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Determining PDFs from (LHC) experimental data
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What is the typical quality of a global fit of PDFs?

Kinematic coverage

©  Deep Inelastic Scattering
v Fixed-Target Drell-Yan
4 Drell-Yan Rapidity Distribution
<« Drell-Yan Mass Distribution
» Heavy Quarks Total Cross Section
Jet Transverse Momentum Distribution
Drell-Yan Transverse Momentum Distribution
«  Heavy Quarks Production Single Quark Rapidity Distribution
#  Heavy Quarks Production Rapidity Distribution
* Jets Rapidity Distribution
* Dijets Invariant Mass and Rapidity Distribution
4 Photon Production
O Black edge: New in NNDPF4.0
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Underlying assumption: uncertainties are Gaussian

Assumption: Uncertainties are well-behaved Gaussian errors
Sometimes they are NOT

, +A .- .
Y = 'best value fAf A4 and A_ can be positive or negative

Possible origins of asymmetric uncertainties in LHC data:
non-parabolic x? or log-likelihood curves
non-linear error propagation
systematic uncertainties (example: two-point systematic uncertainties)

Let us indicate with X the set of quantities that concur to construct Y, i.e. Y =Y (X)

with X = {z1,z2,...2i,...,Tn}

In a Bayesian framework, it can be shown that |

E(Y) ~ Y(BX])+Y 6

S AT +2> 6

q

P

=
X

with §; = 2£52= and A = 2+18=
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What goes into the computation of the x??

Ngat

A2 = Z (T;[{a}] — D) (COV_l)i]. (T;[{a}] — Dy) COV = COVexp + COVih

4]

@ experimental covariance matrix

c c L
o) =8+ (a2 + 3ol 2

s; are Ngat uncorrelated uncertainties (statistical 4+ uncorrealted systematic uncertainties)
O’,ECO)‘ are Nga.t X N, additive correlated uncertainties
(£)

o, o are Ngat X Nz multiplicative uncertainties

@ theory covariance matrix

(covth =~ E A

A(? are nuisance parameters e.g. Agk) = Ti7pt(p,§,§),u§f) = Ty (0%, u%)

K3

Treat conveniently uncorrelated/correlated and additive/multiplicative uncertainties )
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1 Correlated uncertainties
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Experimental correlations: what are they?

@ What is correlated with what?
Correlations between data points in a data set
Easy (clear). ldentify the various sources (~ 300) of uncertainty.
Between data sets in the same experiment

Medium (usually clear). Put in correspondence uncertainties with the same name.
Between different experiments
Difficult (typically obscure). Usually not clear how to match uncertainties.

@ How much are uncertainties correlated? Assumption: 100%.
Sometimes this is NOT realistic. There exist decorrelation models.

© Do experimentalists release complete information to properly treat correlations?
Information on correlation /decorrelation provided years after publication.

Systematic uncertainty 8 TeV W +jets

8 TeV Z +jets 8 TeV 17 lepton + jets

13 TeV #7 lepton + jets

8TV inclusive jets

Jet flavour response JetScaleFlav2 Flavor Response flavres-jes JET29NP JET Flavour Response syst JES Flavour Response”
Jet flavour TKnown __ Flavor Comp avcomp-jes JET29NP JET Flavour Composition sysUES Flavour Comp
Tet punchihrough TetScalepunchT Punch Through punch-jes = SystJES PunchThrough MCIS
JetScalePileup2 PU OffsetMu pileoffmu-jes B sysUES Pileup MuOffset
Jetscale = PU Rho pileofitho-jes JET20NP JET Pileup SystJES Pileup Rho topology”
: tScalePileupl PU OffsetNPV pileoffnpv-jes JET29NP JET Pileup OffsetNPV syst JES Pileup NPVOffset
= PU PiTerm pileofiptjes TET29NP JET Pileup PtTerm sysUES Pileup Pt term
Jet JVF selection JetVFcut JVF Jjetvxfrac - syst JES Zjets IVF
B-tagged jet scale = blag-jes JET29NP JET BJES Response z
Jet resolution jeten-res JET JER SINGLE NP -
Muon scale - mup-scale MUON SCALE
Muon resolution muonms-res MUON MS
Muon identification muid-res MUON ID
Diboson cross section dibos-xsec Diboson xsec
Z +jets cross section Zjel-xsec Zjels xsec

Single-7 cross section

singletop-xsec

stxsec
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Experimental correlations and data inconsistency

Single inclusive jet data from ATLAS 7 TeV

default correlations: terrible x?
(correlations across rapidity bins)

decorrelation models: improve the fit a lot

Top pair production from ATLAS 8 TeV

default correlations: terrible 2
(correlations across different spectra)

decorrelation models: improve the fit a lot

default part. decorr. full decorr.

Ndat

default stat. uncorr. p.s. uncorr

Mdat

140 1.89 1.28 0.83

25 7.00 3.28 1.80

no significant effect on the extracted gluon
similar gluon irrespective of the rapidity bin

1 Gluon (NNLO), Q* = 10*GeV?, R = 0.6

MMHT (no jets) —

10 ATLAS ---- J
ATLAS otg ——
5 ATLAS opq — ]

0.01

[
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]

appreciable effect on the extracted gluon
different gluon depending on the top spectrum

Combined, p.s decorrelated between distributions

Baseline mmmmm
Standard
Decorrelated

1.05

-

9/9Baseline

Relative Error (%)
o
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Experimental correlations and data inconsistency

u at 5.0 GeV

Consider the COMPASS 7% multiplicities

[PLB 764 (2017) 1]

1.4

1 100% correlated (68% c.l.+10)
1 100% uncorrelated (68% c.l.+10)
7

Only 80% of the systematic uncertainty -

is bin-by-bin correlated

What if you incorporate a different piece of
information in a FF fit?

Ratio to MAPFF1.0 NNLO

Consider two cases: [2xiv220410331]

full correlation; full decorrelation 02 04 0.6 038
X

g at 5.0 GeV

2.25+ = fits 4225 I— |
’ - o o NLO (o) MAPFF1.0 NNLO (68% c.I.+10)
2,00 RN be ﬁ:g (o) 49 00 ° 100% correlated (68% c.l.+10)
N \\\ ® NNLO (unc) = 100% uncorrelated (68% c.|.+10)
=171 N L o e 175 Z 1.50
2 . \ —e— NNLO ©
= L50F i : 1150 o125
2 & 1.00
LL25F - E:
W 5075
2 050
o

L
1.0 1.25

1.5 A . T
Qeut [ée\/'] 0.2 0.4 0.6 0.8

Emanuele R. Nocera (UNITO) Uncertainties in Global Fits



Good knowledge of experimental correlations is important

Let us call A the Ngat X Nerr matrix of
uncertainties, such that cov=AA*

If the theory is known, fixed and correct:
<X?rHC> = ||A+AHF' = Naat

If we know A instead of A:
(x*) = 1A Al

The x? is stable if:
(x*) = (x*) = | AT Allr — Naar < V2Naa

If not, define A,z by clipping the singular
values of the correlated part of A to 6,
whenever these are smaller than §; the rest
of the singular vectors are left unchanged

(Xreg) = 1 AigAllF

Assumptions:
correlations are determined less precisely than
variances and inaccuracy is limited to a small

number of uncertainties
Emanuele R. Nocera (UNITO)
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Regularising the NNPDF4.0 data set 1100009

Let us test the regularisation procedure on the NNPDF4.0 data set

As an example, let us focus on a specific data set:
ATLAS W, Z 7 TeV 2011 central selection [crc77(2017)367]

Ao, (671 =4)

ATLAS W, Z 7 TeV 2011 Central selection

Ap (671 =4)

ATLAS W, Z 7 TeV 2011 Central selection

w E.". 0.04 e 0.04
L L]
...... 0.02 0.02
W~ A - w-
"n
0.00 0.00
Ziow Ziow
—0.02 —0.02
Zpeak Zpeak
.-
-0.04 -0.04
Zhigh Zhigh
wt W™ Ziow  Zpeak  Zhigh w+ W= Ziow  Zpeak  Zhigh
s7l=1 esl=2 sl=3 sl=4 sl=5 1=
Data set Z Aoy, |Ap| Aoy, |Ap| Ao, |Ap| Aoy |Ap| Ao, |Ap| Ao, |Ap|
ATLAS W, Z 7 TeV 90 944 050 219 019 863 0.09 415 005 212 0.02 050 0.01
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Regularising the NNPDF4.0 data set |

g at 100 GeV s at 100 GeV
=71 NNPDF4.0 (68% c.l.) =71 NNPDF4.0 (68% c.l.)
1.06 1 =1 NNPDF4.0, 67" =4 (68% c.l.) 1.06 | =1 NNPDF4.0, 567" =4 (68% c.l.)
NNPDF4.0, 671 =1 NNPDF4.0, 671 =1
1.04 NNPDF4.0, 571 =3 1.04 NNPDF4.0, 67! =3
NNPDF4.0, 5-1=5 NNPDF4.0, 571 =5

2102 NNPDF4.0, 571 =7 2102 NNPDF4.0, 571 =7
g g
2 100 2 1.00
2 b}
2 e
5 0.98 5 0.98
& &

0.96 0.96

0.94 0.94

104 10- 102 10 10° 1074 10- 10-2 10! 10°
x x
X2 Naat

Data set Ngay NNPDF40 s '1=1 6"1=2 §71=3 61=4 s71=5 6t=7
Deep-inelastic scattering 3089 1.12 0.64 1.02 1.09 1.11 1.12 1.12
Fixed-target Drell-Yan 195 0.98 0.48 0.90 0.96 0.97 0.97 0.99
Tevatron Drell-Yan 65 1.11 0.48 0.71 0.85 0.93 1.02 1.10
ATLAS total 679 1.24 0.50 0.84 0.97 1.04 1.10 1.19

W,Z 7 TeV CC 46 1.92 0.31 0.74 0.94 1.21 1.47 1.76
CMS total 474 131 0.39 0.83 1.08 1.21 1.26 1.28
LHCb total 116 1.55 0.73 1.41 1.53 1.56 1.55 1.55
Total 4618 1.16 0.58 0.97 1.07 111 1.13 1.15
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Regularising the NNPDF4.0 data set |

d at 100 GeV g at 100 GeV
7 NNPDF4.0 (68% c.l.) =71 NNPDF4.0 (68% c.l.)
1.06 NNPDF4.0, STRONG 1.06 NNPDF4.0, STRONG
NNPDF4.0, WEAK NNPDF4.0, WEAK
1.04 NNPDF4.0, ATLAS+WEAK 1.04 NNPDF4.0, ATLAS+WEAK
NNPDF4.0, 51 =4 NNPDF4.0, 67 = 4
° °
5102 3 102
e g
2 100 2100
2 2
2 °
B o098 5 0.98
& 2
0.96 0.96
0.94 0.94
104 10~ 102 107! 10° 10 103 102 107! 10°
x x
2
X~ /Ndat
Data set Ngat NNPDF4.0 STRONG WEAK ATLAS ATLAS+WEAK 6! =4
Deep-inelastic scattering 3089 1.12 1.12 1.12 1.12 1.12 1.11
Fixed-target Drell-Yan 195 0.98 1.00 0.99 0.99 0.99 0.97
Tevatron Drell-Yan 65 111 1.10 1.09 1.09 1.10 0.93
ATLAS total 679 1.24 1.24 1.24 1.23 1.24 1.04
CMS total 474 1.31 1.31 1.31 1.31 1.30 1.21
LHCb total 116 1.55 1.56 1.54 1.55 1.55 1.56
Total 4618 1.16 1.16 1.16 1.16 1.16 1.11
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Inconsistent closure tests

Generate pseudodata with statistical and systematic uncertainties

C _ Cstat + Csyst

Assume systematic uncertainties are underestimated and perform a fit with

AF 5 AAF

syst k Ak
o = Y ata!
k

A =1 consistency

A = 0 extreme inconsistency

PREDICTED UNCERTAINTY ON GENERATED DATA

CONSISTENT

s [ 68% ellipse, A=1.0

1g] ® Groundtruth

0.5

0.0
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EXTREME INCONSISTENCY

[ 68% ellipse, A=0.0
® Ground truth
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Afis the k-th sys. unc. for the i-th point
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Inconsistent closure tests

. jeonsistent _ jinconsistent
DISTANCES: %;GPDF VN ;
DIS: BULK INCONSISTENCY

d ~ 1 = STATISTICAL EQUIVALENCE

A = 0.4: MODEL CORRECTS

Inconsistent DIS (1=0.4) Fit 0= 1.7 GeV

A = 0: MODEL FAILS

Inconsistent DIS (1=0.0) Fit Q= 1.7 Gev

L 200 . 200
125 125
100 100
s 5]
09 b=
0 e

200

DY: SINGLE DATASET INCONSISTENCY

Inconsistent DY (1=0.4) Fit Q= 1.7 Gev

Inconsistent DY (1=0.0) it Q= 1.7 Gev

L 150 L 150
8 = a =
JETS: HIGH-IMPACT INCONSISTENCY
200 Current Fit 0= 1.7 GeV

Distance from Roforonca it
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2 Multiplicative uncertainties
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Normalisation uncertainties: D'Agostini bias | ]
@ Consider one experiment with Ny, data d; of one theoretical quantity ¢

Naat

XZ(t) = Z (t - dl) (Covil)ij (t - dj)

4,J

@ The best-fit theoretical quantity #o and its variance v; are given by

% =0ty = Zg;at (COV_I)ijdj vt = (ldQXQ)_IZ :
dt |, Zf\;‘?‘at (cov™h),; 2 di? Z,I-\’]fat (covt)y;
© Consider completely uncorrelated additive errors: (cov);; = s76;;
) Ndat d; , ) 1 Ndat 1
to=w=2X ;g vp=x W|th§:zi:¥

@ Consider an additional common normalisation error: (cov)i; = (s 4 02d?)ds;

w - %2 4 o2w?(1 +r2) n2 Ndat (d; —w)?
e S SRCERE

to = ——5—5—= v = with r2 =
°T Ty r2o2w? /%2 i 1+ r202w?/x2

@ Both ty and v, are affected by a downward bias
smaller values of d; have a smaller normalisation uncertainties od; and are thus preferred
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Normalisation uncertainties: D'Agostini bias | ]

@ The penalty trick: redefine the fit quality

() = XN = D 2

7 (2

& (N = dy)? | (N = 1)
2T

g

ax? ax? (1 d2X2>_1 2, 2 2
—_ = ‘" =0<&=tg = == =3+
Ot ey ON o= T e 7

— recover the unbiased estimators for tg and vy

@ The to method: redefine the covariance matrix

(cov);; = (covig),; < (82 +02d2)8;; — s28;; + o2t3

2,2 2

1\ _ %y o7t 3 _ _y2 2,2

(covto)i__—Qf Qzﬁﬁto—w v =X+ ow
J s7 5785 + oty

— recover the unbiased estimators for tg and v¢, provided that w is tuned to tg
— w can be tuned to tg via an iterative procedure

The d’'Agostini bias and its solution can be generalised to more than one experiment
with different normalisation errors (per experiment/per data point) J
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Normalisation

uncertainties:

15
14 7] nnpoF1.2
13 ([ weoF1.2 + 7, methoa
12
&= 1.1
o
X 1
2]
% 09
08
07
06
05 Ll Ll Wl ol
10° 10 10° 102 10°
150 :
12k [ ] nnpoF12

H]]]]]]]]]I NNPDF1.2 + T, method
n

Emanuele R. Nocera (UNITO)

Uncertainties in Global Fits

impact on PDFS [JHEP 1005 (2010) 075]

NNPDF1.2 E
H]]]]]]]]]I NNPDF1.2 + T, methol ’

NNPDF1.2
[[II] wvpoF1.2 + 7, metho i

05 0.6 07 0.8 0.9



Does the t; procedure converge? |

—— TOITEO
-~ TOITE1
<= TOITE2
- TOITE3-1-0

——— TOITE3-1-0N1000

—— TOITEO
TOITEA
TOITE2
TOITE3-1-0

—— TOITE3-1-aN1000

10* 10° P L 10"
1.4
—— TOITEO
13 = TOITE1

TOITE2
TOITE3-1-6

TOITE 3 - 1-aN1000

—— TOITEO
TOITE1
TOITE2
TOITE3-1-0

T TOITES -1-61\}1@90

0.4 05 0.6 0.7

0.8

0.9



The ty prescription and SM parameters

Assume true underlying PDFs and as(Mz) = a?=0.118
Generate data distributed according to the experimental covariance matrix
Determine PDFs and a; simultaneously from a fit to the data

Repeat the exercise N, times

N, aj)
L1 Oy | 1 & 0l ag)?
(o) = e (o) = —=——= Rw=\|m ("
254 Dk > it ToNT T s
ol =1 (69)
weighted mean weighted uncertainty bias/variance ratio

New problem: theory predictions depend on a,. Should we vary Ty with a5 or not?

Vary Ty with a,: 25 runs of the universe
(as) = 0.119450 (04)/+v/'N, = 0.000077 Ry, = 3.80 £ 0.16

Keep Tp fixed: 25 runs of the universe
(as) = 0.118152  (04)/+/N, =0.000070 Ry, = 0.97 +0.11

[ ]
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3 Summary
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Conclusions

Uncertainty treatment is a central part of modern global fits.
Correlated systematics can affect fit quality and sometimes the PDFs themselves.
Regularisation helps when correlations are imperfectly known.

The to method avoids bias from multiplicative uncertainties.

Joint fits with SM parameters require special care.

Reliable uncertainty treatment is essential for precision phenomenology.
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Conclusions

Uncertainty treatment is a central part of modern global fits.
Correlated systematics can affect fit quality and sometimes the PDFs themselves.
Regularisation helps when correlations are imperfectly known.

The to method avoids bias from multiplicative uncertainties.

Joint fits with SM parameters require special care.

Reliable uncertainty treatment is essential for precision phenomenology.

Thank you
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