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Missing higher order uncertainties & PDFs

- Standard PDF fits use fixed-order hard cross sections, e.g. LO, NLO,

« Uncertainty due to truncation of these perturbative expansions: MHOUs

[ What is the potential impact of MHOUSs in PDF fits? J

NNPDF3.1, Q = 100 GeV

Uncertanties in PDF luminosities @ Vs=14 TeV
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* PDFs now high precision — NNLO-NLO PDF shift now of same order or larger
than PDF uncertainties

« Should we worry about MHOUs on NNLO PDFs? Looking forward: yes
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Estimating MHOUs

Standard technique: scale variations

* Convention (for hadronic processes): vary #g in hard cross section and #r
in PDF, where

1
—.2
2

Hps BF €

* Compute observable for different scale combinations and take envelope
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Estimating MHOUSs on PDFs

Deep Inelastic Scattering
Fixed-Target Drell-Yan

6 Jets Rapidity Distribution
10° 4 Drell-Yan Mass Distribution

Jet Rapidity Distribution

Drell-Yan Rapidity Distribution

Kinematic coverage

Drell-Yan Transverse Momentum Distribution
Heavy Quarks Total Cross Section
Heavy Quarks Production Single Quark Rapidity Distribution

5
10 Heavy Quarks Production Rapidity Distribution

102 4

101 .

10-4

103 102 1071

How to extend this to global PDF fits?
* 0(4000) data points from different processes

- How to correlate? Common DGLAP evolution, different o, dependence

in coefficient functions
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PDF fits with varied scales

Starting point for estimating MHOUs:
* Produce PDF fits for range of scale combinations

* Define MHOUs band as envelope of central values
NNPDF3.1 NLO global, g(x,Q=10 GeV) NNPDF3.1 NLO global, g(x,Q=10 GeV)
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PDF fits with varied scales

Starting point for estimating MHOUs:

* Produce PDF fits for range of scale combinations

* Define MHOUs band as envelope of central values
NNPDF3.1 NLO global, g(x,Q=10 GeV)

NNPDF3.1 NLO global, g(x,Q=10 GeV)

1 .3 TTTTT T L e T T T T TTTT T T UL T
- — (uo)=01,1) | i

I (MFMR)=(2;2) .

1o (npm)=(112,1/2) ]
e (nonp)=(1,1/2) K
S : = (MF’MR)=(1 !2) '\_ 3 —‘_7
e (mpn)=(2,1) A
- - - (MF'MP.)=(1/2'1) »“:’; g : 'iE
3 g ;1
= 1k T H
o F e I b
o C -‘-n-:l--.-—:l“.:-ﬁ{'—'—‘ . ?
o - N _..-l-_‘.'—' """""""" O
5 09 mrenETI0 L PR -
c [ ’
0.8 —
0'7 T 111l ‘ L 111l ‘ Il Il L1111l ‘ Il Il 111 ‘ 11 T

107 10° X 107 107

Relative Uncertainty
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* Neglects correlations in scale variations

(\\‘\\\\

~= PDF errors (1-sigma)

Scale errors (7pt Envelope)

NLO=>NNLO Shift

- MHOUSs only estimated, not included in PDF uncertainties

Can we include MHOUSs and their correlations in PDF uncertainties by accounting

for them in fitting methodology?
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The theoretical covariance matrix

Experimental uncertainties propagated to PDFs via minimisation of figure of merit:
x> = (data — theory)’ (cov.,,)~'(data — theory)

Modify this to account for theory errors: [R. D. Ball & A. Deshpande, 2018]

;(t%t = (data — theory)T(CoveXp + covy,)~(data — theory)

Assumptions:

1. Theoretical uncertainties independent from experimental uncertainties
— we are adding exp. and th. uncertainties in quadrature

2. Theoretical uncertainties are Gaussianly distributed

Applicable to other types of theoretical uncertainty, e.g. Monte Carlo, nuclear
uncertainties, ...
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The theoretical covariance matrix

See talk later by R. L. Pearson

Edinburgh 2018/4
Nikhef 2018-062

Nuclear Uncertainties in the Determination of Proton PDF's

The NNPDF Collaboration:

Richard D. Ball', Emanuele R. Nocera!*? and Rosalyn L. Pearson’

L The Higgs Centre for Theoretical Physics,
University of Edinburgh, JCMB, KB, Mayfield Rd, Edinburgh EH9 3FD, Scotland
2 Nikhef Theory Group, Science Park 105, 1098 XG Amsterdam, The Netherlands
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A theoretical covariance matrix for MHOUSs

Construct covi, from scale variations to estimate:

1. MHOU on each point i j: data points
2. Correlations between points k scale combinations
1
_ k) A (k k) _
COVyhij = N Z AE )A]( ) Af ) = Zi(MR, /“‘F) — ZLi(/“‘R,O’ MF,O)
k
Choices:

0. Definition of covariance matrix
1. Range of scale variation
2. Number of scale combinations (3, 7, ...)

3. Correlation between scales (same process,
different processes)

4. Process categorisation

9/4/19 DIS 2019, Cameron Voisey



A theoretical covariance matrix for MHOUSs

Construct covi, from scale variations to estimate:

1. MHOU on each point i j- data points
2. Correlations between points k- scale combinations
1
— k) A (k k) _
covnj =— >, APAR AR = tug, 1p) = g o )
k
Choices:

0. Definition of covariance matrix

L L up ug
1. Range of scale variation » | - <— —=2

2 Upo Hro

2. Number of scale combinations (3, 7, ...)

3. Correlation between scales (same process,
different processes)

4. Process categorisation
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A theoretical covariance matrix for MHOUSs

Construct covi, from scale variations to estimate:

1. MHOU on each point i j: data points
2. Correlations between points k scale combinations
1
_ k) A (k k) _
Covth,ij = N 2 AE )A]( ) Af ) = Zi(MR, ﬂF) - ZLi(/“‘R,O’ MF,O)
k
Choices:

0. Definition of covariance matrix

1. Range of scale variation

2. Number of scale combinations (3, 7, ...) (How do we correlate )

3. Correlation between scales (same process, scales in this multi-scale
different processes) problem?

4. Process categorisation (_See next slides D
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A theoretical covariance matrix for MHOUSs

Construct covi, from scale variations to estimate:

1. MHOU on each point - .
I,j: data points
2. Correlations between points k- scale combinations
1
— k) A (k k) _
covnj =— >, APAR AR = tug, 1p) = g o )
k
Choices:

0. Definition of covariance matrix

1. Range of scale variation
2. Number of scale combinations (3, 7, ...)

3. Correlation between scales (same process,

e ™
DIS neutral current

DIS charged current

different processes) Drell-Yan
4. Process categorisation > Jets
_Top )
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Example: 3-pt theoretical covariance matrix

I, j from same process
MR

1
COVih,jj =E{Ai(+,+)Aj(+a+)+Ai(_7_)Aj(_’_)}

I, j from different processes

1
i CoVinij = 7 {(A(+.+) + A= = NA(+.+) + A~ =)}

(1)
R

> 'u where
* A+, +) = tlpug =20, pp = 20) — tpg = O, iy = Q)
) HE Q

A(—,—-)= ti<ﬂR = %’IMF = ?> — t{pg = O, up = 0)
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Example: 3-pt theoretical covariance matrix

I, j from same process
KR

1
COVih,jj =E{Ai(+,+)Aj(+a+)+Ai(_’_)Aj(_’_)}

MR, Hr fully correlated

I, j from different processes

|
ut?) COVih jj = Z{(Ai( +,+)+A(—, = )DA(+,+)+A(—, - )}
1 Hr, Mr fully uncorrelated

(1) — missing Hr correlation
R

> .u where
* A+, +) = tlpug =20, pp = 20) — tpg = O, iy = Q)
) HE Q

A(—,—)= ti(ﬂR = %’IMF = E) — t{pg = O, up = 0)
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More complex scale combinations: 9-pt

i, j from same process ; MR I, j from different processes
e
L ® L
® ® ® HF
[ ] ] ®

The more complex scale combination allows us to define more complex correlation
structure:

* same process: Hg, Hr fully correlated

« different processes: HUr fully correlated, #r fully uncorrelated

We expect this to produce a more accurate correlation structure, since we account
for common DGLAP evolution, and different a, dependence in coefficient functions

9/4/19 DIS 2019, Cameron Voisey 15



A theoretical covariance matrix for MHOUSs

Experiment correlation matrix

1N
N EERE
e LU
L L GRS
mEEmEe
A Ly L
FnEEEE
DIS NC
DIS CC
DY i -
JETS
ToP C C s{ U?

How can we validate and compare our
theory covariance matrices?
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Experiment + theory correlation matrix for 3 points
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Validation

% of central theory
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We can compare MHOU per point, but this only tests diagonal elements
of theoretical covariance matrix

— We want to test full covariance matrix: MHOU per point + correlations
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Validation: uncertainties + correlations

We validate covi against exact result: NNLO-NLO shift

* COVih is positive semi-definite (eigenvalues > 0 or 0)
 Eigenvalue of covariance matrix is variance in direction of eigenvector

 Eigenvalue = 0 = no variance/shift predicted by covi in direction of
eigenvector

* Define efficiency, €, of matrix as proportion of shift that is contained
within non-zero eigenvectors (normalised to shift projected into full
eigenvector basis) l

s 2
0<e<l

e = ] - covw predicts
variation in same
L directions as shift )

9/4/19 DIS 2019, Cameron Voisey 18



Validation: uncertainties + correlations

3-pt
Perdataset: 0.12 <¢<0.99

Per process: Process Efficiency, e
DIS NC 0.20
DIS CC 0.41
DY 0.16
Jets 0.67
Top 0.89
Global: e=20.19

9/4/19 DIS 2019, Cameron Voisey



Validation: uncertainties + correlations

3-pt
Per data set:

Per process:

Global:

9/4/19

0.12 < <099
Process Efficiency, €
DIS NC 0.20
DIS CC 0.41
DY 0.16
Jets 0.67
Top 0.89

e =0.19

DIS 2019, Cameron Voisey

9-pt

0.70 < £0.99

Process Efficiency, e
DIS NC 0.48
DIS CC 0.71
DY 0.85
Jets 0.99
Top 0.98

e =054
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Validation: uncertainties + correlations

3-pt

Per data set:

Per process:

Global:

9/4/19

0.12 < <099
Process Efficiency, €
DIS NC 0.20
DIS CC 0.41
DY 0.16
Jets 0.67
Top 0.89

e =0.19

9-pt

0.70 < £0.99

Process Efficiency, e
DIS NC 0.48
DIS CC 0.71
DY 0.85
Jets 0.99
Top 0.98

e =054

[Q-pt does best — use this for our PDF fitsj

DIS 2019, Cameron Voisey
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Results: PDF fits with covin

Ratio to NLO covexp-only

d at 10.0 GeV
1.08 A
L o6 PRELIMINARY
1.04 A
1.02
1.00 A
0.98 A
0.96 -
0.94 - NLO covexp-only (68 c.|l.+1a)
NLO covexp+ th, 9pt (68 cl.+10)
0.92 - NNLO-NLO shift
10-° 104 1073 1072 10! 10°

Shape of central value with covin resembles shift in data regions: closer to

true NNLO PDF

Overall small increase in uncertainties (if at all): tensions relieved
* Increase in PDF uncertainties counteracted by change of data set

X

Ratio to NLO covexp-only

1.05 A

1.00 A

0.95 A1

0.90 A

0.85 1

U at 10.0 GeV

PRELIMINARY

NLO covexp-only (68 c.|.+10)
NLO covexp+ th, 9pt (68 c.l.+10)
NNLO-NLO shift

10~°

104

1073

weighting in fit: addition of MHOUSs leads to better fit

9/4/19
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Results: PDF fits with covin

Ratio to NLO covexp-only

2 at 10.0 GeV g at 10.0 GeV
1.08
1.06 1.05
>
1.04 =
? 1.00
1.02 >5
S
1.00
; 0.95
0.98 o
o
0.96 = 0.90
3 PRELIMINARY
0.94 7 NLO covexp-only (68 c.l.+1a) 700 NLO covexp-only (68 c.l.+1a)
700 NLO covexp+ th, 9pt (68 cl.+10) 0.85 707 NLO covexp+ th, 9pt (68 cl.+10)
0.92 —— NNLO-NLO shift —— NNLO-NLO shift
10-° 104 10-3 1072 1071 100 10-3 104 10-3 102 1071 10°
X X

If NNLO-NLO shift is large while standard NLO PDF uncertainty is small:
- PDF uncertainty increases with addition of covi
* More reliable PDF uncertainties

9/4/19 DIS 2019, Cameron Voisey 23



Conclusion and outlook

« Systematically including MHOUSs in PDFs is now important, and will
become crucial

* A new framework for including MHOUs in PDFs has been developed,
based on fitting with a theory covariance matrix

* This is validated against NNLO-NLO shift

* Using this we have produced the first PDF fits including MHOUs, which
are more consistent with NNLO PDFs than standard NLO fits

* Framework is applicable to other sources of theoretical uncertainty

9/4/19 DIS 2019, Cameron Voisey 24
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Thank you for listening!
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Extra slides
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PDF uncertainties

Relative uncertainty for gg-luminosity
NNPDF 3.1 NNLO - vs =13000.0 GeV
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Data set and cuts

The following datasets are included in both NNPDF31_nlo_as_0118_1000 and 190302_ern_nlo_central_163_global :

HERA I+ll inclusive NC e*p 920 GeV
NMC p

LHCb Z 940 pb

CMS W rapidity 8 TeV

DO Z rapidity

HERA I+ll inclusive CC e'*p

CDF Z rapidity

ATLAS low-mass DY 2011

CMS $\sigma_{tt}* {\rm tot}$

HERA I+l inclusive NC e*p 820 GeV
CHORUS o¢c”

ATLAS W,Z 7 TeV 2011

ATLAS HM DY 7 TeV

ATLAS $\sigma_{tt} {\rm tot}$
BCDMS d

BCDMS p

LHCb W,Z — u 8 TeV

CMS W asymmetry 840 pb

HERA I+ll inclusive NC e*p 575 GeV
NuTeV o,/

HERA I+l inclusive NC e'*p 460 GeV
DO W — ev asymmetry
HERA I+l inclusive CC e p
DO W — pv asymmetry

NMC d/p

HERA $\sigma_c {\rm NC}$
SLACd

CMS Drell-Yan 2D 7 TeV 2011
LHCb W,Z — u 7 TeV
LHCbZ —ee2fb

ATLAS tf rapidity y;

NuTeV a,¥

SLAC p

ATLAS Z pr 8 TeV (o7, M)
CHORUS o¢c”

ATLAS Zpr 8 TeV (o7, )
CMS jets 7 TeV 2011

CMS tf rapidity yy

HERA I+ll inclusive NC e™p
CMS Zpr8TeV (", y))

CMS W asymmetry 4.7 fb
ATLAS W,Z 7 TeV 2010
ATLAS jets 2011 7 TeV

Changes to cuts:
2. =3.49 - 13.96 GeV?

min

Intersection of NLO, NNLO cuts

ATLAS jets 2.76 TeV

CMS W + c ratio

DY E886 $\sigma’p_{\rm DY}$
ATLAS jets 2010 7 TeV

CMS jets 2.76 TeV

HERA H1 F,?

DYE 866 $\sigma”d_{\rm DY}Asigma’*p_{\rm DY}$
CMS W + c total

DY E605 $\sigma”p_{\rm DY}$
CDF Run Il k; jets

HERA ZEUS F,?

The following datasets are included in NNPDF31_nlo_as_0118_1000 but notin 190302_ern_nlo_central_163_global :

Data removed:

Fixed target Drell-Yan

Bottom structure function
Jets without exact NNLO theory
W+charm



THEORY COVARIANCE MATRICES
SUBTLETIES I: DEFINITION

“STANDARD” DEFINITION OF SCALE VARIATION:
USE RG INVARIANCE OF PHYSICAL OBSERVABLE

e HADRONIC (HXSWG. ..): 0(Q?) =3,, 64 (% %,as(uiﬂ filu3) 5 (uF)

2

— FACTORIZATION: f;(u/p?) = (1 + Pyln

7 2
— RENORMALIZATION: a(p/'?) (1 — Boap? In Zf?)

— ur DEP IN PDF, ug DEP IN &
e DIS (Virchaux-Milsztajn, MRS, PEGASUS, APFEL,...):
2 2
F@) =50 (% % as(@) fiuh )
F R
— FACTORIZATION: AS ABOVE
— RENORMALIZATION: LET a(p2) — a(p%) IN EVOLUTION EQUATION

— BOTH ur, ur VARIED IN PDF

e DIFFERENCE DIFFERENT NNLO TERMS GENERATED AT NLO
“ADDITIVE” VS. “MULTIPLICATIVE”

— DIS NLO In B HADRONIC In EE 1n £E
KE Q Q

— DIS NLO By P; TERMS, HADRONIC By + P

= ADOPT A COMMON PRESCRIPTION _
[credit: S. Forte, 2018]
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Correlating scale variations between PDFs

and predictions

[How to use these PDFs consistently in theoretical predictions?]

Consider a situation when all data is at one scale. Let us only have
evolution uncertainties, i.e. turn off uncertainties in hard cross sections

-

-

We have three scales:
- Oy : fitting scale of PDFs
* Qjata : Scale of data
* Opreq. - Scale of prediction

~

J

e . N
We have two evolutions:
—_— QO — Qdata

QO - pred.
x

1. Oy is kept fixed. There is no dependence on Oy because for a
sufficiently flexible parameterisation changes in Q, are absorbed by fit

2. We vary Oy, in fits (in a correlated way among data points)

3. One varies Qpred. When making a prediction for an observable

9/4/19
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Correlating scale variations between PDFs
and predictions

[ How are Qg.a and Qpred. correlated?]

» In our procedure Qyaa and Cpred. variations will necessarily be uncorrelated -
necessary consequence of delivering universal PDFs

» For points where Qgaa = Oprea. 7 Qo, the variations are fully correlated and we
overestimate uncertainty by factor of /2

- In global fit overestimate due to missing correlation will be between 1 and /2,
but likely to be closer to 1

- Importantly: if one neglects either variation, one will in general underestimate
MHOUSs

« Better to have a conservative estimate of uncertainties than to underestimate
them

- Same for coefficient function: if estimating #r uncertainty for process included
in fit, we will miss correlations = larger uncertainty than in ideal scenario

* Not a double counting. Instead, a problem of missing correlation

9/4/19 DIS 2019, Cameron Voisey 31



Theoretical covariance matrix

D
Theory is perturbative expansion to some order : tp = Z Cm

1
Standard case: P(d|t,) exp( — §(d —tp) cov it (d — tp))
2

Bayes’ theorem: P(t,|d) = P(dl;)p()d];(tp) x P(d|t,)P(tp)

Assume Gaussian theory prior:

p
1
P(t,) = H P(c¢y,) where P(cp,) exp( — §c£coval1,mcm>
m=0 2
Assume MHOUSs due to O(ap+1) terms only = marginalise these terms:

Pltld) [ deyaP(dlcysn) Pltyen)

1
X exp ( — §(d — 1) (COVexp + COVen ) (d — tp))
Include higher order terms by induction )(t%)t

9/4/19 DIS 2019, Cameron Voisey
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Validation: uncertainties + correlations

- We validate covin against exact result: NNLO-NLO shift

* We use fact that covi is positive semi-definite (eigenvalues > 0 or 0)

Procedure:
a

1. Find N, non-zero eigenvectors, €;, and eigenvalues, A% = (s%)?, of covin
2. Compute shift vector: 9; = tl.NNLO — tiNLO (fixed NLO PDFs)

3. Project shift vector onto eigenvectors:

Ndat
a a s ~
0" = 2 Oi€; 0<e<l1
=1
N e = 1 : covi predicts
4. Define efficiency: | 2,2, 6% variation in same
— a= — directions as shift
16| N )

9/4/19 DIS 2019, Cameron Voisey 33



DIS-only fits with covin

NNPDF3.1 DIS-only NLO, Q = 10 GeV NNPDF3.1 DIS-only NNLO, Q = 10 GeV

1.4 T

- EXP covmat
= o = w
= 77 2 ;j/;/;gg EXP+TH covmat
< <
e} e}
X %
(e)] o
~ ~
(\TO\ t\"O\ //////////
X %
> o
. IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII . 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I
10°° 107 10° 107? 107" 107° 107 10° 107 107"
NNPDF3.1 DIS-only NLO, Q = 10 GeV NNPDF3.1 DIS-only NNLO, Q =10 GeV
T 1.4 T
- EXP covmat
& |l 77 EXP+TH covmat 5
< = o«
q ;;2544/////////// O_ 5
% A S L
> S
= =2
© G
x <
S =}
-5 -4 -3 -2 -1 }
10 10 10 « 10 10 105 10-4 100 10 10
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Impact of theory correlations on fits

NNPDF3.1 DIS-only NLO, Q = 10 GeV NNPDF3.1 DIS-only NLO, Q = 10 GeV

14 TXXT |E|||||| T N —— T T ||||||| T T IIIIIII J. T T IIII”‘I: T T T TTTTTT T T ||||||| - T T |||||_
| [ Exp 018 —— Exp -
A — —
d .. L ====: Exp+Th(Gen B
1af] 7 Exp+Th(Gen) . F p+Th(Gen) :
S N E Th Ch2 __ 016 wn Exp+Th(Chi2) —
| v Y— — . n
S s Exp+Th(Chi2) © - « +1. Exp+Th(Chi2+Gen) ]
~ H —  0.14— —
= 1.2 ------- Exp+Th(Chi2+Gen) = C ]
—~~ N — —
Q X L m
T aletitet, @] - —
@] SSER 0.12
ROKRR - - -
- O 7 > - ]
x 11 WX 0000000000000 =z o b
- 477 % 01— =
o % I o C ]
> ~—" | .
—~ 1 ~ 008 —
l B SR RS S I - B
(@] B R O - .
BRI RN 0.06}— —
- .ofe’e’améofm-_‘_\&\\ e P ottt R Rad ]
09 A= RN
PR NS x C ]
~—" 00 \ ~ 0.04— T
o o / o Rl ]
0.8 © C ]
0.02— ]
07 OT 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIII_
. 5 -4 -3 -2 -1
-5 -4 -3 -2 -1 10 10 10 10 10
10 10 10 X 10 10 X
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