NEW PHYSICS

Hard scattering of
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Parton Distribution
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Hadronization

Multiple Parton
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WHAT PDFS ARE

Parton Hard
Distribution Scattering
Functions ( Perturbative
(non-perturbative) QCD )

doPp—ab dzq ng dov—a A
= S, g : O —=
dX Z/ 21 zz| i1, MF)fJ(ZQ"uF) dX (21225, as(pr), pr)| (S)

* Universal: PDFs do not depend on hard scattering process
*» Dependence on scale u predicted by pQCD (DGLAP evolution equations)



Hadronic scale:
global fit of PDFs 0.9

High scale:

NNPDF3.1 (NNLO) input to the LHC

xf(x,u2=10 GeV?)

g/10

xf(x,u2=10* GeV?)

pQCD




Higgs Production Channel % theo. uncertainty o@I13TeV

wr ooy [ 43.9 pb

B PDF+as 3.75 pb

B Scle

1.38 pb
0.87 pb

0.51 pb

PDF uncertainties limiting factor in the
accuracy of theoretical predictions




Higgs Production Channe % theo. uncertainty o@l3TeV
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PDF uncertainties down to 1-5%
but crucial for Higgs physics



M,, determination Gluino production
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PART II

HOW PDFS BECAME
PRECISION PHYSICS




NNLO, a;=0.118, Q = 100 GeV
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FIG. 27. “Soft-gluon” (A=200 MeV) parton distributions of
Duke and Owens (1984) at Q*=5 GeV?: valence quark distri-

bution x[u,(x)+d,(x)] (dotted-dashed line), xG(x) (dashed
line), and ¢,(x) (dotted line).

PDF4LHC recommendation 2015
Rev.. Mod. Phys. 1984 J.Phys. G43 (2016) 023001

30 years of steady progress in PDF community have produced a huge
impact on understanding of proton structure and precision physics
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A COMPLEX MACHINERY
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NMC

Fixed Target DIS

FT Drell-Yan + Tevatron W/Z

Tevatron Jets




Kinematic coverage

Fixed target DIS

Collider DIS

Fixed target Drell-Yan

Collider Inclusive Jet Production
Collider Drell-Yan

Collider Z transverse momentum
Collider Top-quark pair production
Black edge: New in NNPDF3.1

Ball et at, EPJC 77 (2017)




Increased reach at large and low-x and new constraints

Amazing precision of experimental data

H1 and ZEUS
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Increased reach at large and low-x and new constraints
Amazing precision of experimental data
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Large-x gluon constrained by three independent processes
Consistent picture and analysis robustness

NNPDF3.1 NNLO, Q =100 GeV
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THEORY: THE NNLO FRONTIER

» NNLO calculations
are essential to NNLO top pair production
reduce theoretical
uncertainties in PDF
analyses

W/Z+j and W/Z transverse momentum distributions

» Stunning progress
made on calculation
of some key process

for PDF determination L »
Inclusive jet and di-jets

Inclusive DIS jets
Direct photon

Single top
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THEORY: THE NNLO FRONTIER

» NNLO calculations
are essential to NNLO top pair production
reduce theoretical
uncertainties in PDF
analyses

W/Z+j and W/Z transverse momentum distributions

¥ Stunning progress
made on calculation
of some key process
il PRI elteminElen Inclusive jet and di-jets

» Great progress also
In tools to interface
NLO (NNLO?) codes Inclusive DIS jets

to PDF fitting code
APPLgrid, Carli et al (2010) &

FASTNLO, Kluge et al (2010) Direct photon

» Breakthrough in
determining photon
PDF (Manohar et al 2016)

Single top
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STAIS: ERROR PROPAGATION
O = [ PACKAIPIN

» Given a finite number of experimental data points want a set of functions with errors
* Want to find a infinite-dimensional object from a finite number of information

Propagation of experimental uncertainty

O1F)]) = / dardas - - - dan O[@|P|d]

* Hessian approach: Project into a n-dimensional
space of parameters and use linear approximation
around minimum x2

Parametrisation

* Introduce a simple functional form with enough free parameters

» Typically about 20-40 free parameters for 7 independent functions
yP y P P Tolerance

fi(x, Qo) = agx™ (1 — x)*? P(x, a3, ay, ...)

18
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PDF uncertainties tuned to data (tolerance Ax? > 1 - many studies/improvements)
Fixed parametrisation was forced to be more tlexible by new data => less biased
parametrisation form (a posteriori data-driven progress)



CMS preliminary \s=7TeV,4.7 fb"
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PDF uncertainties tuned to data (tolerance Ax? > 1 - many studies/improvements)
Fixed parametrisation was forced to be more tlexible by new data => less biased
parametrisation form (a posteriori data-driven progress)



Monte Carlo technigues:
—-""E sampling the probabillity
NNPDF2.3 NLO replicas

NNPDF2.3 NLO mean valie measure in PDF functional
NNPDF2.3 NLO 1o error band space from data
NNPDF2.3 NLO 68% CL band
1 N
(OUSY) = D Ol
k=1

Neural Networks: all
independent PDFs are
associated to an unbiased
and flexible
parametrization: O(300)
parameters versus O(30) in
polynomial parametrization

NNPDF collaboration



Great progress in cross-talk between Hessian and MC approaches to propagate
experimental data error into PDF error bands
Hessian => Monte Carlo by generate multi-gaussian replicas in parameter space

Monte Carlo => Hessian by sampling replicas f(x) at discrete sets of points and
contract covariance matrix

# MC900_nnlo

* MCH nnlo_30

<« MCH_nnlo_50

MCH nnlo 100

Q = 1.00e+02 GeV

At input scale Qz =1 GeV?

MSTW 2008 NLO (Ay? = 1)

40 individual MC replicas

- - - - MC average and s.d.

Watt, Thorne, JHEP 08 (2012) Butterworth et al, J.Phys. G43 (2016)



NNLO, a.g=0.118, Q = 100 GeV NNLO, a4=0.118, Q = 100 GeV
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J.Gao et al, Phys.Rept. 742 (2018)
Pretty good agreement for gluon PDF

Some differences in quark PDFs, especially down and strangeness
How to improve?

Closure test to test methodology (!)
Data

Theory (K-factors and MC integration error...)
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NEW FRONTIERS



M.UBIALI - HIGH ENERGY THEORY AND GENDER - PDFS FROM HIGH PRECISION DATA

PDF UNCERTAINTIES

gg-luminosity relative uncertainty (%) gg-luminosity relative uncertainty (%)

PDFALHC15_nnlo_mec .~ PDFALHC15_nnlo_mc
fs=13.0 TeV s =13.0 TeV /

PDF4LHC15_nnlo_mc PDF4LHC15_nnlo_mc
'h"g =13.0 TeV ),u"‘ .“\‘ 'l.'rg =13.0 TeV ;

Can we trust 1% accuracy?

24



n updated PDF analysis, shift
between old and new set may be
arger than PDF uncertainties

NEITHER ACCURATE ACCURATE
NOR PRECISE NOT PRECISE

PRECISE ACCURATE
NOT ACCURATE AND PRECISE

LHC 13 TeV, NNLO, ocS(MZ)=0.1 18

PD~4LHC nnlo_prior
2555 PDFALHC_nnlo_100
| % PDFALHC_nnlo_30
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Theory Data
boundaries region

Extrapolation
region

2
e Changes in theory?
® Updated parametrization
e Differences in fitting

Closure

methodology/minimisation?

>

Test



NNPDF3.1, Q°=10" GeV*

NLO PDF uncertainties

PDF fits performed at given perturbative order A v TH ertor (NLO => NNLO shify
PDF uncertainties only reflect lack of
information from data

How to estimate MHOU in PDF fits”?

ldea: build theory covariance matrix

Add it to experimental one [NNPDF collaboration in
progress]

Ball et al, EPJC 77 (2017)

C. Voisey, QCD18



Q: As more data at higher energy will
be released, how can we make sure

that we will not absorb new physics in
the PDFs?

Inconsistencies between data that
enter a global PDF analysis can distort
statistical interpretation of PDF
uncertainties

Inconsistency of any individual
dataset with the bulk of global fit may
suggest its understanding is
Incomplete

Conservative partons & studies on
impact of EFT operators on PDF fits
way forward to systematically include
new data

NNPDF3.0 NNLO, o = 0.118, Q

Data

No EFT

BP10: ad=0.495=-au=ac=-as
BP2: ad=0.06=as, au=-0.08=ac

2x10°? 3x107! 4x10°?
X

Carrazza, Degrande, Rojo, MU

6x 101




[...] Global QCD Analysis of available hard processes critically tests the validity of the PQCD framework, allows the
determination of the non-perturbative parton distribution functions, thereby provides the necessary input to
calculate and predict most Standard Model and New Physics processes for future, higher, energy interactions.
After two decades of steady progress in this venture, has global QCD analysis of parton distributions
reached the End of the Road (as some have proclaimed); or, will the physics challenges of the next
generation of colliders usher in the Dawn of a New Era, with fresh ideas and more powerful methodology
(as some have promised)? That, is the question.

Wu-Ki Tung - CERN-TH colloquium 2000

DO(200) NNPDF3.1 (NNLO)
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x

FIG. 27. “Soft-gluon” (A =200 MeV) parton distributions of
Duke and Owens (1984) at Q*=5 GeV?* valence quark distri-
bution x[u,(x)+d,(x)] (dotted-dashed line), xG(x) (dashed
line), and ¢q,(x) (dotted line).
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EXTRA MATERIAL



New Fitting Methodology

Define Underlying Physical Law
ie input PDFs from MSTWO08, CT10, NNPDF2.3...

Try harder!

Generate random pseudo-data for the NNPDF3.0 dataset
from info of experimental uncertainties and correlations

Validate resulting PDF set:
[] Reproduce input PDFs
[/] Both central values and uncertainties
ol Expected values of X2 are determined by pseudo-data
[¥] PDF reweighting equal to refitting (Bayesian inference)

Now you can fit
real exp data!

Closure Test
successful!




Theory is perturbative expansion to some order :

(d — tp)Tcovgxlp

1
2

Standard case:  P(d|t,) exp( =

P(dlt,)P(t,) o
Bayes’ theorem: P(tp|d) — Pp(d) p X P(d’tp)P(tp)

Assume Gaussian theory prior:

p
1
P(t,) = H P(cy,) where P(cp,) exp( — §c%covt_hl’mcm)

m=0

2

X
Assume MHOUSs due to 0(ar+1) terms only = marginalise these terms: i

P(tyld) o [ degia Pldlegs1) Pltpsn)

(d — zﬁp)T(covexp + covth)_l(d — tp))
Atot

Include higher order terms by induction

C. Voisey, QCD18



