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FACTORIZATION REMINDER I:
DEEP-INELASTIC SCATTERING

THE STRUCTURE FUNCTIONS

d?o*v M (x,y, Q%) GE

i
Q

Lepton fractional energy loss: y = ;

&

po
gauge boson virtuality: ¢? = —Q?
Q2

2p-q
lepton-nucleon CM energy: s =

Bjorken x: x =
Q% .
xy’
virtual boson-nucleon CM energy W?2 = QQl_Tm;

Q2

dxdy - om(1+ Q2/m3,)? xy

[_Aey (1 - %) zF3(x, Q%) + (1 — y) Fa(x, Q%)

+y 2 Fi (2, Q)] — 20 [ Xew(2 — v)zg1 (2, Q%) — (1 — y)ga(w, Q%) — yPxgs (2, Q%))

A; — lepton helicity
Ap — proton helicity

PARITY CONS. PARITY VIOL.
UNPOL. Fy, Fo F3
POL. g1 g4, g5




FACTORIZATION REMINDER I
STRUCTURE FUNCTIONS AND PDFS

STRUCTURE FUNCTION=HARD COEFF. (PARTONIC STRUCTURE FUNCTION) QPARTON DISTN.

Fy(z, Q2 = CBZ fl dyC (048 QQ) x) [Qz(yaQQ) +Qz(yaQ2)} Cy <C\43(Q2), %)g(yaQQ)

q; quark, g; antiquark, g gluon



CIX(Sa

A42

FACTORIZATION REMINDER II

HADRONIC PROCESSES
THE PARTON LUMINOSITY

d.flj‘l dCCQ fa/hl (xl)fb/hg (:CQ)OA-C]aQb_)X (3313328, Mi)

Gx(S,MQ):O'()Z fl dz ;o ( )C(x,as(M%I))

® PARTON LUMINOSITY L (7) = f: 9z o ihy (@) fo/hy (T/2)

=Yl

min

. M%
¢ COEFFICIENT FUNCTION &, 4, X (a:la:2s, M§<) = 00C ( S(MJ%I))

s = (p1 + p2)*

= M?

dM?2

P2

P1

do __

EXAMPLE!

= 0oL (7);

xlmgs’

THE DRELL-YAN PROCESS
AT LEADING ORDER

Hadronic c.m. energy: s = (p1 + p2)2

Momentum fractions z1, 2 = \/g exp T y;
Lead. Ord. § = M?

e Partonic c.m. energy: s = x1x2Ss
e Invariant mass of final state X

(dilepton, Higgs,...):
M{%V = scale of process

A2
Scaling variable 7 = —=



FACTORIZATION REMINDER III
EVOLUTION EQUATIONS...

%QNS(Na Q2) — a;f_rt) 7$S<Naas(t))QNS(Na Q2>a
a ( S(N, Q?) ): s (t) ( vgq(N,as(t)) 2n s, (N, as(t)) ) ( S(N, Q%) )
dt \ g(N,Q?) 21\ Vgq(N s (t)) 5, (N, as(t)) g(N,Q*) )

. Q2
LOG SCALE t = In AT

ANOMALOUS DIMEllNSIONS VS. SPLITTING FUNCTIONS
V(N as(t)) = fo dx N "1 P(z, as(t))

SINGLET Z(xa QQ) — Z:L:fl (qz (.CU, QQ) + q; (.Cl’,‘, QQ)) VS.
NONSINGLET ¢V (z, Q%) = qi(z,Q?) — q;(x, Q?)
COMBINATIONS OF QUARK PDFs

PERTURBATIVE EXlgANSION OF ANOMALOUS DIMENSION
Yi(N, as(8) = 1 (V) + as (O (V) + ... =

LOG RESUMMATION: LO < LLQ?; NLO < LLQ?, ...



FACTORIZATION REMINDER III

...& THE LEADING ORDER ANOMALOUS DIMENSIONS
B 7 T [ T ] 18 R
F Yaq _ 5- Vag ]
_mz- I ol | | L.
16 16 I I
6 — 6 — 7gg —
_m- I I _m'........l....l....:
' QUALITATIVE FEATURES '

e AS Q2 INCREASES, PDFS DECREASE AT LARGE x & INCREASE AT SMALL x DUE TO RADIATION
e GLUON SECTOR SINGULAR AT N = 1 = GLUON GROWS MORE AT SMALL x

® Y4¢(1) = 0 = NUMBER OF QUARKS CONSERVED



FACTORIZATION IV
PARTON KINEMATICS vs. HADRON KINEMATICS

o(r) = [ W LiiWe () Lijly) = I L1 gi(y)a; (L)

T Yy
q; QUARKS AND GLUONS

PARTONIC CHANNEL ij DEPENDS ON PHYSICAL PROCESS (e.g. W1 = ud fusion)

WHICH PARTON MOMENTUM FRACTIONS CONTRIBUTE TO A GIVEN HADRONIC PROCESS ?
INVERSION OF MELLIN TRANSFORMS

Jn = fxl mn_lf(x) & F(r) = f_—HOO " fn

T
100
integrate to the right of convergence abscissa

MELLIN INVERSION DOMINATED BY SADDLE POINT

POSITION OF SADDLE CONTROLLED BY LUMINOSITY
DEPENDENCE ON z OF £ POWERLIKE, OF 6 LOGARITHMIC

PDF PEAKED AT SMALL x (“SEA” @ VS. “VALENCE” ¢ — q) = LUMI PEAKS AT SMALL N

SADDLE VS T = Q%/s

T T — ]
8 pure sea |
sea—valence

0 1 P S T T B L L1111
0.001 0.005 0.01 0.05 0.1



THE PDFSs

T L L LLL I L 1 LI R 1_

NNPDF3.0 (NNLO) ]
xf(x,42=10 GeV?) ]

0.9k

£ 0.7}
] 0.6}
: 0.5f
: 0.4f

0.2F . . 0.2}

gH0

xf(xu2=10* GeV?)

b) -

0.1f \ ] 0.1f \
ob—— m L1 |--|-.|--|'|""' A\ pb—r 1 111 m L1 ||||'|r1:‘ -
10° 102 107 1 10° 1072 10"
X X

THE MOMENTUM PROBABILITY DENSITY z f; (x) IS SHOWN AT
TWO DIFFERENT SCALES (LEFT = LOW SCALE; RIGHT = HIGH SCALE)

(PDG 2016)

PDFS VS x AT ONE SCALE Q(Q) — DETERMINED FOR ALL SCALES BY EVOLUTION EQUATIONS

AS z > 1 KINEMATIC CONSTRAINT f;(x) =0

“VALENCE” UP AND DOWN: PEAKED AT x ~ 0.3; EXPECT fo(z) ~ (1 — :c)f

“SEA” ANTIQUARK AND GLUON GROW AT SMALL x

x—1

“SINGLET” AND GLUON MIX = ALL PDFS LOOK THE SAME AS x — (



PDF DETERMINATION

DATA — PARTON DISTRIBUTIONS

Kinematic coverage

Fixed target DIS

) Collider DIS <
4 Fixed target Drell-Yan <
5 Collider Inclusive |et Production 7
10 E Collider Drell-Yan
] Z transverse momentum
] Top-quark pair production
41 O Black edge: New in NNFDF3.1 {gﬁiﬂq
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ISSUES AND TASKS:

FROM PHYSICAL OBSERVABLES TO PDFS: SOLVE EVOLUTION EQUATIONS,
CONVOLUTE WITH PARTON-LEVEL CROSS-SECTIONS

DISENTANGLING PDFS: CHOOSE A BASIS OF PDFs (2N f QUARKS + 1 GLUON) & A SET OF
SUITABLE PHYSICAL PROCESSES TO DETERMINE THEM ALL

PROBABILITY IN THE SPACE OF FUNCTIONS: CHOOSE A STATISTICAL APPROACH (HESSIAN,
MONTE CARLO, ...)

UNCERTAINTY ON FUNCTIONS: CHOOSE A FUNCTIONAL FORM



DISENTANGLING PDFs
DEEP-INELASTIC SCATTERING DATA ON PROTON ABUNDANT AND PRECISE

CC Fi AND F35 IN PRINCIPLE PROVIDE FOUR COMBINATIONS, AND NC F} TWO MORE
=> ALL LIGHT FLAVORS

HERA DATA ONLY DETERMINE FOUR COMBINATIONS OF PDFSs:
FIXED COMBINATION OF F; F3, SO NC AND +CC WITH e®, PLUS SEPARATE NC Y
AND Z FROM SCALE DEPENDENCE

W= AND Z PRODUCTION (INCLUDING DOUBLE DIFFERENTIAL: MASS AND RAPIDITY)
PROVIDE A LARGE AMOUNT OF INFORMATION

WHEN PRODUCING ELECTROWEAK FINAL STATES, THE GLUON CAN ONLY BE
ACCESSED FROM SCALE DEPENDENCE OR HIGHER ORDERS
...EXCEPT IN HIGGS PRODUCTION!

JET PRODUCTION GIVES A DIRECT HANDLE ON THE GLUON



FLAVOR SEPARATION FOM DIS & DY:
LEADING ORDER PARTON CONTENT

DEEP-INELASTIC SCATTERING

NC 7 =) el (¢ + @) 7 . Ve )

Z,int. __ —

NC ™™ =) Bi(di + @) uct | +2/3 (£1/2—4/3sin°0w)  +1/2

- NC F32™ =3" Di(qi+ @) dsb | -1/3  (=1/2+2/3sin?0w)  -1/2

wt+ _ v 0 +1/2 +1/2

cC Fy" =addtste |, -1 (—1/2 + 2sin? 6w ) -1/2
cC -FY /)2=a-d-s+c¢c

Bq(Q?) = —2eqVyVgPy + (V7 + AD)(VZ + A2)PZ; Dq(Q?) = —2eqApAqPy +4VyAgVqAqPZ: Pz = Q% /(Q% + M2)

WT = W™ = usdcos;pon = uesd

DRELL-YAN
— LY (x1,x2) = qi(xl,M2)cjj(a:2,M2)
- v sy (MR y) = g ST LY (e, )
W g = TR e, )
= 7 4= TS (V4 A?) (e
VSEM — CKM MATRIX (i = u, ct, j = d, sb), V5" =14 O(X\); A =sinfc ~ 0.22



IMPACT OF TEVATRON DRELL-YAN DATA:
QUARKS AND ANTIQUARKS AT A pp COLLIDER (TEVATRON)

BY CHARGE CONJUGATION Gp = qp

DRELL-YAN p/d ASYMMETRY

13
1z b
= o PN %upgp+%dpap d
C Y — ~ =
I oPP %upap+%dpdp a0
ITA TP
ga; 09 - large x
— - — CTEQSM  --- CTEQ4M
2 08 —___ MRST  —-— MRS(2)
[ - GRVOE
07 —— - CTEQSM (d=w)
0.4 :— Less than | % sysiemalic
E urerlainly nol shown
0.5_IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 005 01 015 02 0425 43 035
x'Z
E866 (2001)
+
W= ASYMMETRY
> 0.25
’ é 02 |
yu —_— Eois | _
< 01 pp
o (e T —
g N, wt _ uP(zy)dP (@) +dP (zy)al (xzg)  wPdP
q I[{/Fi 005 | MRSVRZ(DYRBZR;V(RdIZu(J]\DIIEQ;))*‘ \ o"pi‘/p ap (33]_ )up (w2)+ﬂp (33]_ )dp ((EQ) aPuP
-0.1 | MRST (DYRAD) *) \ - . . .
— ois | | | | if 1, xo in valence region,
p o : " | Lepton Rapidiy | neglecting HQ & Cabibbo suppr.

CDF (1998)




IMPACT OF LHC DRELL-YAN DATA:

W= AND Z PRODUCTION
W AND / CROSS SECTIONS

= 700 T = 5 T ] = 140r T m
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ATLAS (2012)
055 L =ud+ c5; oP? = uti + dd + s5: STRANGENESS DETERMINED
BY COMPARISON
W MUON ASYMMETRY

CMS, L=4.7f0"at\s=7TeV

> 03r T T ™ T
E (a) pT>25GeV
£
@0257 —e— Data
% - PP B B
S oz wt+ _ u(zg)d(zg)td(zg)u(zg)
05‘1; d(zq1)u(zg)+u(zq)d(zg)
T “VALENCE” & => NEGLECT STRANGENESS
S = DETERMINE @ — d
T —
Muon |

CMS (2013)



THE GLUON FROM DIS

SCALE DEPENDENCE OF FLAVOR SINGLET STRUCTURE FUNCTIONS

LF5(N,Q%) = 2L [144(N)F5 + 2n749(N)g(N, Q)] + O(e?)

20 ANOMALOUS DIMENSIONS
‘R

10

nll)’llz 4 8
qq 3

LARGE x GLUON DIFFICULT TO DETERMINE FROM DEEP-INELASTIC SCATTERING



THE GLUON IN HADRONIC COLLISIONS
THE GLUON ONLY INTERACTS THROUGH QCD

JETS
GLUON
100CMS 5.0fb~ (7 TeV) MC method
& 0?-10*GeV? ’m|
3 80 I: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (£2 HERADIS |
B 60L N e ONE-JET  INCLUSIVE
< USED TO
CONSTRAIN THE LARGE
T GLUON
_ SINCE TEVATRON
g e WIDE KINEMATIC RE-
g GION AT LHC

CMS (2014)
TOP
GLUON
PROSA NLO FFNS fit
> 12210 GeV?
x 60 I HERADIS
~] HERA DIS + LHCb abs
ey 40 7 HERA DIS + LHCb norm
't 20
- . e WIDE RAPIDITY RANGE:
t Q 2 T SR AR R T M A WA TIT] R RS RUTIT| BRI -H",'/':H CAN ACCESS WIDE aj REGION
0
-1
10° 0% 1w0* 10 10w? 10 1

prosa (LHCb data) 2015 )



DETERMINING PDFS
THE HESSIAN APPROACH

e CHOOSE A FIXED FUNCTIONAL FORM

— SINCE 1973, PHYSICALLY MOTIVATED ANSATZ f;(z, Q2) = (1 — )" g;(x);
g; () POLYNOMIAL IN x OR /%

— MMHT 2015: ) . )
% BASIS FUNCTIONS g; Uy =u —U; dy =d—d; S=2(u+d)+s+35;, 51 =s+5 A=d— u;
S_ =S8 — 8.
% FORALLBUT A s_, g = zf;(z, Q%) = Az*(1 — z)P (1 + Zj:l aiTi(y(w)));
T; CHEBYSHEV POLYNOMIALS, y = 1 — 24/x > MUST MAP =z = [0, 1] INTO y = [—1, 1];
T,(—1)=T;(1) =1
* GLUON zg(z,Q3) = Az*(1 — (1 + Z x))) + A'xTa’ (1 — x)B

* SEA ASYMMETRY zA(z, Q2) = Az®(1 — )P (1 + vz + ex?)
* STRANGENESS ASYMMETRY zA(z, Q7) = Az*(1 — x)? (1 — z/z0)
sk

41 PARAMETERS, 4 FIXED BY SUM RULES
* 12 PARMS FIXED AT BEST FIT, REMAINING 25 USED FOR (HESSIAN) COVARIANCE MATRIX

e EVOLVE TO DESIRED SCALE & COMPUTE PHYSICAL OBSERVABLES
e DETERMINE BEST-FIT VALUES OF PARAMETERS

e DETERMINE ERROR BY PROPAGATION OF ERROR ON PARMS. Ax? = 1('HESSIAN
METHOD’);
PARM. SCANS ALSO POSSIBLE ('LAGR. MULTIPLIER METHOD’)



PROLEMS: TOLERANCE

e IN GLOBAL HESSIAN FITS, UNCERTAINTITES OBTAINED BY AXQ =1
UNREALISTICALLY SMALL

e UNCERTAINTIES TUNED TO DISTRIBUTION OF DEVIATIONS FROM BEST-FITS FOR
INDIVIDUAL EXPERIMENTS

GLOBAL MSTW TOLERANCE
MSTW TOLERANCE PLOT FOR 13TH EIGENVEC.

Eigenvector number 13 MSTW 2 NLO PDF fi .
_Eig | MSTW 2008 NLO PDF fil MSTW 2008 NLO PDF fit
3 20f L ] 5 20
o B E ] 2 F : ]
Woo1s[F — - z w & : -
3 B i = b 18 & 2 E! 3 ., 1B £ o v
= = < - [} - T £ @w 2. - A 8 5 2 ]
10 7 C R 3 z = E o ou = g U |- w = = z -
1 E ] ] i F 83 . 5.3 28§ g:24%¢:iIf: A
g E -+ F-+-}- -- Je0% c.L. - w3 ¢ 29 3 5 1 B g 2 8 z 8 ;Q; ii; ,,,,, 7] Wioo D
S sF ‘ . . . S DA A B A S R A
E -+ -I- E - Jeen oL, 8 C B 2 ° S T i ok 3 T 1 W0 (uRsT)
g : ¥ E 8 - gl g Fo T RS O i AT B~
- = - = 2 = —
o OF |-} I ] - Jeaw c.L. ol 5 3 2 =
E r ) | Q C ]
5 . s Heox o z - { 1 .
= . E - or ! I ]
10 E 5:I { I [T[] 1 TT]:
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A5 ] = e ;. 5 s N o B f - %ig: . —| V50 qursT;
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A0 T i g 3 grogr g gl g g ey o g g g
- S T m P I 2 g P R R TETE T
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ez i i <S2 R0 58888 " cfony -15 2 S g 5 2 B
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== cémzrzcugfmfmug;g:=§§ o @
28 2 ©® FCEZI SIS Ne B8 egu C ] .
0% R R=EZoges 200 g m
z i} * E 1 2 3 45 6 7 8 9 10 1112 13 14 1516 17 18 19 20

Eigenvector number

e (MSTW/MMHT) FOR EACH EIGENVECTOR IN PARAMETER SPACE DETERMINE CONFIDENCE
LIMIT FOR THE DISTRIBUTION OF BEST-FITS OF EACH EXPERIMENT

e RESCALE AXQ = I"' INTERVAL SUCH THAT CORRECT CONFIDENCE INTERVALS ARE
REPRODUCED

DOES THE NEED FOR TOLERANCE REFLECT PARAMETRIZATION BIAS?



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

e GENERATE A SET OF MONTE CARLO REPLICAS S
o(k) OF THE ORIGINAL DATASET o (data) [ Experimental Data
= REPRESENTATION OF P[o] AT DISCRETE SET

OF POINTS IN DATA SPACE . <
e FIT A PDF REPLICA TO A DATA REPLICA MC penaraion

= EACH PDF REPLICA f,L.('~c ) IS A BEST-FIT PDF N\ e

SET FOR GIVEN DATA REPLICA U | | | |
e THE SET OF NEURAL NETS IS A REPRESENTATION EVOLUTION

OF THE PROBABILITY DEst‘ip {Nn parametrization }{b ‘ ‘é}
PR E——

k=1

1
Nrep



NEURAL NETWORKS & THE MC APPROACH

e EACH PDF REPLICA FITTED TO A DATA REPLICA
= NEED BEST-FIT, COVARIANCE MATRIX IN PARAMETER SPACE NOT NEEDED

e CAN USE VERY LARGE PARAMETRIZATION
NEURAL NETWORKS

Qutput

«2¢9  MULTILAYER FEED-FORWARD NETWORKS

Hidden e Each neuron receives input from neurons
in preceding layer and feeds output to neu-
rons in subsequent layer

[ g2
@i, 0

S G Tmput e Activation determined by weights and
thresholds

) - 6= (X, -01)

0. e Sigmoid activation function
N . 1

// 92) = T

EXAMPLE: A 1—2—11 NN

fla) = e e

0(3) _ 11 _ 12
1 0(2) _ (D 0(2) _ ., (1)
14+e 14+e 1 11 14+e 2 21
THANKS TO NONLINEAR BEHAVIOUR,
ANY FUNCTION CAN BE REPRESENTED
BY A SUFFICIENTLY BIG NEURAL NETWORK




NEURAL LEARNING

ONE CAN CHOOSE A HIGHLY REDUNDANT PARAMETRIZATION
EXAMPLE: NNPDF: 2 —5 —3 — 1 NN FOR EACH PDF: 37 x 7 = 259 PARAMETERS

MINIMIZATION (“LEARNING”) CAN BE PERFORMED USING GENETIC ALGORITHMS

COMPLEXITY INCREASES AS THE FITTING PROCEEDS

— THE BEST FIT IS NOT THE ABSOLUTE MINIMUM:
MUST LOOK FOR OPTIMAL LEARNING POINT

UNDERLEARNING

Under Learning y*~2
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0.04 detaseaan TOOss
.-'.."iltii
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NEURAL LEARNING

ONE CAN CHOOSE A HIGHLY REDUNDANT PARAMETRIZATION
EXAMPLE: NNPDF: 2 —5 —3 — 1 NN FOR EACH PDF: 37 x 7 = 259 PARAMETERS

MINIMIZATION (“LEARNING”) CAN BE PERFORMED USING GENETIC ALGORITHMS

COMPLEXITY INCREASES AS THE FITTING PROCEEDS

— THE BEST FIT IS NOT THE ABSOLUTE MINIMUM:
MUST LOOK FOR OPTIMAL LEARNING POINT

PROPER LEARNING

Proper Learning y2~1

0.08

0.07

0.06

asBasne
PPN E R R
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NEURAL LEARNING

ONE CAN CHOOSE A HIGHLY REDUNDANT PARAMETRIZATION
EXAMPLE: NNPDF: 2 —5 —3 — 1 NN FOR EACH PDF: 37 x 7 = 259 PARAMETERS

MINIMIZATION (“LEARNING”) CAN BE PERFORMED USING GENETIC ALGORITHMS

COMPLEXITY INCREASES AS THE FITTING PROCEEDS

— THE BEST FIT IS NOT THE ABSOLUTE MINIMUM:
MUST LOOK FOR OPTIMAL LEARNING POINT

OVERLEARNING

Ower Learning y*~0
0.08

0.07

0.06

0.05

0.04

0.03

0.02

Data
* & NeuMet

LlllllllII|IIII|IIII|IIII|IIII|IIII

0.01
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5 10 15 20 25 30

# Points

(=]



OPTIMAL FIT: CROSS-VALIDATION

GENETIC MINIMIZATION:
AT EACH GENERATION, X2 EITHER UNCHANGED OR DECREASING

e DIVIDE THE DATA IN TWO SETS: TRAINING AND
e MINIMIZE THE X2 OF THE DATA IN THE TRAINING SET

e AT EACH ITERATION, COMPUTE THE FOR THE DATA IN THE
(NOT USED FOR FITTING)

e WHEN THE STOPS DECREASING, STOP THE FIT

SET

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01
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OPTIMAL FIT: CROSS-VALIDATION

GENETIC MINIMIZATION:
AT EACH GENERATION, X2 EITHER UNCHANGED OR DECREASING

e DIVIDE THE DATA IN TWO SETS: TRAINING AND
e MINIMIZE THE X2 OF THE DATA IN THE TRAINING SET

e AT EACH ITERATION, COMPUTE THE FOR THE DATA IN THE SET
(NOT USED FOR FITTING)

e WHEN THE STOPS DECREASING, STOP THE FIT
GO!

F® (x, @%)

:

=y
o

0.08

0.07
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0.05

0.04
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0.01

o L L B Lo = ~J oo o
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OPTIMAL FIT: CROSS-VALIDATION

GENETIC MINIMIZATION:
AT EACH GENERATION, X2 EITHER UNCHANGED OR DECREASING

e DIVIDE THE DATA IN TWO SETS: TRAINING AND
e MINIMIZE THE X2 OF THE DATA IN THE TRAINING SET

e AT EACH ITERATION, COMPUTE THE FOR THE DATA IN THE SET
(NOT USED FOR FITTING)
e WHEN THE STOPS DECREASING, STOP THE FIT
STOP!
[ 2 ]
10¢ 0.08
°E 0.07F- [
8- -
£ 0.06 E_ I
6 0.05;— 1
5= 0.04 I 1
aE 0.03 *
3E- -
zz_ n.nzg— ¥
1;_ 0.01 I
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OPTIMAL FIT: CROSS-VALIDATION

MINIMIZE BY GENETIC ALGORITHM:
AT EACH GENERATION, X2 EITHER UNCHANGED OR DECREASING

e DIVIDE THE DATA IN TWO SETS: TRAINING AND
e MINIMIZE THE X2 OF THE DATA IN THE TRAINING SET

e AT EACH ITERATION, COMPUTE THE FOR THE DATA IN THE SET
(NOT USED FOR FITTING)

e WHEN THE STOPS DECREASING, STOP THE FIT
TOO LATE!
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TESTING THE PDF DETERMINATION:

CLOSURE TESTS

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

— TRACE DIFFERENT SOURCES OF UNCERTAINTY



TESTING THE

PDF DETERMINATION

RESULTS

THE GLUON: FITTED/"TRUE” °
Ratio of Closure Test g to MSTW2003

:
1

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

I I I I
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Closure test central ¢
WMSTW2008nlo central 72
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Expariments

CENTRAL VALUES:

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

FOR TOTAL Ax? = 0.001 + 0.003

UNCERTAINTIES: DISTRIBUTION OF DEVIA-
TIONS BETWEEN FITTED AND “TRUE” PDFSs
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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BEFORE AND AFTER THE LHC I
HADRONIC CROSS-SECTIONS
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° Q2 : INVARIANT MASS OF FINAL STATE — WIDENING OF AVAILABLE PROCESSES

® AS ENERGY GROWS, DROP OF CROSS-SECTION MAY BE OFFSET BY GROWTH OF SMALL x PDFs



BEFORE AND AFTER THE LHC II
PDFSs WITH RUN I DATA

NNPDF3.1 (2017) DATASET

Kinematic coverage

NNPDF3.0 (2014) DATASET | o Fixed target ois
1 Collider DIS 4
NNPDFSO NLO dataset { 4 Fixed target Drell-Yan 4
6 Collider Inclusive Jet Production i
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NEW DATA (NNPDF3.1 VS NNPDF3.0):
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 + ¢ TOTAL & RATIO, DOUBLE-DIFFERENTIAL DY AND JETS

LHCB W AND Z RAPIDITY DISTRIBUTIONS
ATLAS AND CMS Z p7 DISTRIBUTIONS

ATLAS AND CMS TOP TOTAL CROSS-SECTION & DIFFERENTIAL RAPIDITY DISTRIBUTION



THE IMPACT OF LHC DATA
PDF UNCERTAINTIES: PAST = PRESENT (NNPDF3.0 NNLO)

Relative uncertainty for gg-luminosity Relative uncertainty for gg-luminosity Relative uncertainty for du-luminosity
NNPDF30_nnlo_as_0118 - v's = 13000.0 GeV NNPDF30_nnlo_as_0118 - v's = 13000.0 GeV NNPDF30_nnlo_as_0118 - v's = 13000.0 GeV
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e GLUON BETTER KNOWN AT SMALL x, VALENCE QUARKS AT LARGE x, SEA QUARKS IN BETWEEN
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e SWEET SPOT: VALENCE Q - G; UNCERTAINTIES DOWN TO 1%

e UP BETTER KNOWN THAN DOWN,; FLAVOR SINGLET BETTER THAN INDIVIDUAL FLAVORS



THE IMPACT OF LHC DATA
PDF UNCERTAINTIES: PRESENT = FUTURE (NNPDF3.1 NNLO)

Relative uncertainty for gg-luminosity Relative uncertainty for gg-luminosity Relative uncertainty for ud-luminosity
NNPDF31_nnlo_as_0118 - v's =13000.0 GeV NNPDF31_nnlo_as_0118 - v's = 13000.0 GeV NNPDF31_nnlo_as_0118 - v's = 13000.0 GeV
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Relative uncertainty for gq luminosity Relative uncertainty for qq luminosity Relative uncertainty for dd-luminosity
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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 NEW LHC DATA = SIZABLE REDUCTION IN UNCERTAINTIES



SUMMARY

PDF EXTRACTION NEEDS INPUT FROM A LARGE VARIETY OF PROCESSES = ~ 5000
DATAPOINTS&
HIGHEST ACCURACY CALCULATIONS = NNLO+NNLL

STATE OF THE ART ANALYSIS TOOLS — NEURAL NETWORKS DEVELOPED OR
FORTHCOMING = MACHINE LEARNING

STATISTICAL VALIDATION TOOLS = CLOSURE TESTS

ACCURACY GOAL FOR NEW PHYSICS SEARCHES = 1%



