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LHC: discovery — discovery through precision
With plethora of new precise data at HL-LHC and increased accuracy of experimental
data theoretical predictions face unprecedented precision challenge

In this talk focus on PDFs, which are an essential element of any theoretical prediction at
hadron colliders
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THE ROLE OF PDF UNCERTAINTIES
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PDF DETERMINATION INGREDIENTS
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THE EXPERIMENTAL DATA

Kinematic coverage
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IMPACT OF THE LHC DATA - GLUON PDF

* Large-x gluon constrained by (at least) three independent processes
» (Consistent picture and uncertainty reduction
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PERSPECTIVES AT HL-LHC
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* W, Z handle on quarks

* W+c on strangeness

* / pT on quarks and gluons
* Top and Jets on gluons

M. Cepeda et al. [HL/HE WG2 group], arXiv:1902.00134

Projected invariant tt mass data
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https://arxiv.org/pdf/1909.10541.pdf

THE PRECISION CHALLENGE

Relative uncertainty for gg-luminosity
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THE PRECISION CHALLENGE

Relative uncertainty for gg-luminosity
NNPDF3.0 NNLO - Vs =13000.0 GeV
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THE PRECISION CHALLENGE

Relative uncertainty for gg-luminosity
NNPDF3.0 NNLO - Vs =13000.0 GeV
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THE precision vs accuracy CHALLENGE

Gluon (NNLO), Q2 = MZ,
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THE precision vs accuracy CHALLENGE
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THE precision vs accuracy CHALLENGE
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» Experimental data:
** Inconsistency or tension
** Highly correlated data
» Methodology:
= Data-driven parametrisation change
" Improvements in fitting
methodology/minimisation
» Theoretical framework
= Missing higher order uncertainties
= BSM effects
= Other corrections (nuclear)



INCONSISTENCY OR TENSION IN DATA
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METHODOLOGY: PARAMETRISATION

R. Thorne, PDF4LHC September 2019
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METHODOLOGY: FIT AND MINIMISATION

NNPDF2.3 to 3.0 shift

- NNPDF3.0 (NNPDF2.3 dataset)
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Try harder!

Fail?

> New Fitting Methodology

/

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

/

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

f

Perform (NN)PDF fit

/

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

Crucial for PDF
methodology to be
validated by closure

test!
Now you can fit

real exp data!

Closure Test
successful!

OK!
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METHODOLOGY: FIT AND MINIMISATION

nnidﬁ nnfit

Y
Y
Y

—=
y fitting
method

new code: n3fit

abstracted backend

Any framework

A4

Any optimizer

S. Carrazza, J. Cruz-Martinez, Eur.Phys.J. C79 (2019) no.8, 676
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MISSING HIGHER ORDER UNCERTAINTIES

— AP p+1 p+2 p+3
ocg=alog+al o1 +al oy + O(alT?)

» Standard global PDF fits based on fixed-order NNLO QCD calculations
» N3LO is now the precision frontier for theoretical predictions in PDF fits

LHC 13TeV

PDF4LHC15_nnlo_mc NLO = NNLO = N3LO
1-025 PP - )"+X (e*e +X)

Hcent .=Q

® N3LO splitting functions and DIS coefficient
functions available but not yet implemented
in evolution codes.

o/oN3LO

®* N3LO partonic cross sections not yet available
for most pp processes (apart from Drell-Yan)
but some approximations available.

0.975 , Drell-Yan
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i Q [GeV] Duhr et al 20
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MISSING HIGHER ORDER UNCERTAINTIES

— AP p+1 p+2 p+3
ocg=alog+al o1 +al oy + O(alT?)

» Standard global PDF fits based on fixed-order NNLO QCD calculations
» N3LO is now the precision frontier for theoretical predictions in PDF fits
» Global fits including MHOU reveal impact of missing higher orders in PDF fits

N
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The idea:

Build a theory
covariance matrix
from scale-varied
cross sections and
combine it with the
experimental
covariance matrix
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MISSING HIGHER ORDER UNCERTAINTIES

D p+1 p+2 p+3
O =Q,00+T Q, 011 Q O-Q"—O(CVS )

» Standard global PDF fits based on fixed-order NNLO QCD calculations
» N3LO is now the precision frontier for theoretical predictions in PDF fits
» Global fits including MHOU reveal impact of missing higher orders in PDF fits

NNPDF3.1 Global, Q = 10 GeV NNPDF3.1 Glob-a—l, Q=10 GeV
" |EENLO,C |B®NLO,C ;
72 NLO, C+S(9pt) 7 NLO, C+S(9pt)| =
— NNLO, C .
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BSM EFFECTS

Kinematic coverage
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= How to disentangle potential BSM effects?
= How to make sure that BSM effects are not fitted away by PDF parametrisation?

Carrazza, Degrande, Iranipour, Rojo, MU, Phys.Rev.Lett. 123 (2019) no.13, 132001

Greljo, Iranipour, Moore, Rojo, MU, Voisey in progress




CONCLUSIONS AND OUTLOOK

* Precision physics frontier at HL-LHC opens up new fascinating challenges also in the
field of PDF determination

* Precise and accurate understanding of the proton structure is key to achieve accurate
theoretical predictions

* HL-LHC projection: reduction of PDF uncertainties by factor 2-3, but to achieve this
goal benchmark among PDF sets and thorough scrutiny of each PDF analysis is a must.

* Need: robust methodology (e.g. closure tests) and increased precision in theoretical
predictions in PDF fits (N3LO, estimate of missing higher order uncertainties, EW
corrections, photon and lepton PDFs)

* News: estimate of theoretical uncertainties associated with missing higher order and
nuclear models in PDF fits, fit of the methodology, new tools to quantify the effects of
new data.

o General aim towards global fits of all parameters that enter QCD analyses (PDFs + as,
PDFs + EW parameters, PDFs + BSM EFT parametrisation...)

* Broad effort and cross-talk essential to advance and face these challenges

18
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THE EXPERIMENTAL DATA
New data for Upgrades

ELECTROWEAK * ATLAS W/Z production, 7 TeV (4.6 fb-1) =>
* ATLAS high-mass Drell-Yan double-differential distributions at 8 TeV added the off-peak and forward Z prod bins
* ATLAS W/Z total xsec at 13 TeV (81pb-1) * Final combination of charm and beauty str fns from

* ATLAS triple-differential Z production at 8 TeV (20.2 fb-1)
* ATLAS W+jets differential distributions at 8 TeV

* CMS differential distributions in Z production at 13 TeV
* LHCb W -> e nu rapidity dist, 8 TeV (2 fb-1)

* LHCb Z rapidity distribution, 13 TeV

* CMS W pt distribution, 8 TeV (18.4 fb-1)

* CMS Z+charm at 8 TeV, 19.7 fb-1

* CMS W+charm differential distributions at 13 TeV

HERA (Runs I+1I): replaces HERA-I charm comb
and H1, ZEUS structure functions

JETS and PHOTONS

* ATLAS isolated photon production 8 TeV, 20 fb-1 prompt photons (at NNLO)

* ATLAS isolated photon production, 13 TeV, 3.2 fb-1

* ATLAS dijet cross-sections at 7 TeV

* ATLAS inclusive jet cross-sections at 8 TeV from the 2012 dataset

* CMS dijet cross-sections at 7 TeV Dl_] ets (at NNLO)

* CMS inclusive jet production at 8 TeV, 19.6 fb-1

* CMS triple differential dijet cross-sections at 8 TeV (19.6 fb-1)

* CMS double-differential dijet distributions at 5 TeV

* Inclusive jet and di-jet production in neutral-current DIS from H1 and ZEUS (HERA DIS jets) DIS jets (at NNLO)

TOP QUARK

* CMS total xsec of top-pair production at 5.02 TeV, 27.4 pb-1

* CMS double differential distributions top-quark production 8 TeV, 19.7 fb-1

* CMS single differential distributions in top-pair production (lepton+jets) at 13 TeV, L=35.8 fb-1(2016)
* CMS single differential distributions in top-pair production (dilepton) at 13 TeV, 35.8 fb-1(2016)

* CMS single top t-channel total cross section ratio at 7 TeV

* CMS single top t-channel total cross section ratio at 8 TeV single tOp (at NNLO)

* CMS single top t-channel total cross section ratio at 13 TeV

* ATLAS single top t-channel total cross section ratio and diff. distributions at 7 TeV Cutoff date for new data:
* ATLAS single top t-channel total cross section ratio at 8 TeV

* ATLAS single top t-channel total cross section ratio at 13 TeV end of 2019

R. Ball, PDF4LHC September 2019



PDFS AND BSM INTERPLAY

NNPDF3.1 NNLO DIS-only

$ -+ Total e Recent study on simultaneous
= j o HERA determination of PDFs and SMEFT
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3 R A8 ey structure?
g oi&] A v &\4
$ \"/ — S l‘:‘, .
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0 s 1 15 20 25 30 dimensional coefficients and check PDF

SMEFT Benchmark Point (BP) . . . .
distortion versus changes in data description

In a systematic way
NNPDF3.1 NLO DIS-only [Q =10 GeV ]

'lll

TTTTTT
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------- BP150: (-1.0, 0.7, -0.7, 1.0)
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Carrazza, Degrande, Iranipour, Rojo, MU, Phys.Rev.Lett. 123 (2019) no.13, 132001



TOWARDS SIMULTANEQUS FITS

» Simultaneous parametrisation of modified PDFs and Wilson coefficients based on
convex optimisation and linearisation displaying extremely promising results

» Could be the basis for global fits of SMEFT coefficients giving the opportunity to fit them
along PDFs and other parameters of the SM.

Flavour
up
down
strange

charm

1.04

1.02 A

1.00 -

¢ at 10.0 GeV

NNPDF31_nnlo_as_0118_DISonly_reweighted 100 reps (68 c.l.+10)
NNPDF31 _nnlo_as_0118_DISonly_reweighted_100_reps_reweighted_100_reps (68 c.|.+10)

Bounds
(-0.6997467104050734,/0.479682255753415776)
(-5.5843429714279536, -0.6417132759778587)
(-9.930852641850887, 0:3698107553888288)

(-10.705650270152223, -3.5562328427918866)
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THE precision vs accuracy CHALLENGE

Normalised Z pT

Xu(x,Q), comparison

distribution at 7 TeV <
inconsistent with other data
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THE ROLE OF PDF UNCERTAINTIES

% Difference
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Discrepancy between QCD
calculations and CDF jet data
(1995)

At that time there was no
information on PDF
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and the theoretical prediction
strongly depends on gluon
shape at x>0.1



THE ROLE OF PDF UNCERTAINTIES

FINAL CTEQ FIT (1998)
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Discrepancy between QCD
calculations and CDF jet data
(1995)

At that time there was no
information on PDF
uncertainties

and the theoretical prediction
strongly depends on gluon
shape at x>0.1

CTEQ re-performed the parton fit by including the jet data and

the discrepancy was removed.



PDFs and as strongly correlated
(PDF evolution with the scale and
hard cross sections)

Cleanest determinations of as from
processes that do not require
knowledge of the PDFs

A determination of as jointly with
the PDFs has advantage that it is
driven by the combination of many

experimental measurements from
several different processes.
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PDFs and as strongly correlated
(PDF evolution with the scale and
hard cross sections)

Cleanest determinations of as from
processes that do not require
knowledge of the PDFs

A determination of as jointly with
the PDFs has advantage that it is
driven by the combination of many

experimental measurements from
several different processes.
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Ball et al, 1110.2483

Early determinations involve a scan over as

Recent simultaneous determination of PDF
and as using correlated replica method

Many determination of as from analyses of

specific LHC processes have been published
recently ( from tt~, Z and W production, jets)

How reliable are such partial determination
of as ?

Ball, Carrazza, Del Debbio, Forte, Kassabov, Rojo, Slade, MU 1802.03398



A QUICK DIGRESSION: PDFS AND ALPHAs

Forte, Kassabov 2001.04986

r b

We show that any determination of the strong coupling as from a process which depends on parton distri-
butions, such as hadronic processes or deep-inelastic scattering, generally does not lead to a correct result
unless the parton distributions (PDFs) are determined simultaneously along with a;. We establish the re-
sult by first showing an explicit example, and then arguing that the example is representative of a generic
situation which we explain using models for the shape of equal x? contours in the joint space of o, and the
PDF parameters.

Ball, Carrazza, Del Debbio, Forte, Kassabov, Rojo, Slade, MU 1802.03398
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These results point towards the need of new generation ;f global fits, in which
all ingredients that enter theoretical predictions are treated consistently.
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