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PDF RECAP SEQUENCE. . .



NNLL QCD
+NLO EW

NNLO QCD
+NLO EW

NLO QCD

WHY WORRY ABOUT PDFs?

HIGGS PRODUCTION

uncertainty

o (8 TeV)
gg—H [19.5pb| 14.7%
VBF 1.56pb| 2.9%
WH [0.70pb| 3.9%
ZH 0.39pb| 51%
ttH 0.13pb | 14.4%

B scale
B PDF+xs

(J. Campbell, HCP2012)

PDF UNCERTAINTY EITHER DOMINANT, OR VERY LARGE, OR BOTH
. . . AND NOT ONLY FOR THE HIGGS!
(W MASS DETERMINATION, NEW PHYSICS SEARCHES FOR HEAVY STATES,. . .)



PDFs FOR LHC RUN I

1 A
ox (s, M%) = Zmb fx ~dx1dx2 fasng (1) fo/ng (22)0q4q,— X (56151328,]\/[)2()

LHC KINEMATICS

LHC parton kinematics

NNPDF2.3 Dataset
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RUN I PDF SETS: THE APPROACH
METHODOLOGY

STATISTICAL TREATMENT. CTEQ, MSTW HESSIAN WITH DYNAMICAL TOLERANCE;
HERAPDF, STANDARD HESSIAN+PARM. ERROR ANALYSIS; GJR, HESSIAN WITH FIXED
TOLERANCE; ABKM STANDARD HESSIAN; NNPDF MONTE CARLO (ALSO STUDIED BY
HERAPDF, MSTW)

PARTON PARAMETRIZATION: CTEQ, MSTW, HERAPDF z“(1 — a:)/B X POLYNOMIALS;
GJR: DITTO + VALENCELIKE ASSUMPTION; NNPDF NEURAL NETS; CHEBYSHEV POLYNOMIALS
STUDIED BY HERAPDF, MSTW;

COVARIANCE MATRIX, NORMALIZATION UNCERTAINTIES, OUTLIERS, THEORETICAL UNCERTAINTIES . . .
THEORY

as VALUE: CTEQ: EXTERNAL PARAMETER, SEVERAL VALUES AVAILABLE; NNPDF:
EXTERNAL PARAMETER, SEVERAL VALUES AVAILABLE, BEST-FIT DETERMINED; MSTW: FITTED,
BUT ALSO VARIABLE AS EXT.PARAMETER; ABKM: FITTED, VARIABLE AS EXT.PARAMETER (ONLY
CENTRAL VALUE); GJR: FITTED, NOT VARIABLE AS EXT. PARAMETER,

HEAVY QUARKS: CTEQ: GM-VFN (SACOT-yx SCHEME); MSTW: GM-VFN (ACOT+TR’
SCHEME); NNPDF: GM-VFN (FONLL scHEME); ABKM: FFN (/Ny = 3,4 MATCHED WITH
BMSN SCHEME); GJR: FFN (N, = 3)

NUCLEAR CORRECTIONS, HIGHER TWISTS, KINEMATIC CUTS, “INITIAL SCALE”, ...

MSTWOS8 CT10 NNPDF2.3 HERAPDF1.5 ABM11/12 JRO9
No. oF PDFs 7 6 7 5 6 5
STATISTICS HESSs.+DT HESS.+DT MC HESS.+MODEL+PARM. HESS. HESS.+T
PDF PARMS. 20+8 25 259 14 24 12
HEAVY QUARKS VFN TR VFN ACOT | VFN FONLL VFN TR FFN FFN




LHC EW STANDARD CANDLES
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PARTON LUMINOSITIES: QUARK SECTOR (g¢q)

GLOBAL PDF SETS OTHER PDF SETS
(ratio to NNPDF2.3) (ratio to NNPDF2.3)
LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118 LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118
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® CROSS-SECTIONS REFLECT UNDERLYING LUMINOSITIES
FEWER DATA — LARGER UNCERTAINTIES (OR SYSTEMATIC BIAS)

e GLOBAL SETS: GOOD AGREEMENT IN THE REGION OF THE EW SCALE
e UNCERTAINTIES BLOW UP FOR LARGE-MASS FINAL STATES



Gluon - Gluon Luminosity

PARTON LUMINOSITIES: GLUON SECTOR

GLOBAL PDF SETS
(ratio to NNPDF2.3)

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118
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OTHER PDF SETS
(ratio to NNPDF2.3)
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e FEWER DATA — LARGER UNCERTAINTIES (OR SYSTEMATIC BIAS)

e GLOBAL SETS: NOT SO GOOD AGREEMENT IN THE REGION OF THE EW

SCALE

e UNCERTAINTIES BLOW UP FOR LARGE-MASS FINAL STATES



ISSUES
HIGGS IN GLUON FUSION

LHC 8 TeV - iHixs 1.3 NNLO - PDFJro(S uncertainties
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e DISCREPANCY NOT UNDERSTOOD DESPITE INTENSIVE BENCHMARKING

e CONSERVATIVE WAY OUT: TAKE THE ENVELOPE OF RESULTS
(PDF41LHC PRESCRIPTION)



KNOWN ISSUES: METHODOLOGY
EXAMPLE: THE d/u RATIO
~ THE CMS W ASYMMETRY
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e LONG-STANDING DISCREPANCY IN THE d / 1 RATIO BETWEEN MSTW AND
OTHER GLOBAL FITS

e RESOLVED BY W ASYMMETRY DATA

e EXPLAINED BY INSUFFICIENTLY FLEXIBLE PDF PARAMETRIZATION
= NEW MSTWOS8DEUT SET



KNOWN ISSUES: METHODOLOGY

PARAMETRIZATION
MSTWOS8 DEUT VS DEFAULT , CTXx PDF SET
SR ‘ S (s+sb)/(ub+db) at Q = 2.0GeV
: CTi0
15F CT14 candidate
[TH
&
MSTWCPdeut T T 5 r
x4 0 L 1 i i L Sl 120
-50 [+ s — T 2 ]
’ percentage difference at Q’=10000Ge V> 10710 10 . fE 05 09
” \\\\\_3 L \\\Hl\_z ! ! wwmu\_] L LHCW/Z . - UpdateoanC(x,Q)
= i = = 10 + new parametrization  , new parametrization
(MSTW, 2013) (P.Nadolsky, PDF4LHC, Nov.3, 2014)

e IMPROVED PARAMETRIZATION (MORE PARAMETERS)
e — MORE REALISTIC SHAPE
e MORE DATA = BIGGER UNCERTAINTY



o(tt) [pb]

KNOWN ISSUES
THEORY AND DATA

FFN, DIS vS DEFAULT

LHC 8 TeV of(it) - top++v2.0 NNLO+NNLL - a = 0.119
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e FFN SCHEME NOT ADEQUATE FOR HIGH-ENERGY DATA

(CMS, 2014)

e DIS DATA = 'RUNAWAY DIRECTION TOWARDS SMALL GLUON, SMALL

e — CANNOT FIT TOP DATA



S &

P

PARTON DISTRIBUTIONS
FOR LHC RUN II

STEFANO FORTE

UNIVERSITA DI MILANO & INFN

FOR THE

NNPDF COLLABORATION: R. D. BALL, V. BERTONE, S. CARRAZZA,
C. D. DEANS, L. DEL DEBBIO, A. GUFFANTI, M. P. HARTLAND,

Z. KASSABOV, P. GROTH-MERRILD, J. [. LATORRE, J. ROJO AND M. UBIALI

UNIVERSITA DEGLI STUDI
DI MILANO

FIRST HIGGSTOOLS MEETING

Etituto Nazionale
di Fisica Nuclears

FREIBURG, APRIL 16, 2015




SUMMARY

THE NNPDF METHODOLOGY ADDRESSES IN A
QUANTITATIVE & SYSTEMATIC WAY ISSUES OF

e METHODOLOGY: CLOSURE TESTS

e THEORY CONSISTENCY:. BENCHMARKS
CASE STUDY I: JETS AND NNLO

e DATA: COMPATIBILITY & IMPACT ANALYSIS TOOLS
CASE STUDY II: THE STRANGE PDF
CASE STUDY III: CONSERVATIVE PARTONS
CASE STUDY IV: ASSESSING DATA IMPACT



THE NNPDF METHODOLOGY
A BRIEF SUMMARY

MONTE CARLO APPROACH

Fi  i=1,..,Ndata
NMC,BCDMS,SLAC,HERA,CHORUS...

-

Nt

TRAINING

p-
=

e PSEUDODATA REPLICAS ARE GENERATED USING
FULL INFO ON CORRELATED SYSTEMATICS
— MONTECARLO REPRESENTATION OF COVARIANCE MA-
TRIX

e A PDF REPLICA SET IS FITTED TO EACH PSEUDO-
DATA REPLICA

e THE SET OF PDF REPLICAS CAN BE USED TO COM- i perametston
PUTE ANY SET OF OBSERVABLES
CENTRA VALUES (MEANS), UNCERTAINTIES (VARIANCES),
CORRELATIONS (COVARIANCES), CONFIDENCE LEVELS. . .

NEURAL NETWORK PARAMETRIZATION

e EACH PDF IS PARAMETRIZED BY A NEURAL NETWORK
37 PARAMETERS WITH DEFAULT 2 — 5 — 3 — 1 ARCHITECTURE

Experimental Data

«

MC generation

EVOLUTION

|
® 0o
[

I@

e MINIMIZATION IS PERFORMED USING GENETIC ALGORITHMS

e BEST-FIT IS NOT MINIMUM OF X2 (WOULD BE FITTING NOISE) =
CROSS-VALIDATION
DIVIDE DATA IN TWO SETS, FIT TRAINING SET, MONITOR VALIDATION SET, STOP
WHEN VALIDATION X2 STARTS RISING



THE NNPDF3.0 DATASET
A BRIEF SUMMARY

NEW IN NNPDF3.0
COMBINED HERA CHARM PRODUCTION (55
D.P)

HERA II ZEUS+H1 STRUCTURE FUNCTIONS
(778 D.P.)

ATLAS 2.76TEV JETS (59 D.P.)
ATLAS HIGH-MASS DRELL-YAN (5 D.P.)

ATLAS W pr (9 D.P.)
CMS W MUON ASYMMETRY (11 D.P.)
CMS DOUBLE-DIFFERENTIAL DRELL-YAN

(110 D.P.)

CMS JETS (133 D.P.)

CMS W + ¢ (10 D.P.)

LHCB Z RAPIDITY (9 D.P.)

ATLAS & CMS TOP TOTAL XSECT (3+3 D.P.)

TOTAL DATASET:
4276/4078 (NLO/NNLO)

NNPDF3.0 NLO dataset
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NNPDF3.0 THEORY AND METHODOLOGY
A BRIEF SUMMARY
NEW IN NNPDF3.0

UNCERTAINTIES: ALL CAN BE ADDITIVE OR MULTIPLICATIVE

EW CORRECTIONS INCLUDED

FULL MIGRATION OF CODE TO C++

PDF PARAMETRIZATION SCALE (Q? = 1 GeV) & BASIS (EVOLUTION EIGENSTATES)
PREPROCESSING: BASIS INDEPENDENT, SELF-CONSISTENTLY DETERMINED

GENETIC ALGORITHM: NODAL MUTATION

IMPLEMENTATION OF CROSS-VALIDATION: LOOKBACK STOPPING



METHODOLOGY:
CLOSURE TESTING



CLOSURE TESTS:

THE BASIC IDEA

ASSUME PDFS KNOWN: GENERATE FAKE EXPERIMENTAL DATA

CAN DECIDE DATA UNCERTAINTY (ZERO, OR AS IN REAL DATA, OR .. .)
FIT PDFS TO FAKE DATA

CHECK WHETHER FIT REPRODUCES UNDERLYING “TRUTH:
— CHECK WHETHER TRUE VALUE GAUSSIANLY DISTRIBUTED ABOUT FIT
— CHECK WHETHER UNCERTAINTIES FAITHFUL

— CHECK STABILITY

(INDEP. OF METHODOLOGICAL DETAILS)



LEVEL-O CLOSURE TESTS

THE GLUON

[ ] ASSUME VANISHING Level O closure test vs. MSTW
EXPERIMENTAL UNCERTAINTY T e
e MUST BE ABLE TO GET x° = 0 N werwomoe

e UNCERTAINTY AT DATA POINTS TENDS TO ZERO
(NOT NECESSARILY ON PDF!)
DEFINE ¢ = \/<x%ep> — X2,
EQUALS FIT UNCERTAINTY/DATA UNCERTAINTY, CHECK

¢ — 0

e BEST FIT ON TOP OF “TRUTH” IN DATA REGION T e 107 100
FRACTIONAL UNCERTAINTY VS TRAINING LENGTH

xg(x,Q%

O = N W N 0O O N

= ;\IHH‘HH HH‘HH‘HH‘HH‘HHM\HM\H‘

x2 VS TRAINING LENGTH

Effectiveness of Genetic Algorithm in Level 0 Closure Tests Effectiveness of Genetic Algorithms in Level 0 Closure Tests

T T T I T T T T T T T T I
—>— 0Id (2.3) genetic algorithm 0.45

10+t

—>— New genetic algorithm —<— NNPDF3.0 GA settings
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LEVEL-O, LEVEL-1 AND LEVEL-2

LEVEL O: FAKE DATA GENERATED WITH NO UNCERTAINTY
— INTERPOLATION AND EXTRAPOLATION UNCERTAINTY

LEVEL 1-2: FAKE DATA GENERATED WITH SAME UNCERTAINTY AS REAL
DATA (INCLUDING CORRELATIONS)

LEVEL 1: NO PSEUDODATA REPLICAS:
— REPLICAS FITTED TO SAME DATA OVER AND OVER AGAIN
— FUNCTIONAL UNCERTAINTY DUE TO INFINITY OF EQUIVALENT MINIMA

LEVEL 2: STANDARD NNPDF METHODOLOGY
=> REPLICAS FITTED TO PSEUDODATA REPLICAS
— DATA UNCERTAINTY

THREE SOURCES OF UNCERTAINTY COMPARABLE IN DATA REGION

THE GLUON: LEVEL O, LEVEL 1 AND LEVEL 2
Ratios of gluon at different closure test levels Ratios of gluon at different closure test levels

T T T []
B

Il LvIO Closure Fit E
Il Lvi1 Closure Fit H
[ LvI2 Closure Fit E

[ |

[ |

[ |

1
[l LVI0 Closure Fit [H
1
I Lvi1 Closure Fit |
[ Lvi2 Closure Fit E

_15 1 1 1 1111 3 1 1 1 11 111 1 1 1 1 11 L
10 10 10 « 102 10 1



0,6 Q%) / Gy Q)

LEVEL-2: CENTRAL VALUES AND UNCERTAINTIES
THE GLUON: FITTED/”TRUE” °

Ratio of Closure Test g to MSTW2008

0
e Stac B CHOR VoY ERA

L L L u
0.2 0.4 0.6 0.8 1
X

LEVEL-2 FITTED %2 VS “TRUE”
Distribution of x2 for experiments

I I I I I I I I I I I I I I
E====== Closure test X
I MSTW2008nlo x?
Closure test central x>
MSTW2008nlo central x?

28U s, Mk H8R, OVeg, OYrs, COr 00 AT, Clis LHog TOp
24y S"/E/?AQE’?@ 4”205,2%‘14 605 As &
Experiments

CENTRAL VALUES:

COMPARE FITTED VS. “TRUE” y?
BOTH FOR INDIVIDUAL EXPERIMENTS
& TOTAL DATASET

FOR TOTAL Ay? = 0.001 & 0.003

UNCERTAINTIES: DISTRIBUTION OF DEVIA-
TIONS BETWEEN FITTED AND “TRUE” PDFs
SAMPLED AT 20 POINTS BETWEEN 10~ ° AND 1
FIND 0.699% FOR ONE-SIGMA,
0.948% FOR TWO-SIGMA C.L.

NORM. DISTRIBUTION OF DEVIATIONS

Distribution of single replica fits in level 2 uncertainties
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LEVEL-2 STABILITY TESTS
e CHANGE UNDERLYING PDF ST (CT10, NNPDF2.3)

e INCREASE MAXIMUM GA TRAINING LENGTH TO 80K
TESTS EFFICIENCY OF CROSS-VALIDATION

e INCREASE NN ARCHITECTURE TO 2-20-15-1
NUMBER OF FREE PARAMETRES INCREASE BY MORE THAT 10X

e CHANGE PDF PARAMETRIZATION BASIS
OLD: ISOTRIPLET, 4 — d, s + 5, S — §;
NEW: ISOTRIPLET, SU(3)-OCTET, BOTH TOTAL (q + @) & VALENCE (q — q)

STATISTICAL EQUIVALENCE!

DISTANCES BETWEEN REF. AND NEW FIT.
difference in unites of standard deviation of the mean
30K GENS VS 80K GENS 2.3 BASIS VS 3.0 BASIS 300 vs 37 PARMS

6 Central Value Central Value Central Value
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THEORY BENCHMARKING



CORRECTIONS AND CUTS

NLO, NNLO & EW CORRNS
PDFs PROVIDED AT LO, NLO, NNLO IN o, ATLAS AND CMS

NNLO QCD CORRNS BENCHMARKED HIGH MaSS DY

poe ) CO8
FOR DY MCFM vs FEWZ AT NLO; FEWZ I . e
& DYNNLO FoOR NNLO:; Hithigs,,

SiIZzE OF NNLO MONITORED: IN NLO FIT, 1

DISCARD IF > THAN EXPT UNCERTAINTIES

LOWEST Q2 BIN OF CMS 2DDY DISCARDED m
VIRTUAL PURE EW CORRECTIONS INCLUDED; | i
FSR-CORRECTED DATA USED; o S I
QED CORRECTIONS MONITORED b ]
HIGHEST Q2 BIN OF CMS 2DDY DISCARDED S .

. 1
My (i



JET DATA AT NLO AND NNLO

PERCENTAGE ACCURACY OF THRESHOLD APP. IMPACT OF THE JET DATA:

IN GLUON CHANNEL NNPDF3.0 NLO, o = 0.118, Q% = 2 GeV?
CMS 2011 - |9] for gg-channel ATLAS 7 TeV - |§] for gg-channel 1 . S Q
107 102 F \
0'8; NN
10 10 r *§§§ No Jet Data
1 1 «— 0.6
(o4 L
= 101 = 10" Z 0.4
> F
= L
102 107? 0.2
Y3 y3 *
10 10 o
104 T I N B Y 104
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400
b (co) b, ) 01 02 03 04 )9.5 06 07 08 09
ATLAS 2.76 TeV - |9] for gg-channel CDF - 9] for gg-channel
10 e T LA B e s e 10°
10 . 10
1 14 1
1.2
107 = 10"
0.8
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0.6
10° 04 10°
0.2
sl b b Ly 104 0 e v b e b e e e by ey 10%
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P, (Gev) p. (GeV)

e EXACT NNLO CORRECTIONS NOW KNOWN IN GLUON CHANNEL (GEHRMANN, GLOVER,
DE RIDDER, PIRES, 2014)

e THRESHOLD APPROX AVAILABLE IN ALL CHANNELS (DE FLORIAN ET AL, 2014)
e ONLY ACCURATE AT HIGH pr1, CENTRAL RAPIDITY (CARRAZZA & PIRES, 2014)

e AT NNLO RETAIN ONLY BINS SUCH THAT ACCURACY BETTER THAN 10%
CORRECTION THERE SMALLER THAN 15% => MOSTLY CMS DATA SURVIVE

e [MPACT OF JET DATA STILL SIZABLE



DATA CONSISTENCY
& IMPACT ANALYSIS



NUCLEON STRANGENESS

Xoxp
GLOBAL NO NEUTRINO No WH+c NO NEUTRINO / W+c
CHORUS 1.13 3.87 1.09 3.45
NUTEV 0.62 4.31 0.66 6.45
ATLAS W, Z 2010 1.21 1.05 1.24 1.08
CMS WH+c 2011 0.86 0.50 0.90 0.61

STRANGENESS RATIO

AT LOW & HIGH SCALE
ANLO, o, = 0118, 0F = 2 Gov? e IN GLOBAL FITS, STRANGENESS DETERMINED IN EQUAL

‘ = PROPORTION BY NEUTRINO & W /Z PRODUCTION DATA

® NOW SPECIFIC INFORMATION FROM W -+ ¢
BUT ONLY 10 CMS DATAPOINTS;
ATLAS NOT YET INCLUDED BECAUSE DATA ARE HADRON-LEVEL

e DEFINE STRANGENESS RATIO 7 (z, Q%) = ;j;%

' 3 e ALL DETERMINATIONS CONSISTENT
TN 3 WITHIN UNCERTAINTIES

0 N
10° 102 10" N

e AT PRESENT NEUTRINO DATA CONTROL BOTH
CENTRAL VALUE & UNCERTAINTY

e W /Z PRODUCTION DATA FAVOR LARGER r
BUT WITH MUCH LARGER UNCERTAINTY

NNLO, ag = 0.118, Q? = 10* GeV?

e CMS W -+ c DATA HAVE VERY LITTLE IMPACT,
ON GLOBAL FIT OR ON FIT W/O NEUTRINO DATA
(PERHAPS FAVOR HIGHER 7)

10" 10° 10 10"



CONSERVATIVE PARTONS

e RESCALE ALL UNCERTAINTIES 0 — ao: X° — X°/a® FOR A GIVEN EXPERIMENT
e DETERMINE PROBABILITY DISTRIBUTION P(«) (USING BAYES)

e DISCARD ALL EXPERIMENT FOR WHICH P(«) PEAKS WELL ABOVE ONE
TWO OUT OF MEDIAN, MODE, MEAN, GREATER THAN O't}reshold

e x? = 1.29 FOR NNLO GOBAL, BECOMES x* = 1.16 FOR Q¢hreshold = 1.3,

X2 — 1.10 FOR o¢hreshold = 1.2, X2 — 1.01 FOR a¢hreshold = 1.1, BUT

CONSIDERABLE DETERIORATION OF UNCERTAINTIES

CONSERV. VS. DEFAULT
GLUON AND VALENCE

NN, g =018, ?fZGeVZ o PEAK FOR EXPERIMENTS DISCARDED IN CONS. FIT
i WHEN INCLUDED OR EXCLUDED FROM FIT
NNLO global fit NNLO cons. fit amax = 1.1
_ ] Experiment mean mode median mean mode median
ot 3 NMC oNC:p 1.27 1.26 1.27 1.50 1.45 1.48
p= : SLAC 1.13 1.09 1.12 1.61 1.37 1.48
x E BCDMS 1.20 1.19 1.20 2.02 1.86 1.92
: CHORUS 1.10 1.09 1.09 2.55 1.69 2.32
1 ZEUS HERA-II 1.25 1.24 1.25 1.38 1.33 1.36
| | | 3 H1 HERA-II 1.35 1.34 1.34 1.51 1.47 1.49
100 102 100 HERA "16\10 1.14 1.11 1.13 1.13 1.09 1.12
NNLO, a_ = 0.118, 0% = 2 GeV? E886 p 1.15 1.14 1.15 2.18 1.62 2.03
2 ey CDF Z rapidity 1.39 1.32 1.36 1.56 1.40 1.50
i i CDF Run-II k; jets 1.15 1.12 1.14 1.25 1.18 1.22
Lsh NN Consenaies, St 4 ATLAS W, Z 2010 1.17 1.12 1.15 1.38 1.25 1.32
“F ATLAS high-mass DY 1.00 1.34 1.63 1.63 1.19 1.45
S 1 CMS W muon asy 1.60 1.40 1.53 2.90 2.48 2.81
% 1= . CMS W +c total 1.50 1.09 1.33 1.85 1.37 1.67
> 1 CMS W +c ratio 2.00 1.39 1.69 2.12 1.58 1.94
" ol = CMS 2D DY 2011 1.28 1.27 1.28 1.29 1.28 1.29
\ LHCb 1.20 1.12 1.17 1.58 1.22 1.48
0 | | | \H




THE IMPACT OF LHC (AND HERA) DATA

e OVERALL MEASURE OF IMPACT: FRACTIONAL UNCERTAINTY
¢ = FIT UNCERTAINTY/DATA UNCERTAINTY Datasct [ ¢.2 NLO | » 3 NNLO
Global 0.291 0.302
e HERA-II IMPACT SIZABLE L b e
e IMPACT OF LHC DATA MODERATE BUT VISIBLE HEN A L ATTAS 0 a0 0518
HERA+4+CMS 0.315 0.345
e IMPACT OF CMS OR ATLAS COMPARABLE TO (MOD- Conservative 0.422 0.478
ERATE) IMPACT OF NON-LHC, NON-HERA DATA ~ —22H€ 0.512 —
GLOBAL VS NO LHC: g& d GLOBAL VS HERA+ATLAS: g& d GLOBAL VS HERA+CMS: g& d

NNLO, o = 0.118, Q% = 10* GeV? NNLO, o = 0.118, Q? = 10* GeV? NNLO, o = 0.118, Q? = 10* GeV?

1.25 A B A A 13 ey 13 ey
B ciovai i \ 105 8 HERA-only _,<F| B HERA-only
= 1.2 R = 10 e = 10 e
i3 . \ g sw HERA + ATLAS o LE s HERA + CMS
—~ 2333 No LHC data N = TEls . — TEls s
GLISEAN N S | ,oEl 77 Global fit & . _E|## Global fit
Y N 1.15F O 115F
< N 23 E 23 E
= 11 N — L1 — L1
c S = F 2 W
—=1.05 N = 105 = 105
B S = 2
£ 1 2 1 Q2 g
— = —
< < 0.95 ~_ 0.95
©0.95 \ o o
X X 09 X 09
Z Z
o 0.9 o 0.85 o
Y I U BN R i i i " "
0.85 0.8
104 1073 ;(0-2 101 10* 10° 102 10* 10* 10° 102 10*
X X

NNLO, ag = 0.118, Q? = 10* GeV?

1.25 e T 13 13

.Global Fit £| B8 HERA-only £| B HERA-only
. T _F 5 HERA+ATLAS T 5" HERA+CMS
S5 NoLHC data S | o[ 7 Global fit S || 77 Global fit
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GLOBAL FITS: PROGRESS
e MMHT (SUCCESSOR OF MSTWOS8) PUBLISHED DECEMBER 2014
e CT14 PRESENTED IN PRELIMINARY FORM 2014-2015

e FOR ALL, PROGRESS IN METHODOLOGY & DATASET

METHODOLOGY

NNPDF3.0 MMHT14 CT14
NO. OF FITTED PDFs 7 7 6
PARAMETRIZATION NEURAL NETS | z%(1 — 2)?x CHEBYSCHEV | z°(1 — z)® X BERNSTEIN
FREE PARAMETERS 259 37 30-35
UNCERTAINTIES REPLICAS HESSIAN HESSIAN
TOLERANCE NONE DYNAMICAL DYNAMICAL
CLOSURE TEST [ [ [
REWEIGHTING REPLICAS EIGENVECTORS EIGENVECTORS

e¢ MMHT, CT10 LARGER # OF PARMS., ORTHOGONAL POLYNOMIALS

e NNPDF CLOSURE TEST



DATASET

NNPDF3.0

MMHT14

CT14(PREL)

SLAC p,D DIS
BCDMS p,D DIS
NMC p,D DIS
E665 r,D DIS
CDHSW Nu-DIS
CCFR NU-DIS
CHORUS NU-DIS
CCFR DIMUON
NUTEV DIMUON

[

HERA I NC,CC
HERA I CHARM
H1,ZEUS JETS
H1 HERAII

ZEUS HERA II

E605 & E866 FT DY

CDF & DO W AsyMm
CDF & DO Z raP
CDF RuUN-II JETS
DO RuUN-II JETS

ATLAS HIGH-MASS DY
CMS 2D DY

ATLAS W,Z RAP
ATLAS W PT

CMS W Asy

CMS W +cC

LHCB W,Z rRAP
ATLAS JETS

CMS JETS

TTBAR TOT XSEC

minlnlninininininisiSininis = i=slisi=ls =inl=lnlnln] ===

OO0 O0qoDooodoo0oddoooodooodqoon

OO0 dd oo oo d g —

TOTAL NLO
TOTAL NNLO

42776
4078

2996
2663

3248
3045



PROGRESS...
PARTON LUMINOSITIES: IMPROVED AGREEMENT

2012

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118

1,3 T T T T T T T T LA | T

1.25E-| B NNPDF2.3 NNLO
S35 CT10 NNLO

Quark - Antiquark Luminosity

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118
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2015

Quark-Quark, luminosity

T T T 117 T T

= NNPDF3.0

T T

2
10° M, [Gev]

10°

Gluon-Gluon, luminosity

T

T T T T

NNPDF3.0

\S = 1.30e+04 GeV

very good agreement now;
especially important now that

LR

ggF known to NNNLO

2
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“progress in convergence between the parton distribution functions will also be needed in
order to reduce the theoretical uncertainties below the experimental measurement
uncertainties.”

(J.Ellis, arXiv:1504.03654, April 15, 2015)



“progress in convergence between the parton distribution functions will also be needed in
order to reduce the theoretical uncertainties below the experimental measurement
uncertainties.”

(J.Ellis, arXiv:1504.03654, April 15, 2015)

PROGRESS!
HIGGS IN GLUON FUSION

A comparison of ggF at NNLO

CT14 MMHT2014 NNPDF3.0
8 TeV 18.66 pb 18.65 pb 18.77 pb
-2.2% -1.9% -1.8%
+2.0% +1.4% +1.8%
13 TeV 42.68 pb 42.70 pb 42.97 pb
-2.4% -1.8% -1.9%
+2.0% +1.3% +1.9%

J.HUSTON, PDF4LHC, APRIL 2015
e ALMOST PERFECT AGREEMENT BETWEEN GLOBAL PDF FITS
e COMES OUT OF THE BOX, THANKS TO METHODOLOGICAL IMPROVEMENTS
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DATA: WHERE LIES THE PROMISE

St B C O D C, Dy C/ L T
Mic Stac SCopyg ”OR%WDMZERA14?5“5*151?2'5'?:5”“2;5536 YegogOr 20 Aiag Sls ey Top

Experiments ¥

SOME PRELIMINARY INDICATIONS...

2.76TEV JET DATA SEEEM TO HAVE OVERESTIMATED UNCERTAINTIES,

POTENTIALLY HIGH IMPACT

TOP DATA: SUPRISINGLY HIGH IMPACT GIVEN SMALL DATA SAMPLE

HIGH-MASS DY = CONSISTENCY PROBLEM

CAN USE a & ¢ INDICATORS TO ASSESS OBJECTIVELY
WHICH DATA COULD HAVE BIGGER IMPACT
LARGE o MODE = MUST IMPROVE COMPATIBILITY
SMALL gb = MUST REDUCE UNCERTAINTY
P(a) MODE & ¢
Distribution of @ and mode P(a) for experiments
6771 717 17 T T T T T T T T T T T T ]
_.F. NNPDF3.0 NLO e E NNLO global it
s [ ] Mode P(a) - Experiment Niat P(a) mode b
c Y 2 e ATLAS W, Z 2010 30 1.12 0.32
e 7 7 7 A ATLAS 7 TeV jets 2010 90 0.92 0.25
- 7 7 7 % 7 7 7 7 v 7 7 ATLAS 2.76 TeV jets 59 0.57 0.34
W T // VA A ATLAS high-mass DY 5 1.34 0.11
. 77 7 07 2% 7 7% 77 7 % CMS W electron asy 11 0.87 0.29
_//f 7 AR 7 AR A A s 7 v AN/ CMS JetS 2011 133 107 037
j// 70 77 Y AR N A IS A S A SRS A /// 77
A 7772772777 7 7 % CMS W +c total 5 1.09 0.24
. 77 8777775777 % 7 - CMS W +c ratio 5 1.39 0.39
77 787 77777777 % 7 CMS 2D DY 2011 88 1.27 0.13
w77 87,,7 88% /7 & LHCb W, Z rapidity 19 1.12 0.24
<~ <8 <8 ' 7 7 78 @ o (tf) 6 0.75 0.35
0.2 % 7 7 7 7



AS SHOWN AT ATLAS-ITALY BOLOGNA MEETING
January 2014

LHC DATA

FOR PDF DETERMINATION
THE GOAL: A “COLLIDER ONLY’ PDF DETERMINATION

e MEDIUM & LARGE 2 GLUON
— TOP RAPIDITY DISTRIBUTIONS (PARTIAL NNLO)

— INCLUSIVE W, Z pp DISTRIBUTIONS (NNLO SOON)
— JETS (PARTIAL NNLO)

— PROMPT PHOTONS (NLO)

— DIJETS? (NLO)

— W POLARIZATION? (NLO)

e LIGHT FLAVOR SEPARATION
— LOW-MASS & HIGH-MASS DRELL-YAN (NNLO)

— DOUBLE-DIFFERENTIAL DY RAPIDITY DISTRIBUTIONS (NNLO)
— Z RAPIDITY DISTRIBUTIONS (NNLO)
— W ASYMMETRIES (NNLO)

e STRANGENES & HEAVY FLAVORS
— STRANGENESS = W + ¢ (NLO)

— CHARM = Z + ¢, v + ¢ (NLO)
— BOTTOM Z + b (NLO)



CURRENT DESIDERATA
November 2014

LHC DATA
FOR PDF DETERMINATION

THE GOAL: A “COLLIDER ONLY’ PDF DETERMINATION

e MEDIUM & LARGE x GLUON
— TOP RAPIDITY DISTRIBUTIONS (NNLO) HIGH PRIORITY
— INCLUSIVE W, Z pp DISTRIBUTIONS (NNLO SOON)
— JETS (PARTIAL NNLO) LARGE p7, CENTRAL RAPIDITY
— PROMPT PHOTONS (NLO)
— DIJETS? (NLO)
— W POLARIZATION? (NLO)

e LIGHT FLAVOR SEPARATION
— LOW-MASS & HIGH-MASS DRELL-YAN (NNLO) NEED BETTER CONTROL ON SYSTEMATICS

— DOUBLE-DIFFERENTIAL DY RAPIDITY DISTRIBUTIONS (NNLO) DITTO, PERHAPS FINER
MASS BINNING

— Z RAPIDITY DISTRIBUTIONS (NNLO)
— W ASYMMETRIES (NNLO)

e STRANGENES & HEAVY FLAVORS
— STRANGENESS = W + ¢ (NLO)

— CHARM = Z + ¢, v + ¢ (NLO)
— BOTTOM Z + b (NLO)



PRESENT...

e NNPDF2.3 LO AND NLO ARE THE DEFAULT SETS IN MADGRAPHS5_ AMC@NLO

e NNPDF2.3QED LO IS THE DEFAULT SET IN PYTHIAS, AND USED IN CURRENT
REFERENCE TUNE (MONASH 2013)

e NNPDF3.0 IS THE DEFAULT INTERNAL PDF SET IN SHERPAZ2.2

...AND FUTURE

NNPDF3.1 WILL INCLUDE:

e RUNNING HEAVY QUARK MASSES & INDEPENDENT CHARM PDFS
e AND NEW DATA:

HERA-II COMBINED DATA (IF AVAILABLE)
ATLAS LOW-MASS DY arXiv:1404.1212
ATLAS PROMPT PHOTON arXiv:1311.1440
ATLAS W + ¢ arXiv:1402.6263

ATLAS Z p; arXiv:1107.2381

ATLAS INCLUSIVE JETS 7 TEV 5 FB™! arXiv:1410.8857
CMS W pr 8 TEV (IF AVAILABLE)
LHCB — uv RAP. DISTN. arxiv:1408.4354

ATLAS+CMS TOP RAPIDITY arXiv:1207.5644, 1407.0371, 1211.2220
POSSIBLY, DIJETS+ THREE JETS



THE NNPDF APPROACH:
THE NEURAL MONTE CARLO

BASIC IDEA: MONTE CARLO SAMPLING
OF THE PROBABILITY MEASURE IN THE (FUNCTION) SPACE OF PDFs

e START FROM MONTE CARLO SAMPLING OF DATA

SPACE
® SPACE OF FUNCTIONS HUGE
5 BINS FOR 10 PTSX 7 FCINS — 570 ~ 1049 Serfiaal Beia |
BINS
e IMPORTANCE SAMPLING: DATA TELL US WHICH ’,
BINS ARE POPULATED
replica averages replica standard dev. { MC generation J{ }
vs. central values vs. uncertainties
NNPDF1.2 - Central values NNPDF1.2 - Errors
100 Nep=10 ¥ ' 100 Ngp=10 % ' TRAINING
Nip=100  + Nip=100  +
1o | Nigpe1000 P 10 | Nign=1000 R l l | l
g ‘ £ o EVOLUTION
1] 1r y E o o
2 7 2 01} ]
S o1 ’ ] ©
= = S
00l 4 1 o001 A5 ]
0.001 L L L L 0.0001 L L L L
0.001 0.01 0.1 1 10 100 0.0001 0.001 o0.01 0.1 1 10
Experimental data Experimental data _

10 REPLICAS ENOUGH FOR CENTRAL VALS, 100 FOR
UNCERTAINTIES, 1000 FOR CORRELNS



DATA MONTE CARLO = PDF MONTE CARLO
NEURAL NETWORK PARM+ CROSS-VALIDATION METHOD

e EACH PDF<+ NEURAL NETWORK
PARAMETRIZED BY 37 PARAME-

TERS
(REcALL MSTW, CTEQ — 20

FREE PARAMETERS) . <

“INFINITE” NUMBER OF PARAM- [ MC generation }{’ ’ , ’}
ETERS=> CAN REPRESENT ANY

FUNCTION

TRAINING
e COMPLEX SHAPES (LARGE NO.OF [ [ [ [

PARAMETERS) REQUIRE LONGER EVOLUTION

FITTING
e FIT STOPS WHEN QUALITY OF NN parametrization {é ‘ éé}
FIT TO RANDOMLY SELECTED

“VALIDATION” DATA (NOT FITTED)
STOPS IMPROVING

e CAN OBTAIN A FIT WITH y° LOWER
THAN BEST FIT (“OVERLEARNING”)




DATA MONTE CARLO = PDF MONTE CARLO
CROSS-VALIDATION

REPLICAS ARE FITTED TO A DATA SUBSET
A DIFFERENT SUBSET OF DATA USE FOR EACH REPLICA
OPTIMAL FIT WHEN FIT TO VALIDATION (CONTROL) DATA STOPS IMPROVING

OPTIMAL FITTING
N FIT TO DATA

X2 FYFh(x, Q=5 GeV?)
2.8 [ B 1 E m Training Dataset
: 0.99 % W Validation Dataset
2.7 0.98/ |
0.97) l
2.6 = {
0.96 !
2.5 0.95 1 \
- 0.941 l
24 0.93F
- 0.92F
23— -
B 0.91 =
2 2 T L1 1 | 111 ‘ 111 ‘ | ‘ | ‘ 111 | ‘ 11 | ‘ 111 | ‘ | 0.9 7_2 ‘ _1
. 500 1000 1500 2000 2500 3000 3500 4000 4500 10 10

lterations



DATA MONTE CARLO = PDF MONTE CARLO

CROSS-VALIDATION

e REPLICAS ARE FITTED TO A DATA SUBSET

e A DIFFERENT SUBSET OF DATA USE FOR EACH REPLICA

e OPTIMAL FIT WHEN FIT TO VALIDATION (CONTROL) DATA STOPS IMPROVING

e THE BEST FIT IS NOT AT THE MINIMUM OF THE X2

x2
2.8
2.7
2.6
2.5
2.4

2.3

227

OVERFITTING

FIT TO DATA

Fy/Fo(x, @%=5 GeV?)
1

m Training Dataset
0.99

} B Validation Dataset

® Fit

0.98

—
—e——N
—

0.97
0.96
0.95

T LT L T

0.94
0.93

0.92
0.91

HH‘HH‘HH‘\H\‘HH‘\H\‘HH‘HH‘HH‘HH
—
L [ S—
—
—

7500

1 ‘ 11 | ‘ 111 | ‘ | |
1000 1500 2000 2500
lterations

co b b gy 0.9_2 L ! | I I | p
3000 3500 4000 4500 10 10



LOOKBACK CROSS-VALIDATION

IN PREVIOUS NNPDF RELEASES, “INCREASING” AND “DECREASING”
TRAINING AND VALIDATION Y? DEFINED IN TERMS OF THRESHOLD VALUES
5157" AND (Sfual:

INCREASE: X2 ;(Nyen + A) > x*(Nyen + A) + dyal

IN NNPDF3.0 USE LOOKBACK:
FIT IS RUN UP TO SOME LARGE # OF GA GENERATIONS
THEN ONE “LOOKS BACK” FOR ABSOLUTE MIN. OF VALIDATION ?

CHECK THAT RESULTS ARE INDEPENDENT OF THE LARGE # OF GA GENS

CHECK THAT RESULTS ARE INDEPENDENT OF FLUCTUATIONS IN VALUE OF

ABSOLUTE MINIMUM
DIFFERENT STOPPING POINTS, BUT INDISTINGUISHABLE PDFs



Distribution of single replica fits in level 1 uncertainties
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Difference to theory (o)

LEVEL 1 vs. LEVEL 2
DO WE NEED THE PSEUDODATA REPLICAS?

TRUTH-FIT: LEVEL 1 VS. LEVEL 2
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Distribution of single replica fits in level 2 uncertainties

E Replica distribution
Gaussian distribution

REWEIGHT VS REFIT:
LEVEL 1 VS. LEVEL 2

xg(x,.Q%)
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UNCERTAINTIES

LEVEL O TRUTH-FIT DISTN.

WIDER THAN PREDICTED

REWEIGHT VS. REFIT: X

STAT. EQUIVALENCE FOR LEVEL 2

REWEIGHT VS.

SIGMA TOO SMALL

FOR LEVEL 1
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ASYMPTOTIC EXPONENTS
LEVEL O TEST

uv alpha effective exponent uv beta effective exponent

1i ||||| T T T |||||| T T T |||||| T T ||||||| T T |||||:| 4_| T T I T T 17T I T 1 7T T I T T 17T I L | T T T 7T | T L | T T T 7T | T |_
- ClosureTest_MSTW_IVI0_100k fl 68%c.. | E ClosureTest MSTW_IvVI0_100k_fl, 68% c.I. E
05 = ; o = E
0.8 :_ MSTW2008nl068cl, central value _: C MSTW2008nlo68cl, central value .
= - 3 =
0.7E 3 g E
0.6B = 2.5 —
0.5 = 2k =
04t E 15f- =
0.3 = 15 ]
0.2 z— —z - 3
0.1+ E 0.5 E
Oi 1 IIIIII 1 11 IIIIII 1 11 IIIIII 1 1 IIIIIII 1 1 IIIIIEI O:I 1 1 I 11 1 1 I 1 1 | 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1 1 1 | I 11 1 1 I 1 :
10° 10° 104, 10° 102 06 065 07 075 08 08 09 095

AS  — 0, PDF GOES AS z%, AS © — 1, PDF GOES AS (1 — z)”

_ In f;(x) — In fi(z)
DEFINE EFFECTIVE EXPONENTS Ckeﬂ‘,i(x) = Tnl/z ’ Beff,z(x) — In(1—2)

COMPARE VALUES FROM FIT WITH VALUES OBTAINED FROM UNDERLYING “TRUE”
(MSTWOS8) FORM



PREPROCESSING

Large-x Effective Exponent for Gluon Small-x effective exponent for the Singlet

- 1.25_'— S e ]
6f- - .
5 12~ =

- R ’
4; 1.15 N -
3
2:_ 1.1 e __
e 1.05 -
o B i

-_I' 1_| 1 1 1 1 IIIII 1 1 1 1 IIIII 1 11 II 1 I N

0 6 O. 65 0.7 O. 75 0.8 0. 85 09 O. 95 10'6 10‘5 10% " 10‘3 102

PDFS ARE PARAMETRIZED WITH NEURAL NETWORKS TIMES
PREPROCESSING FUNCTION: f;(x) = % (1 — 2)”* NN (z)

GOAL IS TO SPEED UP TRAINING WITHOUT BIASING RESULT

a;, i RANDOM REPLICA BY REPLICA WITH UNIFORM DISTRIBUTION IN RANGE

CHECK THAT THE RANGE IS WIDER THAN THE 90% C.L. OF EFFECTIVE EXPONENTS



NNPDF3.0 vs CT10 & MSTWO8
PARTON LUMINOSITIES

LHC 13 TeV, NNLO, as(MZ)=0.118 - Ratio to NNPDF2.3
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NNPDF2.3 vs NNPDF3.0
PARTON LUMINOSITIES

LHC 13 TeV, NNLO, GS(MZ)=0.]J.8 - Ratio to NNPDF2.3
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NNPDF2.3 vs NNPDF3.0
METHODOLOGY VS. DATA
NNLO 2.3 vs 3.0: GLUON & VALENCE

NNLO, ag = 0.118, Q* = 10* GeV?
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3.0 DEFAULT VS 2.3-LIKE DATASET: GLUON & ANTIDOWN

NNLO, ag = 0.118, Q* = 10* GeV?
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NNPDF3.0, o = 0.118, Q* = 2 GeV?

PERTURBATIVE STABILITY

LO, NLO, NNLO: GLUON & VALENCE

NNPDF3.0, ag = 0.118, Q% = 2 GeV?
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MULTIPLICATIVE vs. ADDITIVE UNCERTAINTIES

NNPDF3.0 NNLO, 0.=0.118, Q=2 GeV? NNPDF3.0 NNLO, 0.=0.118, Q?*=2 GeV?
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MULTIPLICATIVE

WHAT ABOUT OTHER UNCERTAINTIES?
IN COLLIDER MOSTLY MULTIPLICATIVE (A. Glazov)

IN NNPDF3.0 DEFAULT ALL UNCERTAINTIES MULTPLICATIVE
FOR HERA, TEVATRON, LHC

REPEAT FIT WITH ALL UNCERTAINTIES ADDITIVE (AS IN NNPDF2.3)

to METHOD USED FOR MULTIPLICATIVE UNCERTAINTIES

NEGLIGIBLE CHANGE SEEN



COMBINED PDFs & META-PDFS

e FORTHCOMING PDF4I.HC PRESCRIPTION BASED ON COMBINED SET

e ALL SETS CAN BE TURNED INTO MC (Thorne and Watt, 2013)
— COMBINED (POSSIBLY WEIGHTED) SET

e CAN ONE REDUCE THE SIZE OF THE COMBINED SET?

— META-PDFS: FIT A FUNCTIONAL FORM TO THE COMBINATION
FOR EACH PROCESS, PICK THE DOMINANT EIGENVECTORS (Gao and Nadolsky)

— COMPRESSION: CONSTRUCT A SMALLER REPLICA SET WHICH
PRESERVES LOWER MOMENTS OF PROBABILITY DISTRIBUTION (Carrazza and
Latorre)

MOMENTS OF COMPRESSED SAMPLE
DISTANCE TO 1000 REPLICA SAMPLE

Error Function: Skewness 5 Error Function: Kurtosis

Error Function: Central Value Error Function: Standard Deviation
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BEYOND NNPDF3.1

MORE CLOSURE TESTS:
— INCONSISTENT DATA
— QUANTITATIVE MODELS OF FUNCTIONAL UNCERTAINTY

— TOLERANCE & Ay? RULE

THEORY UNCERTAINTY ON PDFS
— SCALE VARIATION
— PERTURBATIVE SERIES: CACCIARI-HOUDEAU

RESUMMED PDFS
— SMALL xr AND EVOLUTION
— THRESHOLD RESUMMATION AND NEW PHYSICS SEARCHES

QED PDF SET
— MIXED QCD-QED EFFECTS
— DETERMINATION OF PHONEON FROM WW PRODUCTION

MONTE CARLO PDFs



