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Introduction

e Most measurements & searches in ATLAS and CMS nowadays based on profile-likelihood fits:
o systematic uncertainties included in likelihood via constrained nuisance parameters (NPs)

L(,6) = P(dlp, 0) T Ctnlbn) ——— o™

parameter
; n
of interest \ o )
"POJ" nuisance probability auxiliary measurement
parameters (density) data points or "global observable"
HNPH

the result of the nominal fit includes the effect of all the systematic uncertainties
o the uncertainty in the fitted parameter of interest (POI) returned by a fit (via "Hesse" or "Minos" methods)
includes both what we call "statistical" and "systematic" components, without distinguishing them

= 172.51 :l: 0.45 = 172.51 + 7?(stat. ) :I: 7?(syst.).
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e Usually, we do want to quote meaningful breakdown or decomposition of total uncertainty:
o to quantify the importance of various sources of systematic uncertainties and of limited data statistics
o would like to be able to re-use results for projections, combinations or compatibility tests
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Decomposition methods

®  Qver the past years, most analyses in ATLAS and CMS based on profile-likelihood fits used these two methods to quantify
the impact of the various uncertainty components on the measurements:
o nuisance parameter shift-and-fix method: used to produce so-called "NP-ranking plots"
o conditional uncertainty method: often used to split "stat." and "syst." components and to
produce tables quantifying the impact of groups of systematic uncertainties
Uncertainty components in profile likelihood fits
®  More recently, the validity of such approaches is getting under discussion, S CS  —
especially in view of this paper arXiv:2307/.04007/: Boonekamp®!?, Emilien Chapon*!, Tatsuo Kawamoto®, Bogdan Malaescu"*
o new method introduced, shifted global observables method,
together with its approximated implementation based on
post-fit nuisance-parameter covariance matrix
o such approach(es) claimed to be more appropriate to obtain meaningful uncertainty
decomposition: variance of each uncertainty source properly propagated to quoted components
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https://arxiv.org/pdf/2307.04007

Note: everything here considers
symmetric (or symmetrized) uncertainties;
decomposition even less trivial in case of

The formalism
asymmetric uncertainties

e Typical form the likelihood function (binned case): -l Tl

L(p,0) = H Pois(d;|nS(0) + B(0)) | [ Gaus(tn = 0/0n, 00, = 1)

2
bins ' ] backgro ynd YL>C¢Wt¢7inty in auxiliary
Poisson data signal prediction measurement / "pre-fit
probability  yields prediction uncertainty" on NP
distribution

e Best-fit values for POl and NPs:
[1,00,..0n :  L(j1,00,...0N) = max{L(,60,...0n)}

e Uncertainty in POI (defined in asymptotic approximation with profile likelihood ratio):

A 1 L(p, 60 (n), ---On (1))
e ¢ —ln)\(uW)\(,u): i 9“) “ )
y V0, ---UN
e Covariance matrix / correlation matrix best-fit values from
between all parameters: C'(6y, 0,:) = oy, - p(Ok,Ok) - 0o, conditional fit with fixed p
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The nuisance parameter shift-and-fix method

CMS —e— Fit constraint (FO pQCD + BG + 1) —=&—— Fit constraint (FO pQCD + BG only)

e Procedure:

O

O

proceed NP by NP

NP set to post-fit value +1c

(i.e. by its post-fit uncertainty)

and fixed

fit re-done (with NP fixed)

impact of NP obtained as difference
btw. POI fitted values

in this fit and nominal fit

procedure repeated for negative shift
(NP fixed to best-fit -10)

and iterated for all NPs

Ou,k = [L(ﬁxed 9k = ék + O’gk) = ﬂ

bb4l (tt + tW)

PS FSR (tt)

Top quark mass (QCD MC)

Top quark Yukawa coupling

Pythia vs Herwig (tf)

b tagging (light/charm ratio)

PS FSR ("x)

Color reconnection (QCD-inspired)
EW correction scheme

Luminosity (all years, corr.)

b tagging (gluon splitting)
Luminosity (2016, uncorr.)

PDF

Jet P, scale (PU rem. central, corr.)
Jet P, scale (rel. sample, 2018)

tW norm.

Electron ID eff.

Luminosity (2017, uncorr.)

Jet P, scale (abs. scale, corr.)
Jet P, scale (b flavor response)

+1o impact (FO pQCD + BG +n,)

—1o impact (FO pQCD + BG +n,)

6(n,) = 8.8'% pb
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() fpb]

O e R R o

Rep. Prog. Phys, 88 (2025) 087801



https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-24-007/index.html

The conditional uncertainty method

arXiv:2403.04869

*:a "group" can also include a single NP V(ap)2-(ap)? (%]

e Procedure: Sources m

o all NPs associated with a group of systematics *) MC statistical uncertainty 17

fixed to their post-fit values Top quark theoretical uncertainties 6.3

. ) P ] Signal theoretical uncertainties 5.8

o fit re-done with these NPs fixed Jet experimental uncertainties 4.9

o impact of this group *) obtained as Strong W*W~ j j theoretical uncertainties 1.3

quadrature difference btw. total POl uncertainty Luminosity ' 0.8

from nominal fit and from this "conditional" fit Xt:?;ﬁ;ﬁed lepton uncertainty 8'2

o  forasingle NP: Lepton experimental uncertainties 0.1

— Others 0.3

Opk = \/ 0‘2 = aﬁ(ﬁxed Qk = Ok) Data statistical uncertainty 12.3

Top quark normalisation uncertainty 49

o statistical uncertainty determined from steoug W jgrisrmalisatior urseriinty i
| Total uncertainty | 18.5 |

a fit with all the NPs fixed:

Note: this procedure can be
approximated via covariance
matrix reduction (aka schur
complement, see here)

Opstat = 0, (fixed 8y = Oy, .08 = On)

— 2
U;L,syst — \/O-M Uu,stat



https://arxiv.org/abs/2403.04869
https://xroofit.readthedocs.io/en/latest/fitting.html#conditional-uncertainties-and-uncertainty-breakdowns

The shifted global observables method

e Procedure:
o  proceed NP by NP, as for NP shift-and-fix
o instead of shifting and fixing the NP, its corresponding global observable (GO)
is shifted by +1 (or by pre-fit NP uncertainty, in case of non-normal constraint terms)
o fit repeated with this sifted GO, but keeping all the parameters floating
o effect of NP obtained as difference btw. POI fitted values in this fit and the nominal fit
o  procedure repeated for negative shlft (GO — GO - 1) and iterated for all NPs

Remider:

" 0 - : -
Ouk = it =tg £oy,) — i - L(u, g) = HPozs di|pnS(0) + B(0)) HGaus(tn = 00,01, =1)

——————————————————————————————————————————————————————————————————

B 5 Note: instead of proceeding NP by NP, !
Op,syst = Z Tn . pseudo-experiments can be generated - !
n | |

especially useful for obtaining total systematic or
statistical uncertainty, in particular to obtain
meaningful asymmetric uncertainties




The NP post-fit covariance matrix approximation

Note 1: method
proven to be
equivalent to shifted
global observables

e Procedure:
method in Gaussian

o effect of each NP on POI obtained directly from off-diagonal
element of covariance matrix from the profile-likelihood fit,
i.e.as: o(POIl) x p(POI,NP) x 6(NP)

uncertainty on NP Contributi(?n OfNP to approximation
) , uncertainty on i
o 0 0
60 000xP(00,fN)  00501up (00, 1) / Note 2: formulas here
Cov p— . : . 2 assume Ot - 1 .
99,005 P(00,0Nn) - Thy ToxTuPON, 1) , (normalized NP constraints) .
| 90,0up(00,1t) - TonTup(ON, 1) %\

uncertainty on u

o statistical uncertainty obtained subtracting in quadrature effects of all NPs from o(POl):

O-/L’SySt - \/Z[Ganaup(en’#)]z GUaStat - 0-/% o 01-2'»,5)’5‘3
n

y/2 "_



Comparison of methods
Tot syst.

e Comparison of results from different methods within ATLAS, \ Stat.
with simplified and realistic fit setups, also

> I T T T I T I T I T I T I T I T T T I T I T I
. . . £ T+ NPshiftandix \ ]
comparing with pseudo-experiments § [ —e— Condiionalune. p
g — ——e—— Conditional unc. (covariance approx.) =]
S 08— Shifted GO
% L Shifted GO (covariance approx.)
Example of 5 F
. .6 —
comparison _— L Asymmetric NP
of different 04~ —
methods \
0.2
9 ohg & '7 Phg pﬁsa’;’haf’af’eJ a, "hes,b”a a_lPha J8mp mg"'ﬁ \'7' 2my, Jampy 93mp, o s
Brag\grap eﬁg} Xz 475;« 3:’; 3 sﬂh éﬂ%ﬂ\:é‘%r”e’)::; ‘?J? "f = She, et ,,elarH i afat ! ot ‘?lar ,,effa/ ?,,’ a/ %,::’ ! ot ! crag ,hsfat ,hi":ar //hmi;l;f,a aing,
. . . . 2 3,, a S/ab S/ab 5/ab\v lge., ég“bo/
Some preliminary outcomes of the comparisons: 0 TG e

o equivalence of shifted GO and its post-fit NP covariance approximation confirmed
m similarly, confirmed also equivalence btw. conditional uncertainty method and its approximation
o methods diverge for the most for constrained NPs
o only statistical uncertainty from shifted GO method *) agrees well with pseudo-experiments fluctuating
event counts in input data (i.e. stat-only toys)
o only statistical uncertainty from conditional uncertainty method *) scales with luminosity according to vN

*:including their approximated versions based on covariance matrix
/&‘—




Comparison of methods - I

e Conditional uncertainty and Shifted-global-observable methods (in their covariance-matrix
approximation) compared in latest CMS W-mass measurement:

arXiv:2412.13872 conditional unc. shifted-global-obs.
. ImpactMeV) _ _+
Source of uncertainty Nominal Global
small difference for inmy; inmy inmy Inmy
weakly constrained <—-Muon momentum scale 5.6 4.8 5.3 4.4 |
systematics Muon reco. efficiency 3.8 3.0 3.0 2.3
W and Z angular coeffs. 49 3.3 4.5 3.0
Higher-order EW 2.2 2.0 22 1.9
larger difference for pY modeling 1.7 20 10 08
more constraingd ~—{/PDF S 4 44 1.9 28]
systematics Nonprompt-muon background = — 3.2 — 1.7
Integrated luminosity 0.3 0.1 0.2 0.1 large difference in
/arger d/ﬁ‘erence in —1 MC sample si1ze 2.5 15 3.6 3.8 L~ stat. uncertainty
MC-stat component Data sample size 6.9 2.4 10.1 6.0 (larger in shift-glob-obs method)
Total uncertainty 13.5 9.9 13.5 9.9
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-002/index.html

Comparison of methods - Il

e Which method is "more correct'"?

... it depends on the question we want to answer!
o Example - stat. vs. syst. breakdown with 2 methods:
= conditional uncertainty method answers the question
"how much smaller would be the uncertainty if all systematics were zero?"
m shifted global observable method answers the question
"if | redo the measurement with the exact same conditions but new data, how much will it differ?"

e Further consideration - adding up to total.
o conditional uncertainty method: individual impacts don't sum-up to total systematic
m unless computation done "sequentially" - and in this case the (arbitrary) order matters...
o NP shift-and-fix method: impacts don't sum up either - can even have total cyst. > total error...
o shifted global observable method: components sum up consistently, order doesn't matter

R R R EREEE=EEEEEEEESBBBBEEEESSBDwSEEAY



Summary and Outlook

Different method implementations on the marker (all methods available in ATLAS TRExFitter)

ATLAS drafting a note documenting the various methods: y

ATLAS Note
STAT-2024-XX S/
17th February 2025
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Uncertainty decomposition methods in ATLAS

e ATLAS - CMS discussion already started (link to indico)

e Shifted-global-observable method (as well as its approximation) favoured within ATLAS,
because of the cleaner statistical interpretation and reusability of results

e The main question: do we want to agree on the method(s) to use?
o atleast for certain applications,
e.g. splitting stat. vs. syst. when quoting final results in paper?
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https://zenodo.org/records/15524537
https://indico.cern.ch/event/1426502/

