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LECTURE PLAN

I: THE PHYSICS PROBLEM
— PARTON DISTRIBUTIONS AND THEIR DETERMINATION
— THE PROBLEM OF PDF UNCERTAINTIES

II: REGRESSION & UNCERTAINTY
— MONTE CARLO UNCERTAINTIES
— NEURAL NETWORK REGRESSION

[II: PROPER LEARNING
— OVERLEARNING AND CROSS-VALIDATION
— HYPEROPTIMIZATION AND GENERALIZATION

IV: VALIDATION & TESTING
— TESTING: DATA REGION AND EXTRAPOLATION REGION
— THE MEANING OF CORRELATIONS

V: UNDERSTANDING RESULTS
— DISTRIBUTION OF RESULTS AND FAITHFULNESS
— OUTLIERS AND GENERALIZATION
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[. THE PHYSICS PROBLEM

FACTORIZATION AND PDFs
— FACTORIZATION: LEPTONIC AND HADRONIC PROCESSES
— PDFsS AND THEIR PROPERTIES

PDF DETERMINATION
— FROM DATA TO PDFs
— PHYSICAL PROCESSES

UNCERTAINTIES
— EXPERIMENTAL UNCERTAINTIES AND THEIR CORRELATIONS
— MISSING HIGHER ORDERS AND THEORY UNCERTAINTIES

THE PROBLEM OF MODEL UNCERTAINTIES
— THE PROBLEM OF PDF UNCERTAINTIES
— PLOTNOMIAL REGRESSION AND ITS PITFALLS



PDFs AND THEIR UNCERTAINTIES

UNCERTAINTIES:
QCD FACTORIZATION HIGGS IN GLUON FUSION

| geeeee PDFALHC WG 22
= S{PDF+as) |
% | \ | 4= Czakon, Harlander, Klappert, Niggetiedt 21
i o6 L S(Limg) | aggrnaens Can be removed (?)
;E’: i Sit.b, SEW) - |4—— Reduced to 0.6% (gg light-quark)
4 - —— Becchetti, Bonciani, Del Duca, Hirschi,
[ A, | Moriello, Schweitzer 20
2| | -
I Siscale) I Missing LO PDFs
0l —— ] McGowan, Cridge, Harland-Lang, Thorne 22
4] 20 40 B0 ={n] 100

Collider Energy / TeV

(R. Roentsch, Les Houches, June 2023)

e PDF ESPRESS THE “PROBABILITY” OF QUARKS OR GLUONS (PARTONS)
TO ENTER A COLLISION

e THEIR KNOWLEDGE IS REQUIRED FOR THE COMPUTATION
OF ANY PROCESS AT THE LHC

e THEIR KNOWLEDGE IS A DOMINANT SOURCE OF UNCERTAINTY



FACTORIZATION



FACTORIZATION IN
DEEP-INELASTIC SCATTERING

STRUCTURE FUNCTIONS

q

p X
Lepton fractional energy loss: y = g%z;

gauge boson virtuality: ¢? = —Q?

_ Q7
T~ 2pg
lepton-nucleon CM energy: s =

Bjorken x:
0?2
zy
virtual boson-nucleon CM energy W2 = Q2 1_798;
LOME @) G @
dxdy 21 (14 Q% /m3;,)? xy

{ hey (1= 0) @Fa(@, Q) + (1 - y) Fa(a, Q)

+yPaFi (2, Q)] — 2Xp [~ A y(2 — Y)zg1 (2, Q%) — (1 — y)ga(w, Q%) — y*wgs(z, Q%)] }

PARITY CONS. PARITY VIOL.

A; — lepton helicity UNPOL. Fi, Fo 135
Ap — proton helicity POL. g1 g4, gs




DEEP-INELASTIC SCATTERING
STRUCTURE FUNCTIONS AND PDFS

STRUCTURE FUNCTION=HARD COEFF. (PARTONIC STRUCTURE FUNCTION) ®PARTON DISTN.

HARD COEFF.: XSECT FOR INCOMING PROTON MOMENTUM p = INCOMING PARTON MOMENTUM
p = xp

Fo(z,Q%) =z, ] XC; (Ozs((ff), %) ai(y, Q%) + @ (y, Q%)] + Cy (%(QQL %)g(y,QQ)

q; quark, g; antiquark, g gluon



FACTORIZATION

HADRONIC PROCESSES
THE PARTON LUMINOSITY

2 1 . 2
ox (s, M%) =Xa bz, de1d22 fo/py (1) fy/ny (22)6g,q, — X (m1w257 MX)

ox (s, M?) =00 X0 [7 T Lab (F)C (w0 (M)

e PARTON LUMINOSITY Loy (7) = [} 92 f, ) (2) fy/p, (T/2)

T X

2
® COEFFICIENT FUNCTION 64,4, »x (z1228, M%) = 60C ( b ozS(M?{)>

r1x28’

EXAMPLE: THE DRELL-YAN PROCESS
AT LEADING ORDER

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

e Momentum fractions x1 2 = \/gexp T;
+ Lead. Ord. § = M?
e Partonic c.m. energy: s = x1x2Ss

e Invariant mass of final state X
(dilepton, Higgs,...):

M%V = scale of process

DP1 =
e Scaling variable 7 = —%

2 do __ . _ 4 1.
= M=% = 00L(7); 00 = gmas;



FACTORIZATION SUMMARY &
MELLIN TRANSFORM

e IT-SPACE FACTORIZED EXPRESSIONS!
— LEPTON-HADRON

F(2,Q%) =5, [ 20 (@), 2) £i(y, Q%) = [Ci(a(@?)) ® fi(Q%)] ()
— HADRON-HADRON

o(2,Q%) = Xy [2 Lo (a(@?), 2

fm( (@),0) = 00Csy (al@),2):

Li(Q)(@) = [} 2 fi (2) f;6.Q%) = i ® f3] (=)

¢ MELLIN TRANSFORM: F(N) = [l aN=1f(z) & (z) = [T/ 2= N f(N)
A(@) = [} 2f(2) gy) = If ® f] (@) & H(N) = F(N)G(N)

e N-SPACE FACTORIZED EXPRESSIONS:
— LEPTON-HADRON F(N,Q?) = 3, C; (a(Q?), N) fi(N,Q?)
~ HADRON-HADRON o (z, N) = >, 645 (a(Q?), N) Li;(N, Q?)
Li;(Q* N) = fi(N)f;(N)

LARGE /SMALL x <> LARGE/SMALL N

) 2) Lij = (4:Q%) [61;(a(Q2)) ® £i;(Q?)] ()



THE SCALE DEPENDENCE OF PDFS
EVOLUTION EQUATIONS

as(t) nNs
27

d 2
— N,Q°) =
dtQNS( )

d ( (N, Q%) >: os (t) vgq(N,as(t)) 215 Yy (N, s (t))
N, Q* 2m Voa Ny as() 77 (N, as(t))

2
LOG SCALE t = In %:

ANOMALOUS DIME)NSIONS VS. SPLITTING FUNCTIONS
’Y(Na s (t)) = f() dx xN—lp(x7 As (t))

SINGLET Bz, Q%) = -1, (¢i(2, Q?) + @i (2, Q?)) s.
NONSINGLET ¢V (z, Q%) = qi(z,Q?) — q;(x, Q?)
COMBINATIONS OF QUARK PDFs

PERTURBATIVE EXPANSION OF ANOMALOUS DIMENSION
Yi(N, as(t) = v (V) + sy (V) + ... =

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

Yaq (N’ aS(t))QNS(Na Q2)7



SCALE DEPENDENCE!:

ANOMALOUS DIMENSIONS (LEADING ORDER)
L 18 T T T T
; 7aq _ oF T ]
—10: | _1oL l | | .
16 C 16 T [
6 — 6 — 7gg —
-10 | | ol S S R :

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

® v44(1) = 0 = NUMBER OF QUARKS CONSERVED



PARTON KINEMATICS vs. HADRON KINEMATICS
o(r) = fl 4y >0 Lij(W)oij (3): Lij(y) = fy %%(y)% (wyl)

WHICH PARTON MOMENTUM FRACTIONS CONTRIBUTE TO A GIVEN HADRONIC PROCESS ?

INVERSION OF MELLIN TRANSFORMS
fo=fp 2" (@) & Fa) =[5 0" f
integrate to the right of convergence abscnssa
MELLIN INVERSION DOMINATED BY SADDLE POINT
POSITION OF SADDLE DEPENDS ON HADRONIC KINEMATICS,

CONTROLLED BY PARTON LUMINOSITY R
DEPENDENCE ON z OF £ POWERLIKE, OF 6 LOGARITHMIC

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

SADDLE VS T = Q%/s

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



PDFs: QUALITATIVE FEATURES

1o- NNPDF4.0 NNLO Q= 5.0 GeV 10- NNPDF4.0 NNLO Q= 500.0 GeV

' /10 ' g/10
S e

0.8 - s 0.8 - s
| v o d

0.6 1 = 0.6 1 -

0.4 - 0.4 -

0.2 1 0.2

0.0 . ] . 0.0 . . .

1073 1072 1071 100 1073 102 1071 10°
X X

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

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

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

r—1
“SEA” ANTIQUARK AND GLUON GROW AT SMALL x
“SINGLET” AND GLUON MIX = ALL PDFS LOOK THE SAME AS  — 0



PDF DETERMINATION



PDF DETERMINATION

DATA — PARTON DISTRIBUTIONS
Experimental data in NNPDF4.0

Kinematic coverage

Deep Inelastic Seattering
Fixed-Target Drell-Yan
107 4 Drell-Yan Rapidity Distribution
Drell-Yan Mass Distribution
Heavy Quarks Total Cross Section
Jet Transverse Momenturm Distribution
105 4 Drell-Yan Transverse Mamentum Distribution &
Heavy Quarks Production Single Quark Rapidity Distribution 1 |
Heavy Quarks Production Rapidity Distribution of 0 More tha n 4000 d ata pOIntS -
Jets Rapidity Distribution e o"oa o :
105 Dijets Invariant Mass and Rapidity Distribution '%“n %"c‘nﬂ: ¥:; o . %, _aih
E Photen Production 28° y s o MNew processes:
O Black edge: New in NNDPF4.0 & b&g - 49 ?% D a Y Uégﬂazjgo p :
—_ a gwa d:gﬂ.m G Cit 'P@D oy gcl ;
> s ua-uesmunsm hgs e°hosnﬂae°: “f i e direct photon
[1] ]..D i L] o
o 4 A AAsNA B8 AL S BB “aoﬂ'f‘"'.a fﬂ &% %%%&mgnb%&a%nga 494 45an0sa00mmatna o ) I
rb ' o A s [} @ A A I3 [} (3 F: o Slng e top
[+]
3 -
10° § § § e dijets
o @ '
$hrges 3 o W-jet
-] o )
102 4 -] o )
o o o o ] [+ DI S Jet
oo o oo o
- ey o (-] -] -
1 | o [s] [+] o o] o
10 % &
]
107 107° 1072 107! 10°

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 QUARKS + 1 GLUON) & A SET OF
SUITABLE PHYSICAL PROCESSES TO DETERMINE THEM ALL

PROBABILITY IN THE SPACE OF FUNCTIONS: CHOOSE A STATISTICAL APPROACH
(MULTIGAUSSIAN, MONTE CARLO,

UNCERTAINTY ON FUNCTIONS: CHOOSE A REGRESSION MODEL



DISENTANGLING PDFs

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

VV:t AND Z PRODUCTION (INCLUDING DOUBLE DIFFERENTIAL: MASS AND RAPIDITY)
PROVIDE INDEPENDENT COMBINATIONS

WHEN PRODUCING ELECTROWEAK FINAL STATES, THE GLUON CAN ONLY BE
ACCESSED FROM SCALE DEPENDENCE OR HIGHER ORDERS (DIFFERENTIAL

DISTRIBUTIONS)
...EXCEPT IN HIGGS PRODUCTION!

JET PRODUCTION GIVES A DIRECT HANDLE ON THE GLUON



FLAVOR SEPARATION (DIS & DY)
LEADING ORDER PARTON CONTENT

DEEP-INELASTIC SCATTERING

NC Y =57 6? (qs + qs) 7 - Y v
NC R 'mt. = 2 Bilai+ @) u,c,t +2/3  (+1/2 —4/3sin” Ow)  +1/2
- NC FgZ, int. _ Z% D; (Qi + Qz) d,S,b _1/3 (_1/2 + 2/3 Sin2 QW) _1/2
;= ¢ AV =atdtste | ¥ 0 +1/2 +1/2
cc PV p—a-d-stel&T | -l (—1/2 + 2sin? y)  -1/2
Bq(Q2) = —2eqVyVgPy + (V@ + A2)(VZ + A2)PE: Dg(Q2) = —2eq A AqPy + 4V A Vg AqPE: Py = Q2/(Q% + M%)

WT = W™ = usdcos;pon = uesd

N

CKM
\/Z. :

DRELL-YAN

L & (mlan) = Q1(5C17M )QJ(:U?)M )

2
d]\/ffigdy( ’y) = ;lJT\F/IOéS Ez zLZZ(wl’ajZ)
TG M2 V2 CKM
do _ FBSQV S, VO Lid ()
G M
f’i—g — F Z (V2 + Az) LY (:131,332)

— CKM MATRIX (i = u, ct, j =d, sb), V5™ =1+ O(X\); A =sinfc ~ 0.22




FIXED-TARGET DRELL-YAN (TEVATRON)
QUARKS AND ANTIQUARK SEPARATION

BY CHARGE CONJUGATION ¢p = qp

DRELL-YAN p/d ASYMMETRY

13
1z B
LB pn 4,pgpyLlgpgp i
r g ~Y 9 9 — ~ =
B oPP %upap+%dpdp a
#-l- j@ 05 o large «
kS C
— - — CTEQSM  --- CTEQ4M
2 08 —___ MRST  —-— MRS(2)
C - GRYOE
07 —— - CTEQSM [d=w)
06 Less than | % sysiemalic
C uncerlainly nol shown
G.S_IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 005 41 015 02 0425 03 035
. E866 (2001)
+
W=+ ASYMMETRY
7025 =1
, 02 CDF1992-1995 (110 pb™ e+p)
2o T TNy PP P (w1 )P P (21 )aP
wt _ wP(x1)dP (o) +dP () aP (z3) _ uPqP
q L{(f":l: 2005 | MRsrkz(DmﬁRS)zfu(ﬁ;:::f) \ o‘z‘j“lfj_ dp (CE 1 ) up (ZIJ 2 ) +ap (CE 1 ) dp (CB 2 ) dp up
-0.1 | MRST (DYRAD) ——$:} . . .
— 015 " if 1, xo in valence region,
-0.2 I | L . .
p - o ! 55 Lepton Rapidiy | neglecting HQ & Cabibbo suppr.

CDF (1998)




COLLIDER DRELL-YAN (LHC)

W= AND Z PRODUCTION
W AND Z CROSS SECTIONS

S 800, T T T T = L LA AP
a - ATLAS (s=8TeV,20.2fb" S 700ATLAS (s=8TeV,20.2fb" 3
= L —— paa —— DYNNLO-CTI4NNLO = 650;+ Data ——— DYNNLO-CT14 NNLO j
% 750; Stat.+Sys. Unc. DYNNLO-CT14 PDF Unc. —| % F Stat.+Sys. Unc. DYNNLO-CT14 PDF Unc. 1]
© L Stat.+Sys.+Lum. Unc. DYNNLO-CT14 Tot. Unc. | © 600 Stat.+Sys.+Lum. Unc. DYNNLO-CT14 Tot. Unc. —]
700 W' - pt v J 550 W - v =
—— C ] 500%...__ — i
BEOL oot s i 450F =
g Vg i ] 400E- E
600j -] 350i
I R < E
q + ¢+ g 1.05¢ 1R 1.05¢
= e e - = 1=
=) - ] o} B
(0] C ] Q C
IE 0.95; E IE 0.95; —
0 0.5 1 15 2 0 0.5 1 1.5 2
n,| n,|
ATLAS (2019)
oPP = wud+ c5; P = uu + dd + s5: STRANGENESS DETERMINED
W+ Z
BY COMPARISON
CMS, L=4.7fo"at\s=7TeV
> 03r LN L L B L BN
g (@) p, > 25 GeV
3
2 025" . Dpata
S | ] pp
g | & ] o 7 -
£ ol 7 ] wt _ uepd(eg)+d(z1)u(eg)
L AN i = pu— — —
0 : S0P T d(z)u(ey)tu(z)d(22)
0.15 'rgmzmmmﬁmct “VALENCE” x = NEGLECT STRANGENESS
X NNPDF23 - —
o ] = DETERMINE u — d
I I s tbos P
0% 05 1 15 2
Muon |

CMS (2013)



THE GLUON FROM DIS

SCALE DEPENDENCE OF FLAVOR SINGLET STRUCTURE FUNCTIONS

PS5 (N.Q2) = 222 [0, (N)F5 + 2mp750 (V) (N, Q)] + O(d)

20 ANOMALOUS DIMENSIONS
‘R

10

ull)’llz 4 6
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
> lOm*A‘TLAS ° yr<os (ot )]
& 107: (l) ggfy :ig(ig &
o) = o 153 <20£10 ;:
o na oo A 20<y*<25 (x10° Zr
‘_k—' 10°F e Y A 25<y*<3.0 (x10° 5)
- O "0. —
8, 10F oo, *oee,, ] e ONE-JET/DIJET
£ b T, 00, e INCLUSIVE USED TO
B S Jramasnt o g, % = CONSTRAIN THE LARGE
T 10°F s=7Tev DQQQQQ "-.. = T GLUON
10_855 anti-k, jets, R.: 0.4 ***j@@@%@—.— E SINCE ’I‘EVATRON
wof || e
_145 NLOJET++ - ¢=;= 3 e WIDE KINEMATIC
107°F CT10, p=p_exp(0.3 y*) %:$ E
C Non-pert. & EW corr. I REGION AT LHC
10-17% 1 1 L 1 lﬁ":l —
3x10?t 1 2 3 4567
m,, [TeV]
ATLAS (2014)
GLUON
_ 35.8 fb (13 TeV)
S 018-CMS  eluets 300 < M(tf) < 450 GeV
8 016 particle level . g}a/x;am stat
2 o014 "’A Stat
p—— @0.125 NHFH"'“ i Pg\év:ff P8
L = o,ﬁjl f Tf%" -f-IEOWHEGcI:'IS-F+
9E onl ﬂF ... MG5 P8 [FXFx]
% 0.06 — 'Jr '}',F
0.04F P e WIDE RAPIDITY RANGE:
0.021—
- L reeeenae CAN ACCESS WIDE x REGION
8§ 120
2la R N S (R W
T v, i‘T..LJ...J.L.J..t-.i-.t “““ " L )
T ra—

002040608 1 12141618 2 22 24
Iy()

CMS (2018)



UNCERTAINTIES



DATA UNCERTAINTIES: COVARIANCE MATRIX

PREDICTIONS VS. DATA: LOSS

X° =Y (T; = Di)(cov™ )5 (T; — D)

1,

THE COVARIANCE MATRIX

covij = 0i;8; + Zafco)éa;,c) + Za(ﬁ) ;1:@) D;D;

a=1
D;: DATA; T;: PREDICTION
S;: UNCORRELATED STATISTICAL UNCERTAINTY FOR 7-TH DATAPOINT

<C) a-TH CORRELATED ADDITIVE SYSTEMATICS FOR 2-TH DATAPOINT

’LOé

(ﬁ) : a-TH CORRELATED MULTIPLICATIVE SYSTEMATICS FOR 2-TH DATAPOINT

’LO{



DATA UNCERTAINTIES: NUISANCE PARAMETERS

THE PARAMETERS

Npt 1 N>\ 2 N>\
XQ({G’}7 {A}) — Z ) Dy — Ty — Z Bk,a)\a -+ Z A?x
k=1 K a—1 a—1

SYSTEMATIC UNCERTAINTIES
Bia =0 fciforoz—l NC,BZQZJ( )D fora = N.+1,...,Np
BEST-FIT VALUES

Npy D, 5,
Moo =D ——— ZA” .

i=1 Si

REDUCED COVARIANCE MATRIX

AB—5a5+ZBka5kB

CONSTRUCTION OF THE COVARIANCE MATRIX: INVERSE

N

5 B 8.

-1 (] t,oo o —1M3,8

(cov);; = 2 E: o2 Aop 2 |’
i a1 Si j

THE COVARIANCE MATRIX

N
(cov)ij = 870i5 + Z Bi,aBj,a

a=1



MULTIPLICATIVE UNCERTAINTIES

THE D’AGOSTINI BIAS

® NORMALIZATION UNCERTAINTIES IN COVARIANCE MATRIX
(COV)ij = O'Z',nO'j,an;Dj
=> MAXIMUM-LIKELIHOOD RESULT BIASED (d’Agostini, 1994)

e EQUIVALENT TO RESCALING DATA BUT NOT UNCERTAINTIES

__ eTe~—hadrons
R
T ete —putpu—

[ T A

—— - -

|||:|I"r’.

fet 3
[2: 2]
T T T [ 17 T 11

P
: VS GV
(CELLO collab., 1987)

® MUST COMPUTE UNCERTAINTY FROM PREVIOUS THEORY PREDICTION
0) /(0
RESULT OF PREVIOUS FIT: (COV);; = O'i,no'j,nT,L-( >Tj( )



A LOOK AT THE COVARIANCE MATRIX

COVARIANCE CORRELATION

Experimental Covariance Matrix Experimental Correlation Matrix

T [Tt 102
10!
10°
1071 0.75
1072
DIS NC
DIS NC 0.50
i 0.25
8
©
°
DIS CC 0 . DIS CC 0.00
X
— IR T
. lill -0.25
DY NC = DY NC =
= : -0.50
DY CC DY CC
ETS -1072
! -101 JETS H -0.75
-10° . t
S'Nﬂéﬂ:gﬁ - S —10! Slm@lﬁ
DyetT = Lil i i 1 i -102 DIJET i 100
NG 6% C L K5 2 .
0\6 ()\6 0\{\\ 0* \(/’ @m 0* &C S Cc’ \Q:‘S W
o 6\\4@)‘



MISSING HIGHER ORDER (THEORY) UNCERTAINTIES

e PDFS ARE DETERMINED BY MAXIMIZING THE LIKELIHOOD

d—t
P = Nexp— (2023329)

d, t ARE REALLY VECTORS AND 1/0‘2 THE INVERSE COVARIANCE MATRIX

e PROBABILITY OF THE THEORY ¢ BEING CORRECT GIVEN DATA d, WHICH BY BAYES IS
P(t|d) « P(d|t)P(t)

e [F THEORY WAS KNOWN EXACTLY, THEN P(t) = d(t — texaCt)

e IN ACTUAL FACT ONLY SOME PERTURBATIVE RESULT ¢, IS EXACTLY KNOWN SO
texact — ¢, + A,, WHERE A, INCLUDES MHO

e ASSUMING A TO BE GAUSSIANLY DISTRIBUTED, WITH UNCERTAINTY o, AND
INTEGRATING OUT

d—t,
2 (Ugwp + Ut2h)

e THEORETICAL UNCERTAINTY ADDED IN QUADRATURE, PROPAGATES INTO PDF
UNCERTAINTY UPON MINIMZATION

P = Nexp

e CAN COMPUTE PDF UNCERTAINTY GIVEN MHOU



THEORY COVARIANCE MATRICES
THEORY COVARIANCE MATRIX: processes 4, j, scale choice {u®}, default {0}

1

7 = (oal{u ™Y = ail{uo}) (o5 H{n™Y) = o;l{uo}])

e SINGLE PROCESS: k£ RUNS OVER COMMON SET OF SCALE CHOICES

e MANY PROCESSES:
— UNCORRELATED RENORMALIZATION: DIFFERENT FOR DIFFERENT HARD

PROCESSES
— CORRELATED FACTORIZATION: MHOU OF PERTURBATIVE EVOLUTION
UNIVERSAL
CORRELATION
Theory Correlation matrix (9 pt) - 1.00
100 Ty T q;i:‘i"l
I L mamﬂ >
102 JETS 7 -0.75
:18: S,Wﬁgﬁ i R EER L :W:




MODEL-DEPENDENT
REGRESSION



A MODEL-DEPENDENT (HESSIAN) APPROACH
e CHOOSE A FIXED FUNCTIONAL FORM

— SINCE 1973, PHYSICALLY MOTIVATED ANSATZ f;(z, Qf) = 2% (1 — )" g; (x);
gi(x) POLYNOMIAL IN = OR +/

— MMHT 2015: ) ) )
% BASIS FUNCTIONS g; Uy = u —U; dy =d—d; S=2(u+d)+s+85;, sy =s+5 A=d— u;
S_ =S8 — 8.
+ FORALLBUT A s_, g = zfi(z,Q3) = Az*(1 — x)” (1+ Sy a;T;(y(x))):
T; CHEBYSHEV POLYNOMIALS, y = 1 — 24/ > MUST MAP z = [0, 1] INTO y = [—1, 1];

Ti(—1) = Ty (1) = 1
GLUON zg(x, Q32) = Az*(1 — z)P (1+ S, a;T;(y(x))) + A'zTa' (1 — ZE)B/
SEA ASYMMETRY zA(x, Q2) = Az (1 — z)P (1 4+ v + ex?)

STRANGENESS ASYMMETRY zA (z, Q2) = Az*(1 — x)P (1 — = /x0)
41 PARAMETERS, 4 FIXED BY SUM RULES

12 PARMS FIXED AT BEST FIT, REMAINING 25 USED FOR COVARIANCE MATRIX
=> INCREASED TO 30 IN MSHT 2019

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’)

* ¥ X X X



THE PROBLEM OF MODEL DEPENDENCE.:
A DISCOVERY THAT WASN'T

I
g

% Difference

DISCREPANCY BETWEEN QCD CALCULATION
AND CDF JET DATA (1995)

EVIDENCE FOR QUARK COMPOSITENESS?

RESULT STRONGLY DEPENDS N S o
ON GLUON AT x 2 0.1 R PR W A

CTEQ 2M
CTEQ 2ML

/////////////// ////////// %

75 //
/////////////////////////////////////////////////////

-100

PDF MUST VANISH AT x© = 0,
BUT (THEN) NO DATA FOR z > 0.05!

\\\

0 100 150 200 250 tm 350 400 450
Jet Transverse Energy (GeV)

DISCREPANCY REMOVED IF JET DATA USED FOR GLUON DETERMINATION

NEW CTEQ GLUON (1998)

| Comparison of CDF and DO inclusive jet do / dpt
14 | Data / NLO-QCD (CTEQ5HJ)

1.2_— ]
| Wi ]
| PR T {

08 1 o  CDF*1.04
A DO 108

0.6 i (8 - 30 % systematic error not shown)
L l L L L L | L L L L | L L L L 1 L L L L
100 200 300 400
P (GeV)




MODEL-DEPENDENT UNCERTAINTIES
THE HERA-LHC BENCHMARK PUZZLE

e RESTRICTED AND VERY CONSISTENT DATASET USED
e RESULTS COMPARED TO THEN-BEST RESULT FROM FULL DATASET

BENCHMARK VS DEFAULT GLUON

25

MRSTbench

MRST2001

xg(x,Q’=20) 5

L
4 3 2 -1
10 10 10 X10

“...the partons extracted using a very limited data set are completely incompatible, even
allowing for the uncertainties, with those obtained from a global fit with an identical
treatment of errors... The comparison illustrates the problems in determining the true
uncertainty on parton distributions.” (R.Thorne, HERALHC, 2005)



REGRESSION THROUGH POLYNOMIALS
THE RUNGE PHENOMENON

—n=5 ||

INTERPOLATE WITH A POLYNOMIAL A FUNCTION SAMPLED AT EQUALLY SPACED
POINTS

RUNGE /AGNESI FUNCTION: + ———= SAMPLED AT z; = = —1,1=1,.

OSCILLATIONS INCREASE AS THE DEGREE OF THE POLYNOMIAL INCREASES

ALLEVIATED WITH SUITABLE CHOICE OF POLYNOMIALS AND SAMPLING POINTS
(CHEBYSHEV NODES)



REGRESSION THROUGH POLYNOMIALS

CHEBYSHEV AND LENGTH PENALTY

OLD IDEA FOR PDF MODELING (PARISI, SOURLAS, 1978):
EXPAND PDFS OVER BASIS OF ORTHOGONAL POLYNOMIALS

GLAZOV, RADEScU, 2009: SYSTEMATIC MONTE CARLO APPROACH

LENGTH PENALTY STABILIZATION:
CONTRIBUTION TO X2 PROPORTIONAL TO THE ARCLENGTH WITH WEIGHT p

RESULTS STRONGLY DEPENDENT ON ARBITRARY CHOICE OF p

xG(x)

13 Q2:4Gevl

=
n=15 %

10 p= 1000

V. Radescu 10 PDF4LHC 2009, DESY



EXTRAS



VALIDATION OF THEORY UNCERTAINTIES
NLO SCALE VARIATION VS ACTUAL NNLO CORRECTION

10%

5% —— . | I .......... -

2% |

éo—910z Areurwrpaid 4o

2% |

5%

10% [

5%

20% b

(G. Salam, 2016)

e SCALE VARIATION CANNOT PREDICT OPENING OF NEW CHANNELS OR
RESUMMATION

e [SSUE KNOWN IN MOST CASES



% wrt central theory T®

VALIDATION OF THEORY UNCERTAINTIES
NLO SCALE VARIATION VS ACTUAL NNLO CORRECTION
OBSERVABLES INCLUDED IN NNPDF4.0 PDF DETERMINATION

—— MHOU (9 pt)
—— NNLO-NLO Shift
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