= [N 3PDF
PDFs WITH 1% ACCURACY

STEFANO FORTE
UNIVERSITA DI MILANO & INFN

UNIVERSITA DEGLI STUDI DI MILANO

R
DIPARTIMENTO DI FISICA I N F N
Fa 43

Istituto Nazionale di Fisica Nucleare

CMS SMP-COM MEETING JULY 6, 2021

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 740006




N 3PDF

Machme Learning « PDFs » QCD

PDFs WITH 1% ACCURACY

THE NNPDF COLLABORATION

RICHARD D. BALL, STEFANO CARRAZZA, JUAN CRUZ-MARTINEZ, LUIGI DEL DEBBIO,
STEFANO FORTE, TOMMASO GIANI, SHAYAN IRANIPOUR, ZAHARI KASSABOV,
JOSE I. LATORRE, EMANUELE R. NOCERA, ROSALYN L. PEARSON, JUAN ROJO,
ROY STEGEMAN, CHRISTOPHER SCHWAN, MARIA UBIALI, CAMERON VOISEY, MICHAEL WILSON

AMSTERDAM-CAMBRIDGE-EDINBURGH-INFN-MILAN-NIKHEF-SINGAPORE

VU e Nik[hef ERINUS

National University
of Singapore

UNIVERSITY OF
CAMBRIDGE

CMS SM MEETING JULY 6, 2021

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 740006



DATA

THEORY

METHODOLOGY

DATASET SELECTION

UNCERTAINTIES

VALIDATION

STABILITY

PHENOMENOLOGY

DELIVERY

SUMMARY

NNPDF4.0



DATA



107 4

106 4

105 4

Q? (GeV?)

103 4

102 4

101 4

Kinematic coverage

Fixed-target DIS

Collider DIS
. LI
Fixed-target DY L 2 §
Collider gauge boson production * o, = *oa oa §
Collider gauge boson production+jet  a * : * ﬁg
ﬁﬁﬁﬁﬁﬁ
Z transverse momentum & 4 x & *
; ; FF oy o ox ox ow @ @
Top-quark pair production Pl A
Single-inclusive jet production L S %5 3 ,,!
L. . * * x o K W A ey
Di-jet production & & & & & X ox o
Direct photon production o ; m,: Q“D ‘éo : f b
Single top-quark production * g% P @f
Black edge: new in NNPDF4.0 < ‘1&0 °°§j§ §
® 0q§ he 2] ﬁ 20
o ®0 o %O #*O

o * ocotoad > g &
qoqdaqoaduc ot dy ot Jua gl do o* *o
o *  0cot oo of ko o *o oM %o

0 w0 0 #0D>  of w0 Ok %0
SEAR SRS S *EATA P SR SR

I P e Tt )
A N TR AN
o, R % FUVE

- LI S v v
* %'
v v
v v v w v
g
VT VYWY w v
AT
vV v vV vV v A %A
AAA A
L\ v w
4 v v
v v
v
1074 103 1072 1071 100

ABOUT 50 NEW DATASETS &
400 EXTRA DATAPOINTS
FULL DIS AND FT DY DATASET

— ASIN NNPDF3.1: FINAL HERA, NMC,
BCDMS, CHORUS, NUTEV

— NOW ALSO NOMAD NEUTRINO
— SEAQUEST DY

FULL 7 TEV AND 8 TEV DATASET &
EXTENSIVE USE OF 13 TEV DATA:

— W, Z PRODUCTION: RAPIDITY DISTRI-
BUTIONS, ASYMMETRIES,
Z pT DISTRIBUTIONS

— TOP PAIR PRODUCTION: ALL AVAILABLE
DISTRIBUTIONS

— SINGLE-INCLUSIVE JETS

SEVERAL NEW PROCESSES:
— PROMPT PHOTON
— SINGLE TOP
— DIJETS
— HERA JETS



LHC DATA
LHCB

Data set NNPDF4.0 NNPDF3.1 ABMP16 CT18 MSHT20 o CUTOFF DATE AROUND 06/2020
LHCb Z 940 pb 4 4 x x 4 e DIJETS NOW INCLUDED ALONG WITH JETS
LH Z —ee2ib v v v v
b e ’ CANNOT INCLUDE SIMULTANEOUSLY FROM SAME
LHCb W, Z — p 7 TeV v v v v v
LHCh W 2 8 Tev Py y Py , y UNDERLYING DATASET
Zonem CMS
LHCb Z — pu,ee 13 TeV v X X X X
Data set NNPDF4.0 NNPDF3.1 ABMPl16 <CT18 MSHT20
AT S CMS W electron asymmetry 7 TeV v v X v v
Data set NNPDF4.0 NNPDF3.1 ABMP16 CT18 MSHT20 CMS W muon asymmetry 7 TeV v s v s X
ATLAS W, Z 7 TeV (2010) v v s 7 7 CMS Drell-Yan 2D 7 TeV v v X X v
ATLAS W, Z 7 TeV (2011) v v X v & CMS W rapidity 8 TeV v v v v v
ATLAS low-mass DY 7 TeV v v X X X CMS Z pr 8 TeV v v X v X
ATTLAS high-mass DY 7 TeV v v X X v CMS W +¢ 7 TeV v v X X s
ATLAS W 8 TeV v X X X v CMS W + ¢ 13 TeV v X X X X
ATLAS DY 2D 8 TeV v X X X v CMS single-inclusive jets 2.76 TeV X v X X v
ATLAS high-mass DY 2D 8 TeV v X X X v CMS single-inclusive jets 7 TeV X v X v v
ATLAS ow,z 13 TeV v X v X X CMS dijets 7 TeV v X X X X
ATLAS W +jet 8 TeV 4 A X L v CMS single-inclusive jets 8 TeV v X X v v
ATLAS Z py 8 TeV 7/ 7 f" 7 7 CMS 3D dijets § TeV X X X X x
ATLAS UE?t 7, 8 TeV 4 v v X X CMS U%?t 5 TeV N X v X X
ATLAS o9t 13 TeV v 7 v X X CMS oot 7, 8 TeV v v Y X v
ATLAS tt lepton+jets 8 TeV v v X v v CMS otot 13 TeV v v v X X
t di v _
ATLAS tt dilepton & TeV v ol X 4 CMS tt lepton+jets 8 TeV v v X X v
ATLAS single-inclusive jets 7 TeV, R=0.6 X v X 4 v _
sngleneimve e £ CMS # 2D dilepton 8 TeV v x x v v
ATLAS single-inclusive jets 8 TeV, R=0.6 v X X X X _
CMS tt lepton+jet 13 TeV v X X X X
ATLAS dijets 7 TeV, R=0.6 v X X X X _
CMS tt dilepton 13 TeV v X X X X
ATLAS direct photon production 13 TeV v X X X X
CMS single top oy + o3 7 TeV ' X v X X
ATLAS single top R 7, 8, 13 TeV v X v X X
ATLAS single top diff. 7, 8 TeV v x x X X CMS single top R: 8, 13 TeV Y * v X *
ATLAS single top diff. 8 TeV v X X X X
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ELECTROWEAK CORRECTIONS

e PineAPPL FAST INTERFACE TO Madgraph5_aMCGNLO AVAILABLE
(Schwan, Carrazza, Nocera, Zaro 2020)

= FULL NLO EW+QCD POSSIBLE
e DATA W/0O FSR & PHOTON-INITIATED SUBTRACTION OFTEN NOT AVAILABLE

e CURRENTLY USED FOR DATASET SELECTION:
= DISCARDED IF EW CORRNS EXCEED THRESHOLD

EXAMPLE: DRELL-YAN AT 14 TEV

NLO EW on/off [%]
o
S

QCD+EW vs. QCD
Differential Drell-Yan cross section at 14 TeV

o
T

—— NLO QCD
—— NLO QCD+EW
7-p. scale var.

PDF uncertainty [%)

PDF UNCERTAINTIES
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% of data

NUCLEAR CORRECTIONS

e INCLUDED AS CONTRIBUTION TO COVARIANCE MATRIX (FULLY CORRELATED)
(Ball, Nocera, Pearson, 2019)

e COMPUTED AS SHIFT BETWEEN NUCLEAR & STANDARD PDF

e DEUTERIUM PDF DETERMINED FROM SELF-CONSISTENT NNPDF FIT
(Ball, Nocera, Pearson, 2019)

e NUCLEAR PDFS FROM NNNPDF2.0 (Abdul Khalek, Ethier, Rojo, van Weelden, 2020)

IMPACT ON PDFs
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PDF POSITIVITY & INTEGRABILITY
e MS PDFS ARE NON-NEGATIVE!(Candido, Hekhorn, Forte, 2020)

e PDF POSITIVITY IMPOSED (PREVIOUSLY: OBSERVABLE POSITIVITY)
— SMALLER LARGE x UNCERTAINTIES

e SEA NONSINGLET COMBINATIONS INTEGRABLE:
GOTTFRIED u + @ — (d + d)

STRANGENESS u + @4 + (d + d) — 2(s + 3)
=> SMALLER SMALL & UNCERTAINTIES

IMPACT ON PDFSs

POS.: ANTIDOWN INTEGR.: GOTTFRIED SR INTEGR.: STRANGE SEA SR
dat 1.7 Gev T3 at 1.6 GeV T8 at 1.6 GeV
0.16 Methodology variation (68 c.l.+10) 777 NNPDF31 (68 c.l.+10)
\; NNPDF4.0 baseline (68 c.l.+10) % new methodology (68 c.|.+10)
0.14 1 0.25 1 1.0 4
0.12 1
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= 5 ] X r 0
,% 0.08 1 E 0.15 "E 0.6 1 :::E:r:tlh(ozilco;;::; cl.+10)
x x
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0.02 0051 024
0.00 - 0.00 1 0.0
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THE NNPDF CODE STRUCTURE

e MODULAR PYTHON-BASED CODE

e HIGH DEGREE PARALLELIZATION & HARDWARE ACCELERATION

AVERAGE FITTING TIME PER REPLICA AND USE OF RESOURCES
SAME DATASET FOR OLD AND NEW METHODOLOGIES IN CPU AND GPU
CPU: INTEL(R) CORE(TM) 17-4770 AT 3.40GHz; GPU: NVIDIA TiTAN V

| NNPDF31 CODEBASE | NNPDF40 CODEBASE INCPU | NNPDF40 CODEBASE IN GPU

TIME

| 15.2 H.

38 £ 5 MIN. | 6.6 MIN.

RAM USE

| 1.5 GB |

6.1 GB

| NA

[ FK Tables

[ Hyperopt

[ Experimental Data

L

—P[ Compute x? J

Sto

p? )

el

| Optimisation

.| APFEL post-fit LHAPDF
| evolution selection grid



MINIMIZATION AND CROSS-VALIDATION

DATA REPLICAS = PDF REPLICAS
EACH PDF REPLICA: PREPROCESSED NEURAL NET
NEURAL NET = OBSERVABLES

RANDOM TRAINING-VALIDATION SPLIT, X2 TO TRAINING DATA REPLICAS MINIMIZED
TRAINING STOPS IF VALIDATION X2 GROWS FOR A WHILE (PATIENCE)

LOWEST VALIDATION X2 = OPTIMAL FIT

[ . J

{2y [f ;“n (z) )Jé[normalization] ] ® S

v (128 ) > 0 —| 7, | >0,

|

next training step ]

[cou.nter ++] [ counter > max END J

No

positivity fulfilled? J

Yes

N

3

X2 < best x?

Yes

4[ reset counter — best x% = Xim}




HYPEROPTIMIZATION

e PARAMETRIZATION AND MINIMIZATION PARAMETERS VARIED
e SCAN OF PARAMETER SPACE

e BAYESIAN UPDATING LEADS TO BEST METHODOLOGY

24 I i 24
22 22
g g
18 18
16 1.6 ey
2 Adadel Adam 10 10- 102
rnini

number_of_layers glorot initializer mode optimizer



K-FOLDING

:{ Generate new hyperparameter configuration
I
Fit to subset of folds

I
hyperopt l l l l

folds 1,2,3 | | folds 1,2,4 | | folds 1,3,4 | | folds 2,3.4 ’
[ | | |
X4 X3 X2 X1

e HYPEROPTIMIZATION => OVERFITTING (x? TOO GOOD)

e CHECK GENERALIZATION POWER: K -FOLDING
— DIVIDE DATA IN FOLDS
— EXCLUDE ONE FOLD IN TURN FROM FIT
— OPTIMIZE ON THE X2 OF THE EXCLUDED FOLDS
— BEST AVERAGE OR BEST WORST

Fold 1

CHORUS 0¥

HERA I+II inc NC etp 920 GeV

BCDMS p

LHCb Z 940 pb

ATLAS W, Z 7 TeV 2010

CMS Z pr 8 TeV (%, yu)

DY E605 o}y

CMS Drell-Yan 2D 7 TeV 2011

CMS 3D dijets 8 TeV/

ATLAS single-Z y (normalised)

ATLAS single top R 7 TeV

CMS ¢F rapidity y,z

CMS single top R; 8 TeV

Fold 2

HERA I+IT inc CC e p

HERA T+ inc NC e*p 460 GeV

7 red
HERA comb. o}

NMC p

NuTeV ¥

LHCb Z — ee 2 fb

CMS W asymmetry 840 pb

ATLAS Z pr 8 TeV (pl, My)

DO W — p asymmetry

DY E886 ob,

ATLAS direct photon 13 TeV

ATLAS dijets 7 TeV, R=0.6

ATLAS single antitop y
(normalised)

CMS otot

CMS single top o¢ + o7 7 TeV

Fold 3
HERA I+11 inc CC e*p HERA I+1I inc NC etp 575 GeV NMC d/p
LHCb W, Z — i 7 TeV LHCb Z — ce

NuTeV ¥

TeV 2011 Central
selection

ATLAS

ATLAS W+ +jet 8 TeV

ATLAS HM DY 7 TeV,

CMS W asymmetry 4.7 fb

DYE 866 off /b

CDF Z rapidity (new)

ATLAS 01"

ATLAS single top y¢ (normalised)

CMS 0" 5 TeV

CMS tE double diff. (my7, ye)

Fold 4

CHORUS 0%,

HERA I+I1 inc NC e™p 820 GeV.

LHCb W, Z — pu 8 TeV.

LHCb Z — pp

ATLAS W, Z 7 TeV 2011 Fwd

ATLAS W™ +jet 8 TeV,

ATLAS low-mass DY 2011

ATLAS Z pp 8 TeV (plk, yu)

CMS W rapidity 8 TeV

DO Z rapidity

CMS dijets 7 TeV

ATLAS single top y; (normalised)

ATLAS single top Ry 13 TeV

CMS single top Ry 13 TeV'

xs(x)

NO K-FOLDING

sat 1.7 GeV
all hyperparameters optimized
0.08 poor clipnorm
0.06
0.04
0.02
0.00
0.2 0.4 0.6 0.8

K-FOLDING VARIATION

gat1l.7 GeV

average (68 c.\.+10)
1 max (68 c.l.+10)

1075 1074 1073




THE ML METHODOLOGY

HYPEROPTIMIZED PARAMETERS

Parameter NNPDF4.0 L as in Eq. (3.21) Flavour basis Eq. (3.2)
Architecture 25-20-8 70-50-8 7-26-27-8

Activation function hyperbolic tangent | hyperbolic tangent | sigmoid

Initializer glorot_normal glorot_uniform glorot normal
Optimizer Nadam Adadelta Nadam

Clipnorm 6.0x1076 5.2x1072 2.3x107°

Learning rate 2.6x1073 2.5%x1071 2.6x1073

Maximum # epochs 17x103 45%103 45%103

Stopping patience
Initial positivity A(Pos)

Initial integrability A%

10% of max epochs
185
10

12% of max epochs
106
10

16% of max epochs
2
10

NN ARCHITECTURE

x Inx
e 0

nM =2

* ® e e n® =38
XZ(x, Qp)  xV(x,Qp)  xV3(x,Qp)  xVi(x,Qp) xT3(x,Qp) xTy(x,Qp)  xT5(x, QO))
xu(x, Q) X Q) xd(x.Q)  xdx,Q) xs(Q) x50y  xc*(r.Qp))

/7 r/r | 2
(Xg(x, Q)
(xex, Q)

e HYPEROPT ADAPTS TO EXTERNAL CHOICES (E.G. PARAMETRIZATION BASIS)

e SIMILAR RESULTS CAN BE OBTAINED WITH RATHER DIFFERENT SETTINGS
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DATA “TENSION”
PROBLEMATIC DATA

X’~1 51 < POOR FIT QUALITY
X

MISSING HIGHER-ORDER CORRECTIONS
NO RESUMMATION WHERE NEEDED
ILL-CONDITIONED COVARIANCE MATRIX
EXPERIMENTAL ISSUES

THE WEIGHTED FIT METHOD

e FLAG PROBLEMATIC DATASETS:
— LARGE )2
— LARGE FROBENIUS NUMBER OF COVMAT
(EIGENVALUES TOO SMALL)

e REPEAT GLOBAL FIT WITH LARGE WEIGHT GIVEN
TO EACH PROBLEMATIC DATASET IN TURN

e x” OF DATASET
— UNCHANGED => INTERNAL INCONSISTENCY
— DECREASES = TENSION

e GLOBAL Y~
— UNCHANGED => CONSISTENT, KEEP
— INCREASES => INCONSISTENT, DISCARD



DATA “TENSION”
PROBLEMATIC DATA

X’~1 5 1 < POOR FIT QUALITY
X

INCONSISTENT!
uatl.7 GeV

NNPDF4.0 (weighted data set) (68 c.l.+10)
S0 NNPDF4.0 (extended data set) (68 c.l.+10)

~
L

[=)]
"

MISSING HIGHER-ORDER CORRECTIONS
NO RESUMMATION WHERE NEEDED
ILL-CONDITIONED COVARIANCE MATRIX
EXPERIMENTAL ISSUES

Ratio to NNPDF4.0 (extended data set)
N T N N |

o
L

THE WEIGHTED FIT METHOD

INCONSISTENT!
uat 1.7 GeV

0.10 NNPDF4.0 (weighted data set)

FLAG PROBLEMATIC DATASETS:
- LARGE X2 0.08
— LARGE FROBENIUS NUMBER OF COVMAT (EIGEN- 2 0061
VALUES TOO SMALL) % o00]

REPEAT GLOBAL FIT WITH LARGE WEIGHT GIVEN TO

EACH PROBLEMATIC DATASET IN TURN 0.02
0.00 A

02 0.4 0.6 08

2 OF DATASET
— UNCHANGED => INTERNAL INCONSISTENCY
— DECREASES = TENSION

GLOBAL 2
— UNCHANGED => CONSISTENT, KEEP
— INCREASES => INSONSISTENT, DISCARD
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UNCERTAINTIES: FROM NNPDF3.1...

GLUON SINGLET FLAVORS
Relative uncertainty for gg-luminosity Relative uncertainty for gqg-luminosity Relative uncertainty for ud-luminosity
NNPDF3.1 (NNLO) - V'S = 14000.0 GeV NNPDF3.1 (NNLO) - V'S = 14000.0 GeV NNPDF3.1 (NNLO) - VS =14000.0 GeV
10% 50 50 50
25 g 25 g 25 g
> > >
103 4 < < <
> w0g > 0g S 10 £
8 g & g & g
x S x 5 x %
= 5 3 = 5 [ = 5 o
> > >
102 B 5 2
k] k] ©
o< o o
1 1
10! 1
-4 -2 -4 -2
y y
Relative uncertainty for gg-luminosity Relative uncertainty for qg-luminosity Relative uncertainty for dd-luminosity
NNPDF3.1 (NNLO) - V'S = 14000.0 GeV NNPDF3.1 (NNLO) - V'S = 14000.0 GeV NNPDF3.1 (NNLO) - Vs =14000.0 GeV
1044 50 1044 50 10* 4 50
25 g 25 g 25 g
> > >
103 4 < 103 < 103 4 I
s 0g = 0g = 108
5] g & g 8 g
b3 g x S x g
s 5 9 = 5 9 = 5 o
> > >
10? = 10? s 10? s
k] K] k]
o o o
1 1
10! 10! 10! 1
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
y y y

e TYPICAL UNCERTAINTIES IN DATA REGION: SINGLET ~ 3%, NONSINGLET ~ 5%

e DATA REGION: 10 < Mx <103 TEV, —2 Sy <2



UNCERTAINTIES: ... TO NNPDF4.0

Relative uncertainty for gg-luminosity Relative uncertainty for qg-luminosity Relative uncertainty for ud-luminosity
NNPDF4.0 (NNLO) - v's = 14000.0 GeV NNPDF4.0 (NNLO) - v's = 14000.0 GeV NNPDF4.0 (NNLO) - V'S =14000.0 GeV
10% 4 50 10% 4 50 50
25 3 25 3 25 3
> > >
103 £ £ <
> e s s > 10 8
= S = 5 = 5
s 5 o = 5 o = 5 9]
> > >
10? 2 2 2
] © K]
o o o
1
10t 1 1
-2 0
y y y
Relative uncertainty for gg-luminosity Relative uncertainty for qg-luminosity Relative uncertainty for da-luminosity
NNPDF4.0 (NNLO) - v's = 14000.0 GeV NNPDF4.0 (NNLO) - v's = 14000.0 GeV NNPDF4.0 (NNLO) - Vs = 14000.0 GeV
10% 4 50 10% 4 50 1044 50
255 255 55
> > >
103 5 < 102 { < 103 4 £
s> g > 0 > 108
8 g 8 g & g
< S < 5 < S
= 5 [ = 5 ) = 5 o
> > >
102 ] 102 ] 102 ]
9] ] ©
o o o
1 1
10! 10! 10! 1
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
y y y

e TYPICAL UNCERTAINTIES IN DATA REGION: SINGLET ~ 1%, NONSINGLET ~ 2 — 3%

e DATA REGION: 10 S Mx < 3-10° TEV, -4 Sy <4



DIS NC

x? for DIS NC

NMCPD_dw_ite

HERACOMB_SIGMARED B

HERACOMBN(EPE20 SLACD_dw_ite

HERACOMBNGEPS 75 BCPMSP_dwsh

HERACOMBNCEP#6Q

HERACOMBNCEM

NNPDF4.0

TOP PAIR

x? for TOP

ATLASTTBARTOT7TEV

ATLAS TTBARTOT_13TEV_FULLLUMI
25

2.0
15
fTT_TRAP_NORM 1.0

0.5

CMS_TTBAR_2D_DIFF_| ATLAS_TTE_DIRF_8TEV_Lj TRAPNORM

CMSTTBARTOTSTEV. ATLAS. 778 DIFf_8TEV_Lj_TTRAPNORM

CMSTOPDIFFSTE! ATLAS_TOPDIFF JILEPT_8TEV_TTRAPNORM

STTBARTOT7TEV

CMSTTBARTOTSTEV

NNPDF4.0

CMS_2JET_30/8TEV

NNPDF4.0 FIT QUALITY

DIS CC DY

x2 for DIS CC

CHORUSNUPb_dw_ite

x? for DY
LHCB_Z_13Tev DIEREERR M R a86P

LHCB_Z_13TEV_DIMUON DYE605_dw_ite

906R_dw_ite

CBEZRAP_NEW
HERACOMBGZCEP.

CHORNSNBPb_dw_ite

LHCBZEE2FE_ 40

DQZRAP_40
LHCBZ940P DOWMASY

CMSZDIFF12 ATLAJWZRAP36PB

CMSWMUSITEV ATLASZHIGHMASS49FB
CMSDY2011

OMASSDY11EXT
HERACOMBGCEM

NTVNYOMNFe_dw_ite CMSWMASYY7FB

CMSWEASY84QPB

ATLASZPTSTE!

NTVNBDMNFe_dw_ite

ATLASZPTBTEVMD BY_2D_8TEV_LOWMASS

ATLAwa'ﬂﬂSW%@—FWJETEV

NNPDF4.0 NNPDF4.0

JETS

X2 for JETS/DIJETS/PHOTON

ATLAS_1JET_BTEV_R06_DEC

SINGLE TOP

x2 for SINGLETOP

ATLAS_SINGLETOP_TCH_R_7TEV

CMS_SINGLETOP_TCH-R LETOP_TCH_R_13TEV

RJET_TTEV_ROG

CMS_SINGLETOP_JICH_R_8TEV

ATLAS_SINGLETOP_TCH_DIFF_7TEV_T_RAP_NORM

CMS_SINGLETOP_T {_DIFF_7TEV_TBAR_RAP_NORM

ATLAS_SINGLETOP_TCH_DIFF_STENT

GEERORNCH_DIFF_STEV_T_RAP_NORM

NNPDF4.0

NNPDF4.0

® MOST X2 VALUES OF ORDER ONE PER DATAPOINT

® OUTLIERS = FLAGGED DATASETS

® LARGE DATASETS (DIS) WELL FITTED
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CLOSURE TESTS
FAITHFUL UNCERTAINTIES IN DATA REGION?

ASSUME “TRUE” UNDERLYING PDF = E.G. SOME RANDOM PDF REPLICA
GENERATE DATA DISTRIBUTED ACCORDING TO EXPERIMENTAL COVARIANCE MATRIX
RUN WHOLE METHDOLOGY ON THESE DATA

DO STATISTICS ON “RUNS OF THE UNIVERSE”, POSSIBLE THANKS TO EFFICIENT METHDOLOGY:
COMPARE TO TRUE PDFS, OR TO TRUE VALUES OF OBSERVABLES (NOT FITTED)

— BIAS/VARIANCE: MEAN SQUARE DEVIATION WR TO TRUTH VS UNCERTAINTY
— IS TRUTH WITHIN ONE SIGMA 68% OF TIMES?

RESULTS
BIAS /VARIANCE ONE SIGMA

Ry bootstrap error iiata) bootstrap error  erf(Ry,/v2)  bootstrap error
experiment experiment
SeaQuest 0.99 0.10 SeaQuest 0.67 0.05 0.69 0.05
ATLAS 1.08 0.04 ATLAS 0.69 0.02 0.64 0.02
CMS 1.04 0.06 CMS 0.68 0.02 0.67 0.03
LHCDH 0.92 0.07 LHCb 0.68 0.04 0.72 0.03




FUTURE TESTS
FAITHFUL UNCERTAINTIES IN EXTRAPOLATION?

e DETERMINE PDFS FROM A SUBSET OF CURRENT DATA: “PRE-HERA”, “PRE-LHC”,. ..

e COMPUTE X2 TO THE FULL CURRENT DATASET:

— WITHOUT PDF UNCERTAINTIES => IF > 1, MISSING INFORMATION
— WITH PDF UNCERTAINTY = IF ~ 1, MISSING INFO REPRODUCED BY UNCERTAINTY

x2 wiTHoOUT/wITH PDF UNC.

VALENCE: PRE-HERA VS

PRE-LHC vs NNPDF4.0 PROCESS | PRE-HERA | PRE-LHC | 3.1-LKE | 4.0-GLOB
FT DIS (NC) | 1.04 | 1.17 | 1.17 | 1.26
O . | FTDIS (CC) | o8 | o8 | 08 | 090
\‘\,
Lok RN 4| FTDY | 0.93 | 1.27 | 1.43 | 1.59
= s
o ARG HERA | 24.01/1.12 | 122 | 121 | 121
10 S
S\ ~— =Tl CoLL. DY (TEv.) | 5.31/1.08 | 096 | 0.95 | 113
0.8 ‘I CoLL. DY (LHC) | 15.50/1.37 | 2.64/1.54 | 1.39 | 154
!L TOP QUARK | 23.35/1.08 | 1.29/0.86 | 0.82 | 098
0.6 :
11 | IIIII| I 11 I\I\II 1 I 1 \IIIII 11 | IIIH| 11 | I\Ill JE’IS | 6-18/1.21 | 3.66/1029 | 2.07/1.37 | 1.26
10-° 10~ 1073 102 107!
TOTAL | 9.70 | 1.44 | 1.22 | 117




STABILITY



e PDFS BY DEFAULT PARAMETRIZED IN “EVOLUTION BASIS”:

PARAMETRIZATION BASIS

SINGLET ¥ = >".q; + @;, VALENCE V = >".q; — q;, TRIPLET T3 = u + @ — (d+d), ...

e WHAT IF ONE CHOOSES THE “FLAVOR BASIS”: u, @, d, d?

e COMPLETE STABILITY OF RESULTS!

UP
uat 1.7 GeV

77 Methodology variation (68 c.l.+10)
NNPDF4.0 baseline (68 c..+10)

02 0.4 06 08

0.4 |

0.3 1

xd(x)

0.1

0.0 1

DOWN
dat 1.7 GeV

77 Methodology variation (68 c.l.+10)
NNPDF4.0 baseline (68 c.l.+10)

02 0.4 0.6 08

GLUON
g at 1.7 GeV

77 Methodology variation (68 c.l.+10)
NNPDF4.0 baseline (68 c.l.+10)

02 0.4 06 08



e SUBSTANTIAL REDUCTION IN UNCERTAINTY
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e DIS-ONLY FIT NO LONGER COMPETITIVE
e HADRONIC DATA NEEDED FOR PRECISION
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NNPDF4.0 VS COLLIDER ONLY
e COLLIDER ONLY COMPETITIVE!

e ONLY DEUTERIUM FIXED-TARGET DATA STILL RELEVANT
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PHENOMENOLOGY



REPRESENTATIVE PROCESSES
e EW CORRECTIONS UNDER CONTROL

e SMALL UNCERTAINTIES
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DELIVERY



AN OPEN SOURCE CODE!
e THE FULL NNPDF CODE WILL BE MADE PUBLIC!

e INCLUDING HYPEROPTIMIZATION, EVOLUTION, THEORY, FITTING, VISUALIZATION

e FULLY DOCUMENTED CODE

An open-source machine learning framework for
global analyses of parton distributions

The NNPDF Collaboration: Richard D. Ball - Stefano Carrazza -
Juan Cruz-Martinez - Luigi Del Debbio - Stefano Forte -
Tommaso Giani - Shayan Iranipour . Zahari Kassabov - Jose

I. Latorre - Emanuele R. Nocera - Rosalyn L. Pearson - Juan
Rojo - Roy Stegeman - Christopher Schwan - Maria Ubiali -
Cameron Voisey - Michael Wilson

Fig. 2.1

Experimental data:
buildmaster

Postfit selection

LHAPDF
grid

Fit analysis:
validphys

Workflow for an NNPDF fit



OUTLOOK



THE ACCURACY CHALLENGE

AT 1%, NOT ALL REDUCED DATASETS AGREE

MUST INCLUDE MISSING HIGHER-ORDER CORRECTION UNCERTAINTIES
INCLUDE EW CORRECTIONS

GO BEYOND K -FACTORS

WEIGHT SMALL DATASETS
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