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tLHC Physics at Run |l

o s precision physics possible/necessary at
hadron colliders?
At the LHC a paradigm shift took place.
Theory has to catch up with experimental

precision

- Precise theoretical predictions are key to
indirectly spot new physics signals and/or to
characterise any possible “bump”
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LThe role of PDF uncertainties

Yellow Report 3 (201 3)
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PDF uncertainties limiting factor in the

accuracy of theoretical predictions
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LThe role of PDF uncertainties

Yellow Report 4 (2016)
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M,, determination

The role of PDF uncertainties

Gluino production
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LOut\ine of the talk

» |ntroduction

» Determination of PDFs
Methodology
Data & theory-driven progress
» State of the art and frontiers
New LHC data: challenges and opportunities
PDF hidden uncertainties
Photon contribution

Fitted versus dynamic charm

» Conclusions
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Parton Model

The parton model (Feynman 1969)

~ Photon scatters incoherently off
massless, free, point-like, spin 1/2
partons

~ The functions g(x) are the Parton
Distribution Functions encode
probability that a parton g carries a

fraction x of parent proton’s

cm
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LCoHinear Factorisation Theorem
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LCoHinear Factorisation Theorem
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LDGLAP evolution equations
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Dokshitzer, Gribov, Lipatov,
Altarelli, Parisi renomalization
group equations

LO - Dokshitzer; Gribov, Lipatov;
Altarelli, Parisi, 1977

NLO - Floratos,Ross,Sachrajda;
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Arroyo,Lopez,Yndurain;
Curci,Furmanski Petronzio, 1981
NNLO - Moch, Vermaseren, Vogt,
2004



DGLAP evolution equations

Functional dependence of PDFs on the scale is totally predicted up to NNLO

accuracy by solving DGLAP evolution equations

Hadronic scale:
global fit of PDFs
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PDG 2016
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High scale:
input to the LHC
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PDF determination
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PDF determination
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PDF determination
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PDF determination

Q-dependence: pert. theory
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Jet data

~ Direct handle
on quarks
and gluons at
large x




tLHC data

108
Inclusive jets and dijets 107
(medium/large x)
CZD Isolated photon and y+jets 10°
3 (medium/large x) I
O Top pair production (large x) N"‘m
High pt V(+jets) distribution % 104
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~_ 103 /
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(medium/large x) 1071 =% / 79
W and Z production 10 | /Jw
(medium x)
Low and high mass Drell-Yan 1
(small and large x) Il
Wc (strangeness at medium x) 10 #
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~ WW production
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tThe name of the game

® Choose experimental data to fit and
include all info on correlations

® Theory settings: perturbative order,
heavy quark mass scheme, EW
corrections, intrinsic heavy quarks, as,
quark masses value and scheme

® Choose a starting scale Qp where pQCD
applies

® Parametrise independent quarks and
gluon distributions at the starting scale

® Solve DGLAP equations from initial scale
to scales of experimental data

and build up observables
® Fit PDFs to data



LThe name of the game

® Choose experimental data to fit and
include all info on correlations

® Theory settings: perturbative order, Not as simple as it may look...

heavy quark mass scheme, EW
corrections, intrinsic heavy quarks, as,

O = | |IDf|O |
quark masses value and scheme O /[ fIORSHPHN

® Choose a starting scale Qp where pQCD
Given a finite number of

applies . .
> trise ind dent y I experimental data points want a
e arametrise independent quarks an set of functions
gluon distributions at the starting scale Want to find a infinite-
® Solve DGLAP equations from initial scale dimensional object from a finite
to scales of experimental data number of information

and build up observables

® Fit PDFsto data



A quite complicated game

Must propagate data
® Choose experimental data to fit and

uncertainty into
include all info on correlations PDF uncertainty.

® Theory settings: perturbative order, How to deal with
heavy quark mass scheme, EW inconsistencies?

corrections, intrinsic heavy quarks, as,
quark masses value and scheme
® Choose a starting scale Qp where pQCD

applies

® Parametrise independent quarks and
gluon distributions at the starting scale *

Hidden uncertainty:
still an option?

Parametric versus
non-parametric

® Solve DGLAP equations from initial scale approach
to scales of experimental data
and build up observables Methodology
° it P,D s to data Hessian versus MC
® Provide error sets to compute PDF
rtainties approach
Hnee MC2Hessian



LStandard solution

OU = / D OUFNPUSY

~ 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

'
(O{f}]) ~ / daydas...day,,. O[d) P[d]
~ Hessian approach: Project into a n-dimensional space
2l - N/
of parameters and use linear approximation around e

minimum x?2
Parametrisation
Introduce a simple functional form with enough free parameters

Typically about 20-40 free parameters for 7 independent functions Tolerance

filz,Q3) = ag ™ (1 — 2)*2P(x, as, ay, ...),



Data-driven progress

[ NNPDF1.0 [ _]nNPDF2.0
: 2008 ] CTEQ6.6 2010  |[Jerio
4 -1 MRST2001E | MSTW2008

2

xg(x,Q

10° 10" 10 ) 102 10’

Xg = Ag x% (1 — x)" (1 + eg VX +7g X) + Agr x% (1 — x)"e’

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



LData—d riven progress
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- PDF uncertainties tuned to data (tolerance Ax? > 1 - many studies/improvements)

~ Fixed parametrisation was forced to be more flexible by new data => less biased

parametrisation form (a posteriori data-driven progress)



LThe NNPDF solution l

| D 0

A TRAINING

EVOLUTION

Eee ee

J

(O{f}) = > olfi]

Nrep i=1

Ball, Del Debbio, Forte, Guffanti, Latorre, Rojo, MU (2008)



LThe NNPDF solution
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xg(x, Q%) The N(eural)N(etwork)PDFs:

Monte Carlo techniques:
sampling the probability
measure in PDF functional
space

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

- Genetic algorithm and cross-

validation methods

v Precise error estimate not driven by theoretical prejudice
v'No need to add new parameters when new data are included
v Statistical interpretation of uncertainty bands

v Possibility to include data via re-weighting: no need to refit




Key iss
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- NNPDF3.0 (NNPDF2.3 dataset)
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10°

~ NNPDF2.3 -> NNPDF3.0: included many
new data (LHC and combined HERA) &
change in fitting methodology (genetic
algorithm and stopping criterion)

~ Main changes in the gluon are due to the
change in methodology

~ How to make sure that we have a “perfect”
methodology?



LC\osure test

NNPDF collaboration, JHEP 1504 (2015) 040

NNPDF3.0 Closure Test

Try harder!

> New Fitting Methodology

/

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

Now you can fit
real exp data!

/

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

f

Closure Test
| Perform (NN)PDF fit successful!

/

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




Closure test

Level-0: if pseudo-data are identical to the input theory, then agreement with theory should be
arbitrarily good, i.e. x2 =0

Level-1: let pseudo-data fluctuate about their central values within data uncertainty, then x2 —1
Level-2: generate Monte Carlo replicas of pseudo-data with fluctuations, then x? —2

Effectiveness of Genetic Algorithm in Level 0 Closure Tests Ratios of d at different closure test levels
| ] 1 L] 1 L] | T L I | T | ) T T ]. LI | I 1-5 :
1 —— 0ld (2.3) genetic algorithm :
107 F _ , i 1.4F B LvI0 Closure Fit |
- R ]
- —>— New genetic algorithm = Bl Lv!1 Closure Fit |
. . 13 [ LvI2 Closure Fit |H
- . 1.2 :
L]
102 E 1.1 :
% - . i
s ) 0.9 :
3 .| H
10°E 1 08 :
- - 0.7 NNPDF 14 :
3 NNPDF 14 I :
- 1 o8 :
10-4 ' | 1 1 1 [ A | 1 1 1 L o aal 0 5 E
1

10° 10Q*
Number of 8enerations

parametrisation uncertainty
data uncertainty extrapolation uncertainty



State of the art



LThe olayers

September 2016 CT14 ‘ MMHT2014 NNPDF3.0 ABM12lhc HERAPDF15
Fixed Target DIS v v/ v/ v/ X
HERA v v v v v
Fixed Target DY v v v v X
Tevatron W,Z 4 v v v ) 4
Tevatron jets v v v X X
LHC jets v v v X X
LHC vector boson v v v v X
LHC top X X v v X
Stat. treatment AXZH deysrfeiaar:ical AXZH deysrj;argical Monte Carlo H;;fijn Hf;fijn
Parametrization | SN | “reme | svomm | Chnars | Clparss
HQ scheme ACOT-x TR’ FONLL FFN TR’
as External Fitted+external External Fitted+External External




LTheory settings

-

Comparable GM-VFN schemes for inclusion of HQ masses
(sub-leading differences less important at NNLO)

Common as(Mz) = 0.118 (external parameter)

NNLO (although with some caveat - especially concerning jets data)
Extensive benchmarking

1.1

—

0.95

GMVFNSa/2008 at NLO for g(x,Q%)

0.9

GMVFNS3

GMVFNSopt
GMVFNS4

10

10

GMVFNSa/2008 at NNLO for g(x,Q°)

—

095 (-

0.9

| MSTWOS | | | | | I .
oo T GMVFNSI . ——— MSTWOSNNLO
U — e, ~——————  GMVFNSI
e, & 1w | N emeeeeee- GMVFNS2
1.05 W *essescase GMVFNS2 . 1.05 - ——  GMVEFNS3 . -

GMVF?I Sopt

_ GMVEFNSS GMVFNS4
S . GMVFNS6 ~——  GMVFNSS5
-------------------- GMVFNS6

10

10~ 10"

Compensate by lower as(Mz) in structure function scaling



LG\uon luminosity

NNPDF2.3 /CT10 / MSTW2008

LHC 13 TeV, NNLO, og(M )=0.118
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LG\uon luminosity

NNPDF3.0 /CT14 / MMHT14

LHC 13 TeV, NNLO, 0,g(M,)=0.118

= CT14
2 NNPDF3.0

llll
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Gluon - Gluon Luminosity

10° M (GeV) ™\

(20 | 6) Impact on Higgs physics

J. Butterworth et al, J.Phys. G43 (2016) 023001



Consequence: Higgs physics

Gluon-Fusion Higgs production, LHC 13 TeV
T b ocs(Mz)=O.1 18

L A A AL BN AL L

= R — PDFALHC15_prior| 1+

i - A . PDF4LHC15_mc

- - A : PDF4LHC15_100

i - A . PDF4LHC15_30
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i . V. NNPDF3.0

i —— MSTWO8

- B CT10

i ~———  NNPDF2.3

NP BT BRSBTS BT RN

0.94 0.96 0.98 1 1.02 1.04 1.06 1.08
Ratio to PDF4LHC15 prior

qom

Impact on Higgs physics

J. Butterworth et al, J.Phys. G43 (2016) 023001



LQuark—Antiquark luminosity

NNPDF2.3 /CT10 / MSTW2008

LHC 13 TeV, NNLO, . (M,)=0.118

mmm CTI0 S
1 oi sy NNPDF2.3

G4554 I\VA_STWOB .

Generated with APFEL 2.4.0 Web

(2014)



LQuark—Antiquark luminosity

NNPDF3.0 /CT14 / MMHT14

LHC 13 TeV, NNLO, 0g(M,)=0.118

I Illlll]

Quark - Antiquark Luminosity
-
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(20 | 6) X Re?idual differences

J. Butterworth et al, J.Phys. G43 (2016) 023001



LQuark—Antiquark luminosity
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Frontiers




- New data from the LHC

L |

NNPDF3.1

ATLAS jets 2.76 TeV and 7 TeV_+ 2011 data 7 TeV gluon large x

ATLAS high-mass DY at 7 TeV_+ low mass g/q~ separation

ATLAS W pT data at 7 TeV + ATLAS & CMS double diff Z pT g and g at moderate x

CMS (Y,M) double diff distributions 7 TeV + 8 TeV flavour separation

CMS jets at 7 TeV+ 2.76 and 8 TeV jet data gluon large x

CMS muon charge asymmetry at 7 TeV + 8 TeV quark separation

CMS W+c at 7 TeV strangeness

LHCb Z rapidity distribution at 7 TeV_+ 8 TeV (legacy data) small/large x quarks

ATLAS+CMS tt total xsec at 7/8 TeV + differ. distributions gluon large x

DO legacy W asymmetry data g/qg~ separation




LThe NNLO frontier

® NNLO calculations

v NNLO top pair production

are essential to Czakon, Fiedler, Mitov [PRL 116(2016) 082003]
reduce theoretical Czakon, Mitov [JHEP 1301(2015)]
uncertainties in PDF
analyses v W/Z+j and W/Z transverse momentum distributions
Gehrmann-De Ridder et al [1605.04295]
® Stunning progress Boughezal, Liu, Petriello [1602.08140]
has been made on Boughezal, Liu, Petriello [1602.06965]

Boughezal et al [PRL 116(2016) 152001 & 062002]

some key processes
Gehrmann-De Ridder et al [1507.02850]

for PDF

determination - .
7 Inclusive jet cross section

Currieetal.[1611.01460 |
Gehrmann-De Ridder et al [PRL 110 (201 6)
Currie et al [JHEP 1401 (2014) 110 ]




LThe NNLO frontier

® NNLO calculations
are essential to
reduce theoretical
uncertainties in PDF
analyses

® Stunning progress
has been made on

some key processes
for PDF

determination

® Great progress also
in tools to interface
NLO (NNLO?) codes
to PDF fitting code

nf Ny

g = LLWUQ@ fz TﬂaQO)f](TB QU)

APFEL e APPLyrid prgject

Observable APPLGRID

APFELcomb

W production 1.03 ms

0.41 ms (2.5x)

Inclusive jet production 2.45 ms

20.1 ps (120x)

APPLgrid, Carli et al EPJC66 (2010) 503-524 & FASTNLO, Kluge et al

APFELgrid, Bertone et al 1605.02070
aMCfast, Berton et al JHEP 1408 (2014) 166

MCgrid, Del Debbio et al Comput.Phys.Commun. 185 (2014) 2115-2126



The NNLO frontier - top data
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+ Czakon, Hartland, Mitov, Nocera and Rojo, in preparation



LThe NNLO frontier - jets data
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Currie et al [arXiv:1611.01460]

Ay

NNLO corrections now known
for all partonic channels (leading
colour contribution only)

So fare several PDF groups
made different choices: CT14
includes all jet data in NNLO fit
assuming overall C-factor small,
MMHT14 and ABM12 do not
include LHC jet data at NNLO,
NNPDF3.0 include some jet data
based on goodness of threshold
approximation

These choices affect precision of
the gluon!



The NNLO frontier - Z pT data

~ Experimental precision < 1% up to pT~200 GeV
- Data hugely dominate by correlated systematic uncertainties
~ Interesting case-study to probe current theory-experiment frontier

Z —
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M ATLAS Z pT @LHC7, normalised distributions, 3 rapidity bins (0<Y<1, 1<Y<2, 2<Y<2.5)
~50 data in perturbative region pT > 30 GeV
& ATLAS Z pT @LHCS8, normalised/unnormalised distributions, 6 rapidity bins in Z peak + low/high M
~150 data in perturbative region pT > 30 GeV
@ CMS Z pT @LHCS, normalised/unnormalised distributions, 5 rapidity bins in Z peak
~50 data in perturbative region pT > 30 GeV



The NNLO frontier - Z pT data
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- PDF hidden uncertainties

M[GeV]

M [GeV]

gluon-gluon luminosity uncertainty quark-gluon luminosity uncertainty

pp 13 lI’ev
[ PDF4LHC15_nnlo_me

. GPS 2016-03

E pp 13 Tev '

" PDF4LHC15_nnlo_mc

. GPS 2016-03

G. Salam, LHCP
Do we trust 1% accuracy in parton luminosities?



Fixed-order accuracy

NNPDF3.0, og = 0.118, Q% = 2 GeV?

NNPDF3.0, o = 0.118, Q = 2 GeV?
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~ PDF fits performed with given fixed perturbative order, value of as and heavy
quark masses (estimated by combining PDF sets determined with different
values)

- PDF uncertainties only reflect lack of information from data given the theory

~ Changes in theory may cause shifts outside the error band, can we estimate that?

© LO fits are merely qualitative, NLO quantitative and NNLO precise, but how
much?



U:

ixed-order accuracy
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If we knew the next order we could compute the shift: at NLO theory
uncertainty is comparable to the experimental one

' NNLO subdominant
. Cacciari Houdeau method [JHEP 1109 (2011) 039] look at the behaviour of

perturbative expansion is promising -> to be explored

» What about NNNLO PDFs? Main bottleneck is missing anomalous

dimensions



Beyond fixed-order accuracy

NNPDF3.0 DIS+DY+Top, Q*=10* GeV?
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Bonvini et al, JHEP 1509 (2015) 191

© Threshold-resummed PDFs made recently available [Bonvini et al, JHEP 1509 (2015) 191]

© Gluon suppressed as compared to fixed-order PDFs mostly due to enhancement of
NLO+NLL xsecs used in the fit of DIS structure functions and DY distributions

~ This suppression partially or totally compensates enhancements in partonic cross

sections. Phenomenologically relevant for new physics processes [Beenakker et al. EPJC76
(2016)2, 53]

~ Work in progress on small-x, pT resummation, PS resummation
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EW corrections become relevant

at the current precision level as are
sizeable at large invariant mass

A

Full inclusion of EW corrections
requires initial y PDF

14 TeV LHC
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——— photon
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Boughezal et al [ Phys.Rev. D89 (2014)3, 034030]

1 - EW corrections
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e*e” production at LHC 13 TeV
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Lepton PDF from evolution and initial prior
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Bertone et al [ JHEP 1511 (2015) 194 ]



| Photon PDF

~ Data-driven NNPDF approach inducing a large uncertainty on photon PDF

© Breakthrough: LUX PDF [Manohar, Nason, Salam, Zanderighi,1607.04266]

~ Take a BSM interaction, compute the cross section with the Master Formula or with
the Parton Model formula

© Extract photon PDF by identifying the two cross sections.

© Theory constraint reduces uncertainty by a huge factor

pp — I'I", 13 TeV (QCD only at LO) pp — I*I, 13 TeV (QCD only at LO)
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P. Nason, talk in Durham



© Recent analysis on intrinsic charm,
free parametrisation for charm, same
dataset as NNPDF3.0 + EMC data
(charm structure function meas.)

© Stability of non-charm PDFs

~ Better stability of charm with respect
to charm mass variations

NNPDF collaboration, Eur.Phys.J. C76 (2016)

NNPDF3 NLO, mzde=1 47 GeV, Q=100 GeV
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IV - Intrinsic charm and charm mass
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IV - Intrinsic charm and charm mass

Inclusive gluon-fusion Higgs production @ NLO, LHC 13 TeV

~ Recent analysis on intrinsic charm, e e
375 @ Perturbative Charm

free parametrisation for charm, same H 1 Fined cham
dataset as NNPDF3.0 + EMC data :
(charm structure function meas.)

~ Stability of non-charm PDFs

~ Better stability of charm with respect
to charm mass variations

Y Fitted Charm (no EMC)

Cross-Section (pb)
2

NNPDF collaboration, Eur.Phys.J. C76 (2016)

NNPDF3 NLO Fitted Charm, Q=100 GeV
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V- Conservative partons

NNPDF3.0 NNLO, o = 0.118, Q* = 10* GeV?
- Global

------- Conservative «,,,,=1.1

- Q: As more data at higher energy will 1.25
be released, how can we make sure .

‘ll 1 1 lllllll

that we will not absorb new physics in
the PDFs?

1.1
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~ Inconsistencies between data that
enter a global PDF analysis can distort
statistical interpretation of PDF
uncertainties

- - -
---------------------
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g ( x, Q%) [new] / g ( x, Q) [ref]
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©

~ Inconsistency of any individual 0855 e s als
dataset with the bulk of global fit may X
suggest that its understanding (theory NNPDF collaboration,
or experiment) is incomplete JHEP04(2015)040

~ Set of conservative partons based on
measure of consistency are crucial to
systematically study inclusion of new
data



LCondusions

[...] 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
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