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PROLOGUE



NOT SO LONG AGO

HIGGS PRODUCTION
o (8 TeV) uncertainty

Y | gg=H [ 19500 | 14.7%

VBF |1.56pb| 2.9%
MO 1 WH [0.70p0| 3.9%
ZH 0.39pb| 51%

B scale
B PDF+xs

NLO QCD ttH 0.13pb | 14.4%

(J. Campbell, HCP2012)

PDF UNCERTAINTY EITHER DOMINANT, OR VERY LARGE, OR BOTH
TYPICAL PDF UNCERTAINTY ~ 5 — 10%
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TYPICAL PDF UNCERTAINTY DOWN TO ~ 2 — 5%
CAN WE BELIEVE IN 1% PDF UNCERTAINTIES?

G.P. Salam, LHCP2016
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DISCLAIMER
THIS IS NOT AN UNBIASED REVIEW TALK
PROBLEMS SOLVED = CONSENSUS OF THE COMMUNITY (PDF4LHC)

OPEN & NEW PROBLEMS =
(DOES NOT REPRESENT PDF4LHC, OoRrR EVEN NNPDF)



PROBLEMS SOLVED



CONTEMPORARY PDF TIMELINE (pPUBLISHED ONLY)

5008 50090 5010 5011 5012 5013 5014 5015
SET CT6.6] NNI.O| MSTW| ABRMO9| NN2.0 | CTION NNZ.I(\N] ABMII| NN2.3| CTIONN] ABMIZ NN3.0| MMOT| CTI4
MONTH ©02) | (08) ©01) (08) (02) 07) 07) 02) 07) (02) (10) (10) (12) (06)
F. T. DIS v v v v v v v v v v v v v v
+ _
ZEUS+HI-HI v v v v v v v v v v v v v v
coms. HI X X X X v X v X v X v v X X
+H1-
ZEUS+H1-HII X X X X X X some X X some X v X X
HERA JETS X X v X X X X X X X X X v X
F.T. DY v X v v v v v v v v v v v v
. +
TeV. W+Z v X v X v v v X v v v v v
TEV. JETS
v X v X v v X v v v X v v v
LHC W+Z
¢ X X X X X X X X v X some | o v v
LHC JETs X X X X X X X X v X X v v v
Top X X X X X X X X X X v v X X
W+
X X X X X P X X X X X v X X
Wpr X X X X X P X X X X X v X X

e INCREASINGLY WIDE DATASET USED FOR PDF DETERMINATION

e HERAPDF: ONLY HERA STRUCTURE FUNCTION DATA = EXTREME CONSISTENCY

e MANY THEORETICAL AND METHODOLOGICAL IMPROVEMENTS:
— MSTW, ABKM: ALL NNLO; NNPDF NNLO sINCE 07/11 (2.1), CT sINCE 02/13 (CT10)

— MSTW, CT ALL MATCHED HEAVY QUARK SCHEMES; NNPDF GM-VFN SINCE 01/11 (2.1)




GLOBAL FITS: THE DATASET IN DETAIL

NNPDFs5.0 | MMHTI14 | CT14

SLAC pr,D DIS
BCDMS p,D DIS
NMC p,p DIS
E665 pr,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 HERA II

ZEUS HERA 11

E605 & E866 FT DY
CDF & DO W Asym
CDF & DO Z rAP
CDF RuUN-II JETS

DO RuUN-II JETS

DO RUN-II W AsYyMm
ATLAS HIGH-MASS DY
CMS 2D DY

ATLAS W,Z RAP
ATLAS W pr

CMS W Asy

CMS W +cC

LHCB W,Z rRAP
ATLAS JETS

CMS JETS

TTBAR TOT XSEC

TOTAL NLO 4276 2996 3248
TOTAL NNLO 4078 2663 3045
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THE NNPDF3.0 DATASET

NNPDF3.0 NLO dataset
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PARTON LUMINOSITIES (LHC 13)
QUARK-ANTIQUARK
GLOBAL REDUCED
LHC 13 TeV, NNLO, ag(M,)=0.118

¢ [ cTi4
“CH %58 NNPDF3.0
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- s2-z22: ABM12 (N=5, og(m,)=0.113
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Gluon - Gluon Luminosity
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e GLOBAL FITS AGREE WELL

e FITS BASED ON REDUCED DATASET HAVE EITHER LARGE UNCERTAINTIES OR SHOW
SIZABLE DEVIATIONS



PARTON LUMINOSITIES (LHC 8)
QUARK-ANTIQUARK
2012 2015

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - o, =0.118 Quark-Antiquark, luminosity
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® LONGSTANDING DISCREPANCY BETWEEN GLUON LUMINOSITIES IS GONE = IMPACT ON HIGGS

e UNCERTAINTIES BLOW UP FOR LIGHT (< 10 GEV) OR HEAVY (> 1 TEV) FINAL STATES =
IMPACT ON SEARCHES



PROGRESS

e (Q: WHY ARE PDF UNCERTAINTIES ON GLOBAL FITS OF SIMLAR SIZE?
— SIMILAR DATASETS
— BUT DIFFERENT PROCEDURES

e A: UNCERTAINTY TUNED TO DATA THROUGH TOLERANCE (MMHT & CT) OR
CLOSURE TESTING (NNPDF)

e (Q: WHAT HAS DRIVEN THE IMPROVED AGREEMENT OF GLOBAL FITS
— SIMILAR DATASETS
— BUT DIFFERENT PROCEDURES

e A: DATA+METHODOLOGY

METHODOLOGY

NNPDF3.0 MMHT14 CT14
NoO. OF FITTED PDFs ol 4 §]
PARAMETRIZATION NEURAL NETS | (1 — x)?x CHEBYSCHEV | z°(1 — z)® x BERNSTEIN
FREE PARAMETERS 259 37 30-35
UNCERTAINTIES REPLICAS HESSIAN HESSIAN
TOLERANCE NONE DYNAMICAL DYNAMICAL
CLOSURE TEST 4 X X
REWEIGHTING REPLICAS EIGENVECTORS EIGENVECTORS

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

e NNPDF CLOSURE TEST



EXAMPLE OF DATA-DRIVEN PROGRESS
MSTW/MMHT: THE d/u RATIO

~ THE CMS W ASYMMETRY

R e e e e e — — = =

CMS preliminary \s=7TeV, 4.7 fb"’

> I ) I ] I ] | ] ) ) | ) I I I I I ) I
THE d/u RATIO £ o3k _
- (4]
|_ Ratio to NNPDF2.0 | = - pT>25 GeV 1
14 N E
C NN
NN >
C NN
1.3 A 2] -
= AN @© —e=— Data
- SN Q 025 B
- A
1.2 NN (®)] o [ ]
C NN
- AN L
C NNNNNNNNESS © 5
NN
- NN LS
i AR = s
N O ‘-,’ % g
o AR O
o5 RS B
= 1 :%"?i’?‘i%t 2% ;'_:'Z:;:;ZZ:Z"..70'0:;":;0' % :07::::’0:.:’:?:::::0:
- RS, R e S 0.2
2 C e R R s
= - X R N O R s
< 0.9+ A N RN %
C T T-_-_-_G:
C RN e 2]
r .
0.8 H NNPDF2.0 O}[\\\@Q&&& NLO FEWZ 68% CL
H CT10nlo .
HE =7
o ibjerio (3] NNPDF23nlo =
0.6_  — .0.1. T—T .0.2. 11 |0|3| L1 |0|4| L1 |0|5| L1 |0|6| L | |O7 _E'a MsTwzoosnlo |
: ) ) : : ) : [/ MSTW2008CPdeutnlo
X - L 1 »
I I AT N T NN TN TN N TN NN SN N TN M NN

0 05 1 15 2
Muon In|

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
— FIXED IN MSTWOSDEUT/MMHT



o(W") B(I'v) [nb]

WHY DO SOME PDF SETS DISAGREE?
FFEN PDFs

e SOME PDF SETS ADOPT A FFN SCHEME (ABM, JR)

e ABM ALSO INCLUDES HIGHER TWIST & NUCLEAR CORRECTIONS
e ALSO, ABM MOSTLY BASED ON DIS DATA

e NNPDF wiTH FFN &DIS DATA SET AGREES WITH ABM;
HIGHER TWIST & NUCLEAR CORRRECTIONS HAVE SMALL & LOCALIZED EFFECT;

e FFN EVOLUTION WEAKER =- GLUON DISTORTED analytic argument by R.Thorne, 2012

. +” F> FFN vs VFN
LHC 8 TeV o(W") B(I'v) - VRAP NNLO - ag = 0.119
781 . NLO NNLO
- NNPDF2.3 ABM11 CT10 MSTW - 0.2 T T T T T T T T
7B e e —] — MSTwag 015 - ———— MSTWOSNNLO -
r l e Smﬁﬁgg ' ———— GMVFNS!
- n ————  GMVFNS3 A7 E ISR GMVFNS2
e D | ,,,,,,,,,,,,,,, ] ~ 015 | GMVENS4 ———  GMVFNS3
7Ar i ie] — GMVFNSS e GMVFNS4
n — Z Vv & 01— GMVRNSS :
) M- L T A s = T s T e GMVFNS6
2 + l ] 0.1 |- oo FRNS B Fo| GMVFNSopt
T R b |
C I n 005 - ~
P ,; x=0.001 x=0.001
E Global DIS FFN DIS+FFN  Deut  HT(p=1) E . ‘ S . ‘ L
6.6 1 2 3 4 s 6 7 8 9 Q 1 2 3 4 s 8 7 8 9 Q°

(NNPDF, 2013) (Thorne, 2012)

e ABM = NO TOLERANCE
e ABM = «a,s(M,) =0.113 £+ 0.001



e TO CONVERT HESSIAN INTO MONTECARLO -21
GENERATE MULTIGAUSSIAN REPLICAS IN PA- _4'E
RAMETER SPACE

e ACCURATE WHEN NUMBER OF REPLICAS 6
SIMILAR TO THAT WHICH REPRODUCES DATA 8E

10°  10*

NNPDF3.0 NLO, 0,=0.118 @ Q? = 2 GeV?

£ Monte Carlo

------- Hessian

xg(x,Q)
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MC < HESSIAN

TTTTFT.
v I

/

At input scale ch; =1 GeV?

MSTW 2008 NLO (Ax? = 1)
,,,,,,,, 40 individual MC replicas

- - - - MC average and s.d.

10

2 102  10% 1
X

(Thorne, Watt, 2012)

e TO CONVERT MONTE CARLO INTO HESSIAN, SAMPLE

Generated with APFEL 3.0.0 Web

THE REPLICAS f;(x) AT A DISCRETE SET OF POINTS &
CONSTRUCT THE ENSUING COVARIANCE MATRIX

EIGENVECTORS OF THE COVARIANCE MATRIX AS A BA-
SIS IN THE VECTOR SPACE SPANNED BY THE REPLICAS
BY SINGULAR-VALUE DECOMPOSITION

e NUMBER OF DOMINANT EIGENVECTORS SIMILAR TO
NUMBER OF REPLICAS — ACCURATE REPRESENTATION

(Carrazza, SF, Kassabov, Rojo, 2015)



COMPRESSION

Correlations for NNPDF3.0 NLO Correlations for NNPDF3.0 NLO
Prior N,,,=1000 @ Q=100 GeV 1o Compressed N,,,=50 @ Q=100 GeV 1o ® CONSTRUCT A VERY LARGE REPLICA SAMPLE
AT U . WA ) |
1 S oy T os T F - ( oe e SELECT (BY GENETIC ALGORITHM) A SUBSET OF
Y- e W . 06 ‘- _ > W - 06 REPLICAS WHOSE STATISTICAL FEATURES ARE
7 - ‘\ - W el 1 7 [t "'.-i N e AS CLOSE AS POSSIBLE TO THOSE OF THE PRIOR
. 5 0.2 5 0.2
L LT TN o ofF WAN LI L I e —=> FORALL PDFS ON A GRID OF POINTS// MIN-
. » e i = e il I W AR IMIZE DIFFERENCE OF: FIRST FOUR MOMENTS,
a8 \ - ) 4 |- .‘ \ - ) .
— \. o I i B = ‘a, d | -04 CORRELATIONS; OUTPUT OF KOLMOGOROV-
o W N \ - s WMy v - -os SMIRNOV TEST (NUMBER OF REPLICAS BETWEEN
pa Y TR Ra TT UMM R MEAN AND o, 20, INFINITY)
. — . -1.0 == =N -1.0

e 50 COMPRESSED REPLICA REPRODUCE 1000

. REPLICA SET TO PRECENT ACCURACY
(Carrazza, Latorre, Kassabov, Rojo, 2015)

CAN REPRODUCE NONGAUSSIAN FEATURES WITH REASONABLY SMALL REPLICA SAMPLE

HESSIAN

ggh_pt_13tev_larger(NLO) ggh_pt_13tev_larger(NLO)

e SELECT SUBSET OF THE COVARIANCE MATRIX “*[amems
CORRELATED TO A GIVEN SET OF PROCESSES ’

e PERFORM SVD ON THE REDUCED COVARI-
ANCE MATRIX, SELECT DOMINANT EIGENVEC-
TOR, PROJECT OUT ORTHOGONAL SUBSPACE

e [ITERATE UNTIL DESIRED ACCURACY REACHED

e CAN ADD PROCESSES TO GIVEN SET; CAN COM- e ' ||
BINE DIFFERENT OPTIMIZED SETS

e 15 EIGENVECTORS DESCRIBE ALL HIGGS N T2 3 45 677 8 9D

MODES + JETS + W, Z PRODUCTION
(Carrazza, SF, Kassabov, Rojo, 2016)
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VERY SMALL NUMBER OF EVECS; CAN COMBINE WITH NUISANCE PARMS



NONGAUSSIAN BEHAVIOUR

MONTE CARLO COMPARED TO HESSIAN

CMS W + ¢ production

CMSWCHARM-WpCb-eta4(NLO) [Bin 5]

Distribution
w

8.7 0.8 0.9 1.0 11 1.2
Ratio to MC900_nnlo

e DEFINE KULLBACK LEIBLER DIVERGENCE

BETWEEN A PRIOR P AND ITS REPRESEN-

TATION

e Dy, BETWEEN PRIOR AND HESSIAN
DEPENDS ON DEGREE OF GAUSSIANITY

o Dxi,
DOES NOT

13

1.4

Dy (Prior|Compressed)

e DEVIATION

FROM GAUSSIANITY E.G.

AT

LARGE x DUE TO LARGE UNCERTAINTY +

POSITIVITY BOUNDS
— RELEVANT FOR SEARCHES

e CANNOT BE REPRODUCED
FRAMEWORK

IN HESSIAN

e WELL REPRODUCED BY COMPRESSED MC

10°

Kullback-Leibler divergence (all)

o PDF4LHC15_nlo_100
o PDF4LHC15_nlo_mc

102} %0e’]

1073

Dy (Prior|Gaussian)

CAN GAUGE WHEN MC IS MORE ADVANTAGEOUS THAN HESSIAN!
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MONTE CARLO COMBINATION

(Watt, S.F., 2010-2013)

e MAY COMBINE DIFFERENT PDF SETS,
AFTER MC CONVERSION OF HESSIAN SETS

e COMBINE MONTE CARLO REPLICAS INTO SINGLE SET
e COMBINED SET APPROXIMATELY GAUSSIAN

COMBINED PDF41LHC SETS FOR ANTIDOWN & STRANGE

d(x=0.20, Q=100 GeV ) $(x=0.05, Q=100 GeV )
06
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PDF41.HC15 COMBINATION
e INCLUDES CT14, MMHT, NNPDF3.0

e 900 REPLICAS (300 FOR EACH SET) ENSURE PRECENTAGE ACCURACY ON
ALL QUANTITIES

300, 900,1800 REPLICAS
(RATIO TO 900)

gluon strange
13 1.4
1.2} 1
o 8 '2,
S 1.1 o)
2 g
s
2 1 0 2 1.0 -
2 o I
© 0.9f o I
- T osl
0.8f
0-7 1 1 1 1 1 1 1 1 L T 0_6’ 1 K\
10* 10° 0.010.020.05 0.1 0.2 0507

10* 10° 0.010.020.05 0.1 0.2 050.7
X
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NNPDF2.3QED/NNPDF3.0QED DATASET

THE PHOTON PDF

Dataset Observable Naat | [Mmin, Mmax) M lrlnin, Mjpax

LHCb ~*/Z Low Mass ﬁ/dM” 9 12,4.5] 15,120] GeV

ATLAS W, Z da(W Z)/dn | 30 -2.5,2.5] 60,120] GeV
ATLAS ~*/Z High Mass | do(Z)/dM, 13 -2.5,2.5] | [116,1500] GeV

CORRELATION BETWEEN DATA AND v PDF

Correlation between photon PDF and cross sec tions

Correlation between photon PDF and cross sec tions

Correlation coefficient
)

Correlation coefficient
)

IMPACT

Correlation between photon PDF and cross sections
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©
a1
L B

Correlation coefficient
)




THE PHOTON PDF FROM DATA
NNPDF2.3QED-NNPDF3.0QED

NLO RESULTS

Photon PDF comparison at 10* GeV/? Photon PDF comparison at 10* GeV?
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_ (XQ(/LQ)Z2F2 (%a//l?) : 105

THE PHOTON PDF BREAKTHROUGH
(Manohar, Nason, Salam, Zanderighi, 2016)

QED IS PERTURBATIVE DOWN TO LOW SCALES = THE PHOTON PDF MUST BE
COMPUTABLE IF THE INPUT QUARK SUBSTRUCTURE IS KNOWN

WRITE THE CROSS-SECTION FOR A CHOSEN PROCESS:
SUSY PRODUCTION IN EP COLLISION (Drees, Zeppenfeld, 1989)

COMPUTE IT DIRECTLY, OR USING THE PHOTON PDF

= PDF EXPRESSED IN TERMS OF THE STRUCTURE FUNCTION INTEGRATED OVER
ALL SCALES, INCLUDING ELASTIC FORM FACTORS

2 R . _
o130 1%) = 10" s
M2 5
1 fl dz fl_z dQ2 OéQ(Q2) 10-2 ! .
27"0‘(”2) x :132m12) Q2 NE [
1—=z p
o] 103 _-
2:c27n129 5 5 . 5 ;
opsa) + o e - r(2,07) | £ .\
107

[| —— LUXqed
L[ -~ NNPDF30

100 1000 10000
M [GeV]



OLD PROBLEMS
LESSONS LEARNT

e THE RELIABILITY OF PDF SETS CRUCIALLY DEPENDS ON THE

INCLUSION OF A WIDE ENOUGH DATASET

e FFN PDFS UNRELIABLE

e CAN FREELY CHOOSE MC OR HESSIAN PDF UNCERTAINTIES:
— MC ALLOWS REPRODUCING NON-GAUSSIAN BEHAVIOUR

— HESSIAN ALLOWS FOR OPTIMAL ACCURATE REPRESENTATION OF

GAUSSIAN UNCERTAINTIES
— COMPRESSION METHODS AVAILABLE IN BOTH CASES

— THE PHOTON PDF CAN BE COMPUTED FROM THE PROTON STRUCTURE

FUNCTION



OPEN PROBLEMS



PDF UNCERTAINTIES: THE STATE OF THE ART
THE KARLSRUHE PLOTS

S



PDF UNCERTAINTIES: THE STATE OF THE ART
(PDF4LHC15, NLO)

GLUON SINGLET FLAVORS
gg-luminosity relative uncertainty (%) qg-luminosity relative uncertainty (%) udbar-luminasity relative uncertainty (%)

7 10* p

PDF4LHC15 nlo_mc

fs=13.0 TeV

PDF4LHC15_nlo_mc
fs=13.0 TeV

e ——
PDF4LHC15_nlo_mc
fs=13.0 TeV

2 E Z C s
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E
13
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e GLUON BETTER KNOWN AT SMALL x, VALENCE QUARKS AT LARGE x, SEA QUARKS IN BETWEEN

e SWEET SPOT: VALENCE Q - G; UNCERTAINTIES DOWN TO 1%
e UP BETTER KNOWN THAN DOWN; FLAVOR SINGLET BETTER THAN INDIVIDUAL FLAVORS



« PDF UNCERTAINTIES: THE STATE OF THE ART
(PDF4LHC15, NNLO)

GLUON SINGLET FLAVORS
gg-luminosity relative uncertainty (%) qg-luminosity relative uncertainty (%) udbar-luminosity relative uncertainty (%)
10*

T
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e GLUON BETTER KNOWN AT SMALL x, VALENCE QUARKS AT LARGE x, SEA QUARKS IN BETWEEN

e SWEET SPOT: VALENCE Q - G; UNCERTAINTIES DOWN TO 1%
e UP BETTER KNOWN THAN DOWN; FLAVOR SINGLET BETTER THAN INDIVIDUAL FLAVORS

e NO QUALITATIVE DIFFERENCE BETWEEN NLO AND NNLO

CAN WE BELIEVE IN 1% PDF UNCERTAINTIES?



WHAT'S THE UNCERTAINTY
ON THE PDF UNCERTAINTY?

CT14

gg-luminosity relative uncertainty (%)

10*
CT14nlo
s=13.0TeV

M, (GeV)

10* e
T14nlo
{s=13.0TeV

¥

M, (GeV)

10*

10

q9
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gg-luminosity relative uncertainty (%)

T
MMHT2014nlo68cl
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B i m
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{s=13.0TeV

10
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NNPDF3.0

gg-luminosity relative uncertainty (%)
L B 50
NNPDF30_nlo_as 0118
f5=13.0 TeV

udbar-luminosity relative uncertainty (%)

NNPDF30_nlo_as 0118
5=13.0 TeV

e DIFFERENCES IN UNCERTAINTIES BETWEEN GLOBAL FITS ALWAYS OF
ORDER OF SEVERAL PERCENT

e UNCERTAINTY ON UNCERTAINTY SMALLER???



PDF UNCERTAINTIES: HOW MUCH DO THEY VARY?

e COMPUTE PERCENTAGE PDF UNCERTAINTY ON ALL DATA INCLUDED IN GLOBAL FIT

e COMPARE GLOBAL FITS

PERCENTAGE PDF UNCERTAINTY ON PREDICTIONS

entries

200

150

100

50

(N6t i atribnr it
iy distribution

NNPDF30 nlo_as 0118
------- median NNPDF30 nlo_as 0118
CT14nlo

------- median CT14nlo

e MMHT2014nlo68cl

------- median MMHT2014nlo68cl

1 2 3 4 5 6 7 8 9 10
relative error %

e MEDIAN SIMILAR

e DISTRIBUTION VERY DIFFERENT!

e NNPDF: SMALLER MODE, BUT FAT TAIL < GREATER FLEXIBILITY



WHY MORE FLEXIBLE IS BETTER

CLOSURE TEST PERFORMED WITH
DATA GENERATED BASED ON MSTO8

BGLUON PDF UNCERTAINTY NORMALIZED TO MSTWO0S8 FUNCTIONAL FORM
T T T T T T T T 3 _
ll e REFITTED EITHER WITH NNPDF OR
MSTW FUNCTIONAL FORM
1021 | S e LEVEL O: VANISHING DATA UNCER-
i : g TAINTY
’ — MSTW-CT: FIT HAS ZERO UN-
A ; 1 CERTAINTY
100 10" — NNPDF: ABOUT HALF OF TOTAL
UNCERTAINTY
i ey | e LEVEL 1: NOMINAL DATA UNCER-
Bl L e ] TAINTY, BUT REPLICAS FITTED W/O
iy ool o e PSEUDODATA
— MSTW-CT: FIT HAS SMALL UN-
107! 107"} CERTAINTY
: ABOUT 2/3 OF FINAL
UNCERTAINTY
0 10 10 102 10 100 107 2 04 06 o0 e LEVEL 2
@ x — NNPDF UNCERTAINTY LARGER
(C. Mascaretti, 2016) THAN MSTW-CT

— NNPDF UNCERTAINTY SIMILAR
TO TRUE MSTW



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

WHY MORE FLEXIBLE IS MORE DANGEROUS
NNPDF: 3.0 vs. 2.3

e REPEAT THE 3.0 FIT BUT WITH 2.3 DATASET

e COMPARE WITH 2.3 DATA & METHODOLOGY; 2.3 DATA BUT 3.0 METHODOLOGY;
3.0 DATA & METHODOLOGY

THE GLUON DISTRIBUTION

DEFAULT 3.0 VS DEFAULT 2.3 DEFAULT 2.3 VS. 2.3 DATA DEFAULT 3.0 VS 2.3 DATA
NNLO, 0,=0.118, Q° = 10* GeV* NNLO, ag = 0.118, Q% = 10* GeV? NNLO, ag = 0.118, Q% = 10* GeV?
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e MAIN METHDOLOGICAL DIFFERENT: MORE EFFICIENT GENETIC
MINIMIZATION

e THE METHODOLOGY HAS A DOMINANT EFFECT ON THE GLUON



CAN LHC RUN II DATA DATA HELP?

e DATA AT HIGHER CM ENERGY & INFO ON CORRELATION TO LOW ENERGY
— EXTENDED KINEMATIC COVERAGE & REDUCED SYSTEMATICS

e REDUCED STAT. UNCERTAINTIES

e PDF4LHC STUDY = MODERATE REDUCTION IN PDF UNCERTAINTY
EXAMPLE: IMPACT ON GLUON OF tt/Z RATIO

THE GLUON
CTEQ AFTER RUN II NNPDF AFTER RUN II
NOW & Q? = 10000 GeV? P Q? = 10000 GeV?
NNLO, Q? = 100 GeV? <] B CT10 g_ B NNPDF3.0
13 e : | BECT10+R,, 8 x2.0 5 B NNPDF3.0 + R, & x 2.0
o] B NNPDF3.0 A = BECT10+R;, 3 x1.0 X B NNPDF3.0 + R & x 1.0
_I%cT14 £ S B CT10+R;, 5 x0.5 S 7 B NNPDF3.0 + R, 8 x 0.5
8 20 MMHT14 £ £+ 2
= i S Jogef <) <
& % K X X
o o5l
> [%54%
x K<
2 Josst’
< bk 1
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e
0.8 Hf/?AtF/'z‘z‘er 0.8 Hﬁf’rf itter
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(PDFALHC: 1507.00556)
NOT VERY MUCH, IF EVERYTHING IS CONSISTENT



HOW LHC DATA MIGHT HELP
STRANGENESS & W PRODUCTION

ry(x = 0.023, Q%= 2.0 GeV?)

L A L L A B L B
ATLAS 1
NNPDF2.1 NNLO
NNPDF2.3 NNLO
NNPDF2.3 noLHC NNLO
NNPDF2.3 HERA+ATLASWZ NNLO
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e ATLAS INCLUSIVE W PRODUCTION DATA (2012) SUGGEST LARGE (/= 1) STRANGE

2y1s 2
FRACTION r4(z, Q%) = S(x’%();gf)’c? )

e HOWEVER LARGE UNCERTAINTIES (NNPDF2.3) =

CONSISTENT WITH PREVIOUS DET. (FROM NEUTRINO DATA) WITHIN UNCERTAINTIES

e STRANGENESS PROBED DIRECTLY IN W + ¢ PRODUCTION



W 4+ ¢ PRODUCTION AT THE LHC
e MEASUREMENTS BY ATLAS AND CMS CONSISTENT WITHIN UNCERTAINTIES

e COMPARE TO AVAILABLE DEFAULT FITS & TO NNPDF “COLLIDER ONLY” FIT (NO
NEUTRINO DATA) = TENSION BETWEEN DY AND NEUTRINO DATA

e ATLAS CENTRAL VAUE FAVORS DY MEASUREMENT, CMS CENTRAL VALUE FAVORS

NEUTRINO DATA

LHC MEASUREMENTS

ATLAS

CMS
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W PRODUCTION AT THE LHC: 2016

STRANGENESS RATIO
Q=100 GeV

T T 11T T T T T T T 1717 I I T T TTTT T IIII\'\ \l
S 3.1 NNLO global NAN
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e MORE PRECISE W PRODUCTION DATA PUBLISHED IN 12/2016
TENFOLD INTEGRATED LUMI WR TO 2012 RESULTS

e LEADS TO R,(0.023) = 1.19 & 0.08 BASED ON HERA+ATLAS FIT
(ATLAS, cONFIRMED BY NNPDF)

e BUT ONLY MINOR IMPACT ON GLOBAL FIT



THE ROLE OF NEW DATA:
LESSONS LEARNT

e MISTRUST ASSESSMENTS OF THE IMPACT OF NEW DATA X BASED ON A
HERA+X FIT

e NEW DATA ARE UNLIKELY TO REDUCE UNCERTAINTIES IF CONSISTENT WITH
EXISTING DATA, BUT MAY HAVE A SIZABLE IMPACT IF NOT CONSISTENT WITH
THEM

e NEW DATA CAN HELP IN LEAVING BEHIND DATA BASED ON OBSOLETE
PHENOMENOLOGY OR LESS RELIABLE THEORY:
— OLD FIXED TARGET DIS DATA
— DIS AND DY DATA ON NUCLEAR (DEUTERIUM) TARGETS
— NEUTRINO DIS DATA (ALL ON NUCLEAR TARGETS)

LHC DATA CAN HAVE A SIGNFICANT IMPACT ON FLAVOR SEPARATION
VERY IMPORTANT FOR NEW PHYSICS SEARCHES



COLLIDER ONLY PDFs
BEFORE THE LHC

LEAVING BEHIND UNSOUND DATA

THE NNPDF2.1 DATASET

| NNPDF2.1 dataset

10°

[y
o
Gl

Q* /M /pZ [ GeV?]
a 2

-
o
N

T T T T T T Ty T T T T T T T

g
o

£y

NMC:pd
NMC
SLAC
BCDMS
HERAI-AV
CHORUS
FLH108
NTVDMN
ZEUS-H2
ZEUSF2C
H1F2C
DYE605
DYE886
CDFWASY
CDFZRAP
DOZRAP
ATLAS-WZ
CMS-Zrap
CMS_WMUASY_234
CDFR2KT
DOR2CON
CMS_INCLJET_10

00 @@OXXXKXK++++++++++ +

+H

107

10* 10'3x 102 10"

NNPDF2.1 - COLLIDER ONLY

| NNPDF2.1 dataset - Collider only data |

[ GeV?]

10°

iy
o
C,l

Y
(=}
ry

T T T T TTI T T T

2
T

Q*/M?/p

Y
(=)
w

'y
(=}
N

.y
(=}

1

NMC:pd
NMC
SLAC
BCDMS
HERAI-AV
CHORUS
FLH108
NTVDMN
ZEUS-H2
ZEUSF2C
H1F2C
DYE605
DYE886
CDFWASY
CDFZRAP
DOZRAP
ATLAS-WZ
CMS-Zrap
CMS_WMUASY_234
CDFR2KT
DOR2CON
CMS_INCLJET_10

000 @OXXX¥X¥X+++++++++++

10

10

10 102
X

PDFs FROM HERA+TEVATRON DATA?

10



COLLIDER ONLY PDFs

BEFORE THE LHC

NOT A REALISTIC OPTION
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e GOOD ACCURACY FOR GLUON
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e GREAT LOSS OF ACCURACY FOR FLAVOR SEPARATION
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COLLIDER ONLY PDFs
AT THE LHC START

2012 DATA

NNPDF2.3 - COLLIDER ONLY
| NNPDF2.1 dataset + LHC - Collider only data |
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| NNPDF2.1 dataset - Collider only data |
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COLLIDER ONLY PDFs
AT THE LHC START

ISOTRIPLET: SEA ASYMMETRY:

(u+a) — (d+d) d—1u

xT3(x QZ) XAs(X )
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BETTER, BUT STILL NOT VIABLE:
e NNPDF2.3COLLIDER PDFS AFFECTED BY LARGE UNCERTAINTIES

e CRUCIAL MISSING INFORMATION FROM NEUTRINO AND DIS+DY WITH DEUTERON
TARGETS

e POOR DETERMINATION OF LIGHT FLAVOR DECOMPOSITION



COLLIDER ONLY PDFs
NOW: CURRENT GLOBAL FITS

NNPDF3.0: DEFAULT VS NNPDF2.3 DATASET

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

T TTT T T T—T TT IIII T T IIIIIII
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e SOME IMPROVEMENT IN GLUON UNCERTAINTIES DUE TO LHC JET DATA
e NEGLIGIBLE IMPROVEMENT IN FLAVOR DECOMPOSITION FROM EARLY LHC DATA
COLLIDER-ONLY PDFS STILL NOT REALISTIC



PDFs FROM THE LHC
BEHIND THE CORNER: NEXT GENERATION PDFs

NNPDF3.1 (PRELIM.) IMPACT OF CMS W 11: ANTIDOWN
PDF UNCERTAINTY
NNLO, Q?=10* GeV? NNLO, Q*=10* GeV?

L2 e o e - 0.08 Fe——r—— ..| -
H S NNPDF3.0 . NNPDF3.0 ]
115 s ND18O 0078 st ND180 =
T 77777 ND187 T 0.06[ 77 ND187 3
= 1.1 =TTr ]
< C & C ]
o r O’0.05F =
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e NNPDF3.1 WILL INCLUDE:
— Tevatron legacy Z rapidity, W asymmetry & jet data

— ATLAS W, Z rapidity, and total xsect (incl. 13TeV), high and low mass DY, jets
— CMS W asymmetry, W + c total & ratio, double-differential DY and jets

— LHCb W and Z rapidity distributions

— ATLAS and CMS Z pr distributions

— ATLAS and CMS top total cross-section & differential rapidity distribution

e NO TENSION = EACH DATASET SMALL IMPACT plot compares effect of adding CMS W u
8TeV, OVERALL IMPACT NOT NEGLIGIBLE

COLLIDER-ONLY PDFS POSSIBLE?



PDFS FROM THE LHC: OPPORTUNITIES
THE IMPACT OF THE Z TRANSVERSE-MOMENTUM DISTRIBUTIONS

GLUON ANTIUP
NNLO, Q°=10* GeV? NNLO, Q®>=10* GeV?
1 B NNPDF3.0 | | B NNPDF3.0
1.15[ --++-=== NNPDF3.1 (3.0 dataset) / 1.15[ ++====- NNPDF3.1 (3.0 dataset)
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e IMPACT BOTH ON GLUON AND QUARKS

e IMPROVEMENT IN PRECISION & IMPACT ON ACCURACY
e CMS AND ATLAS DATA CONSISTENT



PDFs FROM THE LHC: CHALLENGES
THE / TRANSVERSE-MOMENTUM DISTRIBUTIONS
AT THE 1% LEVEL

ATLAS 8 TEV NNLO THEORY VS DATA

vdld pullits X

. ATLASZPTSTEVMDIST Observables %2 distribution for ATLASZPT8TEVMDIST
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Data points x2

e CORRELATED SYSTEMATICS DOMINATES UNCERTAINTY, OF ORDER ~ 5%
= GOOD Y~ ~ 1 per dof DESPITE UNDERSHOOT

e UNCORRELATED UNCERTAINTIES BELOW OR MUCH BELOW 1%
e SIZABLE POINT-TO-POINT FLUCTATIONS IN THEORY PREDICTION



PDFs FROM THE LHC: CHALLENGES
THE Z TRANSVERSE-MOMENTUM DISTRIBUTIONS
AT THE 1% LEVEL

ATLAS 7 TEV K FACTORS

vy N VU SU, . S ]
: e E : :

LA2 | rvemmeiiniiny e ey AR P
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= s 8 _@TTULT . . E
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s : Error prediction | : ;
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(Boughezal, Liu, Petriello, 2016-2017)

LARGE NNLO CORRECTIONS ~ 10%
UNCORRELATED UNCERTAINTIES BELOW OR MUCH BELOW 1%
NOMINAL K-FACTOR UNCERTAINTIES VERY SMALL: UNDERESTIMATED?

EXTRA 1% THEORY UNCERTAINTY ESTIMATED BASED ON FLUCTUATIONS
W.R. TO INTERPOLATION (DASHED IN PLOT)



PDFs FROM THE LHC: WHEN DOES A SIGNAL BECOME A STANDARD CANDLE?

e SHOULD WE BE USING DOUBLE GAUGE PRODUCTION OR HIGGS PRODUCTION FOR PDF
DETERMINATION?

e EXPERIMENTAL & THEORETICAL ACCURACY ARE OR SOON TO BE COMPETITIVE

T I T T T | I T T T I T | I
ATLAS 4
HIGGS is =8 TeV, 20.3 fo' b WW = et iy
ATLAS and CMS -o- Observed 1o — Normalized Data | +
LHC Run 1 Th. uncert. — stat
Y b stat+syst
Lcl‘m Y74 > 4 2Pprox: NNLOSNNLL y WW > e'vev
o WwWw - [arXiv:1410.4745]
L _:._ approx. NNLO |
G : B [arXiv:1408.5243)] )
NNLO p_-Resum + WW = utv v
ATLAS+CMS (2016) A [arXiv:1£IO7.4481]
1 | 1 1 1 | 1 1 Il I ‘Y_{I7 1 1 1 1 | 1 1 1 I 1
0.4 0.6 0.8 1 1.2 1.4

e NNLO JETS!
e NNLO COMPUTATIONS FOR W + ¢ & Z + ¢ (SEE BELOW)

PROSPECTS & DESIDERATA

Ratio of predictions to measurement

e K-FACTORS TO 1% ACCURACY OR THEORY UNCERTAINTIES

e PDF DETERMINATION IS LAGGING BEHIND (SINGLE TOP! PROMPT PHOTON!)



COLLIDER PDFs:
LESSONS LEARNT

COLLIDER PDFS ARE BEHIND THE CORNER
CORRELATED SYSTEMATICS DOMINATE THE UNCERTAINTY
MUST CONTROL POINT-TO-POINT FLUCTUATIONS TO BETTER THAN 1%

MUST INCLUDE AN ACCURATELY ESTIMATES THEORY UNCERTAINTY



NEW PROBLEMS



PERTURBATIVE STABILITY 1
oN LO vs. NLO vs. NNLO PDFSSI

GLU NGLET
NNPDF3.0, o = 0.118, Q% = 2 GeV? NNPDF3.0, o = 0.118, Q% = 2 GeV?
e .
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e PERTURBATIVE ACCURACY OF PREDICTION LIMITED BY PERTURBATIVE ACCURACY OF PDF

o as(M:) ~ 0.1, as(Mp) ~ 1/2; as(Q3) = as(Q3) (1 + O(a2))
= LO: QUALITATIVE; NLO: QUANTITATIVE; NNLO: PRECISION



PERTURBATIVE STABILITY II
THEORY UNCERTAINTIES VS PDF UNCERTAINTIES
LO vs NLO vs LO-NLO SHIFT

GLUON SINGLET
NNPDF3.0, o = 0.118, Q* = 10* GeV? NNPDF3.0, o = 0.118, Q* = 10* GeV?
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e “DATA” PDF UNCERTAINTY INDEP. OF PERTURBATIVE ORDER
e NLO TH UNCERTAINTY COMPARABLE TO PDF UNCERTAINTY

e TH. UNCERTAINTY (MHOU) VS DATA UNCERTAINTY = LO: DOMINANT; NLO, COMPARABLE;
NNLO: SUBDDOMINANT



THEORETICAL UNCERTAINTIES ON PDFSs:

PDFS ARE DETERMINED BY COMPARING TO DATA THEORY AT SOME FINITE ORDER
AFFECTED BY THEORETICAL UNCERTAINTY JUST LIKE HARD CROSS-SECTIONS

NOT INCLUDED IN CURRENT “PDF UNCERTAINTY”
(ACCOUNTS ONLY DATA & METHODOLOGY)

CAN WE ESTIMATE THEM?

SCALE VARIATION DIFFICULT:
CORRELATED BETWEEN PROCESSES? HOW DOES IT CORRELATE WITH PROCESSES

IN WHICH PDFS ARE USED?
AT NLO: WE KNOW THE SHIFT TO NNLO

AT NNLO: LOOK AT THE BEHAVIOUR OF THE PERTURBATIVE EXPANSION
(CACCIARI-HOUDEAU)
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N°LO PDFs:

e NEEDED AT THE 1% ACCURACY LEVEL

e IMPACT OF N3LO DEPENDS ON PROCESS:

— HIGGS GLUON FUSION: PERTURBATIVE DEP. OF PDF NEGLIGIBLE IN COMPARISON TO MATRIX
ELEMENT — N3 LO NOT NEEDED; UNCERTAINTY ESTIMATED 1% BY ANASTASIOU ET AL.

— TOP: PERTURBATIVE DEP. OF PDF SMALLER, BUT NOT NEGLIGIBLE IN COMPARISON TO MATRIX
ELEMENT, ANTICORRELATED TO IT

= N3LO NECESSARY
SCALE UNCERTAINTY & DEP. ON PERTURBATIVE ORDER
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25 } c 1
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é r ' T = 200 E |
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XS order XS order

(s.f., Isgro, Vita, 2014)

WHEN WILL WE HAVE THEM?
e N3LO DIS COEFFICIENT FUNCTIONS KNOWN
e BOTTLENECK: N3LO ANOMALOUS DIMENSIONS
e ANOMALOUS DIMENSIONS: LO: 1974; NLO: 1981; NNLO: 2004; N3LO: 2030?



RESUMMED PDFS

e SO FAR NO RESUMMED PDF SETS AVAILABLE
GLUON: NLO vs NLL

LHC 13 TeV, NNPDFS.ODIS+DY+Top,ocS(MZ)=0.118 . PRELIMINARY STUDY: IF
e THRESHOLD RESUMMATION INCLUDED IN FIT
(DIS, DY, TOP DATA), EFFECTS
NOT NEGLIGIGLE AT NLLO, LARGE x, MORE MODER-
ATE AT NNLO

e EFFECT ON PDFS COMPARABLE TO EFFECT ON MATRIX
ELEMENT, ANTICORRELATED TO IT

e RELEVANT FOR NEW PHYSICS SEARCHES

Giluon - Gluon Luminosity

L M| n L
3
10 102 M, (GeV) 10
(Bonvini et al., 2015)
. SLEPTON PAIR PRODUCTION
GLUON: NNLO vs NNLL HIGGS IN GLUON FUSION VS m g
LHC 13 TeV, NNPDF3.0 DIS+DY+Top, ag(M,)=0.118 5 1 Slepton pair invariant mass, pp @ 13 TeV, m; = 564 GeV. Higgs cross section: gluon fusion
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w* [fb]

ELECTROWEAK CORRECTIONS
W PRODUCTION RATIOS LHC 13

ATLA CMS
NNPDF3.1 REPLICAS e s -
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e GLOBAL PDF SETS OVERSHOOT THE W™ /W~ (AND TO A LESSER EXTENT THE

W /Z) TOTAL CROSS-SECTION RATIOS

e EFFECT STATISTICALLY MARGINAL BUT SUGGESTS POSSIBLE SYSTEMATIC PROBLEM

e EW CORRECTIONS ALLEVIATE THE DISCREPANCY (REMOVE IT FOR THE Z

CROSS-SECTION)

e EW PS & FSR AT PERCENT OR SUB-PERCENT LEVEL:

THEORY CONSISTENTLY TREATED?



HEAVY QUARKS
W AND Z PRODUCTION

ko] -
— - ATLAS luminosity @ experimental uncertainties
g 1= 13Tev, 81 pb I experimental uncertainties
o — ® MMHT14nnlo68CL
~ 105 m NNPDF3.0
3 C v CTi4nnlo
= 1 A ABM12
o) A ATLAS-epWZ12nnlo
~ — O HERAPDF2.0nnlo
0.95— } (inner uncert.: PDF only)
09— N
= W W+ W~ /
0.855

e GLOBAL PDF SETS UNDERSHOOT THE Z (AND TO A LESSER EXTENT W)
CROSS-SECTION

e EFFECT STATISTICALLY MARGINAL BUT SUGGESTS POSSIBLE SYSTEMATIC PROBLEM



THE IMPACT OF THE CHARM MASS

PERTURBATIVE CHARM _
UP ANTIDOWN Qq LUMI
NLO, Q*=10* GeV? NLO, Q?=10* GeV? LHC 13 TeV, NLO, a¢(M,)=0.118

e — . —
0 nnpDF30 [ nnpDF30 H I wweorso
- N
]

23 NNPDF3.1 (PREL) wo new data 1.15}] 385 NNPDF3.1 (PREL) wo new data ! >
% g

%44+ NNPDF3.1 (PREL) %% NNPDF3.1 (PREL)

u(x, Q7 u(x Q) Irefl

I I | I L
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e DIFFERENCE BETWEEN 3.0 AND 3.1 W/. 3.0 DATASET: CHANGE OF THE VALUE OF
THE CHARM MASS (POLE) FROM 1.275 GeV (NNPDF3.0) To 1.47 (NNPDF3.1:
PDQG)
=> SHIFT LIGHT QUARK PDFS BY ONE SIGMA L.E. ~ 3%

e CURRENT GLOBAL PDF SETS HAVE m. = 1.275 GeV (NNPDF3.0) 1.3 GeV (CT14)
me. = 1.4 GeV (MMHT), MOSTLY ON HISTORICAL GROUND

e NO CURRENT PDF SET HAS A MASS UNCERTAINTY
(PAST SETS AVAILABLE FOR DIFFERENT m. VALUES)

e¢ WHY SUCH A BIG EFFECT?



FITTED CHARM vs PERTURBATIVE CHARM

LOW SCALE
PERTURBATIVE FITTED
NNPDF3 NLO Perturbative Charm, Q=1.65 GeV NNPDF3 NLO Fitted Charm, Q=1.65 GeV
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HIGH SCALE
NNPDF3 NLO Perturbative Charm, Q=100 GeV
1.25 LA B
¥ m=1.47 GeV
N m.=1.33 GeV
----- m.=1.61 GeV

¢ (x, Q%) /¢’ (x, Q3 [ref]

e PERTURBATIVE CHARM: DEPENDS SIGNIFICANTLY ON THE MASS
WHICH SETS THE PHYSICAL THRESHOLD; DEPENDENCE SEEN BOTH AT LOW AND
HIGH SCALE;

e FITTED CHARM: QUITE STABLE AT ALL SCALES



THE LIGHT QUARKS

DOWN
FITTED

NNPDF3 NLO Fitted Charm, Q=100 GeV

PERTURBATIVE
NNPDF3 NLO Perturbative Charm, Q=100 GeV
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ANTIUP

T

B m.=1.47 GeV
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m,=1.61 GeV

PERTURBATIVE CHARM: LIGHT QUARKS DEPEND SIGNIFICANTLY ON THE MASS
WHICH SETS THE PHYSICAL CHARM THRESHOLD; DEPENDENCE SEEN BOTH AT LOW AND HIGH

SCALE;
FITTED CHARM: LIGHT QUARKS INDEPENDENT OF CHARM MASS

M UNCERTAINTY REABSORBED IN PDF UNCERTAINTY



THE IMPACT OF THE CHARM MASS

FITTED CHARM

Uup ANTIDOWN
NNLO, @?>=10* GeV? NNLO, @*>=10* GeV?
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e DEPENDENCE ON MASS ALMOST DISAPPEARED!
e FIT MUCH CLOSER TO PREVIOUS NNPDF3.0
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THEORETICAL UNCERTAINTIES:
LESSONS LEARNT

THEORETICAL UNCERTAINTIES ARE NO LONGER SUBDOMINANT

PDF UNCERTAINTIES SHOULD INCLUDE SOME ESTIMATE OF MHOU

THE CHOICE OF HEAVY QUARK MASS VALUES MAY HAVE SIGNIFICANT

EFFECTS

HEAVY QUARK MASS VARIATION SHOULD BE PERFORMED

FITTED CHARM PDF LEADS TO INCLUSION OF MASS UNCERTAINTY INTO

PDF UNCERTAINTY



NO EFFECT THAT REQUIRES MORE THAN 10% ACCURACY IN
MEASUREMENT IS WORTH INVESTIGATING
Walther Nernst



Walther Nernst

ACCURACY OF OBSERVATION IS THE EQUIVALENT OF
ACCURACY OF THINKING

Wallace Stevens



