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A global SMEFT analysis in the top sector including public likelihoods

Nikita Schmal
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Based on arXiv:2312.12502 [hep-ph]



https://arxiv.org/abs/2312.12502

Outline
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» Intro: Standard Model Effective Field Theory
» Part I: Statistical analysis using SFitter
» Part II: SFitter analyses with public likelihoods

» Part III: The Global SMEFT analysis

» Conclusion



Standard Model Effective Field Theory
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» Well established model agnostic approach in searches for BSM physics

Lsverr = Loy + E A;—‘l O,
d=5

» Up to quadratic order SMEFT contributions included i.e.

2
Cg | Cg | Cs8

O = 0OSM | A2O'6 | A4O'6><6 | A40'8—|—O(A5)




Standard Model Effective Field Theory
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» Well established model agnostic approach in searches for BSM physics

(d)

Lsyerr = Ly + Z A;— 1 Oz(d)
d=5

» Up to quadratic order SMEFT contributions included i.e.

| Ce
O — 0OSM 1 AQJG

» Restrict ourselves to operators of dimension 6



Standard Model Effective Field Theory
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Updated dataset

» Update of arXiv:1910.03606 [hep-ph]
(SFitter global Top fit, 2019)

» Impose U(2)q X U(2), X U(2), symmetry
» Consider a total of 22 Operators

» Includes 1¢, ttZ, ttW and single top data

» Total of 122 datapoints

arXiv:2312.12502 [hep-ph]
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What is our tool of choice?
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SFitter

» Used for various global SMEFT analyses (Higgs, Di-Boson, EWPO, Top)
» Comprehensive treatment of uncertainties
> Fully correlated systematic uncertainties within experiments

» Allows for both profiling and marginalization methods

» Mapping of likelihood using MCMC

» Goal of this part: Explain what exactly all this means



What is SFitter?

The exclusive likelihood

» Likelihood for a single measurements modelled as
Lz = Pois(d|p(ay,, 0;,b))Pois(bor|b k) H C(6;,0;)

» SMEFT contributions are incorporated into model parameters o,
» Uncertainties included via nuisance parameters (NP) 0,

> Constraint term C(6;, 0;) depends on uncertainty considered



What is SFitter?
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Uncertainty constraints

> . 1 (x — p)?
/ Systematic unc. N(zlu,o) = VTP 52

C(6;,0;) » Statistical unc. Pois(n|v) =

» Theory unc. F(z|p,0) = %@ r—(u—0)|O|(u+o0)—x

» Choice of constraint is motivated by physical intuition

» However: They are a choice and could technically be chosen differently



What is SFitter?
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Generalization to multiple measurements

» Global analyses study numerous difterent processes

bc kc) H C(Qi,ca Uz’,c)

Eexcl,fuu — H P OiS(dc\Pc)POiS(bCRC

» Take into consideration correlations between these measurements

N(esyst,i‘oa O-i) > N(e—;yst,i‘(—ja Zz)

» Assumption: Systematics are fully correlated between measurements



What is SFitter?
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Systematic uncertainties

» Each Category of Systematic 1S fully Systematic uncertainties

Beam

correlated within CMS and ATLAS Background (Separate for each channel)
E'Tmis

» Luminosity correlated between Le’fttsns

both experiments Light Tagging
Luminosity
Pileup
Trigger
Tune
bTagging
partonShower
t Tagging
tauTagging



What is SFitter?
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Systematic uncertainties

» Each category of systematic is fully 1.00- o
o Full correlation
correlated within CMS and ATLAS T forsyst une 4
: : .15 No correlation { L
» Luminosity correlated between F for syst une ¢ | |
both experiments K;é .00 \R
» (Clear shift in the likelihoods due to 0.25- L\»
correlations between systematics o 3

~10 _5 0


https://arxiv.org/abs/2208.08454

What is SFitter?

To profile or to marginalize

» Common exclusive likelihood constructed

Le:ccl — POiS(d‘p(ana 97:7 b))POIS(bCR‘b k) H 6(927 Oi)

» The nuisance parameters ¢ are not physically interesting

10



What is SFitter?

To profile or to marginalize

» Common exclusive likelihood constructed

£e:ccl — POiS(d‘p(ana 97:7 b))POIS(bCR‘b k) H 6(927 Ui)

» The nuisance parameters ¢ are not physically interesting

» Decision: How do we handle the nuisance parameters?
Profiling: Marginalization:

['prof(a) — mHaX [’excl(@p 9) Ema,,.g(a) = fd@ﬁexcl(a, 9)

10



What is SFitter?
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To profile or to marginalize
arXiv:2208.08454 [hep-ph]
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» Comparison for the product of Gaussian and uniform distributions

» Marginalization over multiple flat unc. gives Gaussian results

11


https://arxiv.org/abs/2208.08454

What is SFitter?
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Takeaway

» Uncertainty treatment essential to our SFitter analysis
» Implementation of theory, statistical and systematic uncertainties

» Furthermore: Correlated systematics of the same type

» Theory prediction and uncertainties done by us
» However: The systematics have to be provided by experiment

» How is this data provided and how can we use it?

12



Published Likelihoods

Quick overview

» Likelihoods published in the HistFactory format

L(nev, ax|n, x) = H H Pois(nep|Ven(1, X)) H Cy (ax|x)

cEchannels bEbins XEX

> Provides effect of individual NPs via v, = Y | [[#s | [ 00+ D A

s€samples \kER AeA
Description Modification Constraint C
Luminosity (lumi’) Koy = A N(l=2Ay|A,0,)

Normalization unc. (normsys’) kg, = g,(a|xp 4=41) N(a=0|a,0=1)
Correlated Shape (Chistosys’)  Agp = fp(a|Asp g=21) N(a=0|a,0 =1)
MC Stat. (’staterror’) Ksp =Y [, N(a,, =1lys,6p)
Uncorrelated Shape (’shapesys’) k., =73 |1, Pois(a;zlagzy b)
Normalization ('normfactor’) k., = U

13


https://cds.cern.ch/record/1456844

Published Likelihoods
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Quick overview

» Likelihoods published in the HistFactory format

L(nev, ax|n, x) = H H Pois(nep|Ven(1, X)) H Cy (ax|x)

cE€channels bEbins XEX

» There are many different nuisance parameters (hundreds)

» Analysed using dedicated python libraries such as pyhf and cabinetry

» Question: How to make use of this in SFitter analyses?

Lf

alfferentlable
Yikelihoods

2acabinetry P,


https://cds.cern.ch/record/1456844
https://doi.org/10.5281/zenodo.7807148
https://doi.org/10.5281/zenodo.7791483
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Likelihoods published by ATLAS

arXiv:2006.13076 [hep-ex] arXiv:2103.12603 [hep-ex]

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN) EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
AL - ATLAS i
Phys. Lett. B 810 (2020) 135797 CERN-EP-2020-096
O 10(.31O16/j.physletb.2020.135797 10th November 2020 ~|’3 "('iﬂ gﬁ E)2§72/§L1E€L106(2023)191 CERN-;I;?SEIQ?:; ; g

Measurement of the ¢ production cross-section in Measurement of single top-quark production in the
the lepton+jets channel at Vs = 13 TeV with the Xiv:2209 08990 [h s-channel in proton—proton collisions at Vs = 13 TeV
ATLAS experiment dALATLY. : [hep-ex] with the ATLAS detector
. Eur. Phys. J. C (2021) 81:737 THE EUROPEAN ()
The ATLAS Collaboration  hetps://doi.org/10.1140/epjc/s10052-021-09439-4 PHYSICAL JOURNAL C  Sisil The ATLAS Collaboration

Regular Article - Experimental Physics

Measurements of the inclusive and differential production cross
sections of a top-quark-antiquark pair in association with a
Z boson at /s = 13 TeV with the ATLAS detector

ATLAS Collaboration*
CERN, 1211 Geneva 23, Switzerland

» Full likelihoods publicly available on HEPData
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Published Likelihoods
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Quick overview (Reproduction)

pred pred
Pre-fitimpacton o, /o. nc! Cinc

0 = B+A0 0=0-A0 -0.04 -0.02 O 0.02 0.04
]

pred [T T OTOTOT T T T
Post-fit |mpact on G.nc/ Oing.

o =0+A0 0=0-A8 | ATLAS
—e— Nuis. Param. Pull {s=13TeV, 139 fb"

Shower Model Incl. Acceptance

Luminosity

Shower Migration Parameter

FSR Model SR1
Top P, NNLO Reweighting

JES (pile-up subtraction)
JVT

tt Nyamp

PDF4LHC NP4

Shower Model Shape SR2

—2 —15 —1 —05 O 05 1 15 2
(6-6,)/A0

arX1v:2006.13076 [hep-ex]

Pre-fit impact: 1 =0+ A0

Post-fit impact: 0 =0 + A

-~ Nuis. : 11 Ap
ws. param. pull o, o oo 0.00 0.02 0.04

Shower model incl. acceptancef

Luminosity |

Shower migration parameter|
FSR model SR1t
Top pr NNLO reweighting}

JES (pile-up subtraction)|
JVTt

tt Ddamp[

PDFALHC NP4r

Shower model shape SR2

arXiv:2312.12502 [hep-ph]

Zzcabinetry P

Lf

Yikelihoods
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Published Likelihoods
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Uncertainties

» Previously: Uncertainties taken as Uncertainty Reproduced 224 [%] Paper 22 (%]

. . ttZ parton shower 3.1 3.1

given in the paper tW Z modeling 2.9 2.9

b-tagging 2.9 2.9

» Now: Uncertainties extracted from WZ/ZZ + jets modeling 2.7 2.8

. . tZq modeling 2.6 2.6

profiling fit via pyhf Lepton 2.3 2.3

Luminosity 2.2 2.2

. . . Jets + Ermss 2.1 2.1

» Implemented into SFitter using the Fake leptons - -

o ttZ ISR 1.7 1.6

constraints terms C(H’M 0-’&) ttZur and u, scales 0.9 0.9

Other backgrounds 0.8 0.7

» Problem: Difficult to automate due Pile-up 0.7 0.7

. . ‘ . ttZ PDF 0.2 0.2

to Inconsistent naming conventions Stat 5.2 5.2
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Published Likelihoods

Uncertainties
Uncertainty Reproduced %72 %] Paper 2 %) Assign ' Systematic uncertainties
ttZ parton shower 3.1 3.1 Beam
tW Z modeling 2.9 2.9 Background (Separate for each channel)
b-tagging 2.9 2.9 ETmis
WZ/ZZ + jets modeling 2.7 2.8 TJets
tZq modeling 2.6 2.6 I
eptons
Lepton 2.3 2.3 Licht Taoo:
Luminosity 2.2 2.2 18 , agglng
Jets + Emiss 2.1 2.1 Luminosity
Fake leptons 2.1 2.1 Pileup
ttZ ISR 1.7 1.6 Irigger
ttZur and u, scales 0.9 0.9 Tune
Other backgrounds 0.8 0.7 bTagging
Pile-up 0.7 0.7 partonShower
Stat 5.2 5.2 tauTagging
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Published Likelihoods

Uncertainties

Systematic uncertainties

Uncertainty Reproduced % (%] Paper % %] Assign I

ttZ parton shower 3.1 3.1 Beam
tW Z modeling 2.9 2.9 Background (Separate for each channel)
b-tagging 2.9 2.9 ETmis
WZ/ZZ + jets modeling 2.7 2.8 TJets
tZq modeling 2.6 2.6 ’
eptons
Lepton 2.3 2.3 Licht Taoo:
Luminosity 2.2 2.2 18 , agglng
Jets + Emiss 2.1 2.1 Luminosity
Fake leptons 2.1 2.1 Pileup
ttZ ISR 1.7 1.6 Irigger
ttZur and p, scales 0.9 0.9 Tune
Other backgrounds 0.8 0.7 bTagging
Pile-up 0.7 0.7 partonShower
Stat 5.2 5.2 tauTagging
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Published Likelihoods

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Uncertainties
. AO’tg Aatt_ < . . .
Uncertainty Reproduced =744 [%| Paper =4 [7] ASS& Systematic uncertainties
ttZ parton shower 3.1 3.1 Beam
tW Z modeling 2.9 2.9 Background (Separate for each channel)
b-tagging 2.9 2.9 ETmis
WZ/ZZ + jets modeling 2.7 2.8 TJets
tZq modeling 2.6 2.0 Leptons
Lepton 2.3 2.3 Licht Taoo:
Luminosity 2.2 2.2 15 , agglng
Jets + Emiss 2.1 2.1 Luminosity
Fake leptons 2.1 2.1 Pileup
ttZ ISR 1.7 1.6 Irigger
ttZur and p, scales 0.9 0.9 Tune
Other backgrounds 0.8 0.7 bTagging
Pile-up 0.7 0.7 partonShower
ttZ PDF 0.2 0.2 tTagging
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Published Likelihoods

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Uncertainties
. AO’tf Aatt_ < . . .
Uncertainty Reproduced =744 [%| Paper =4 [7] ASS& Systematic uncertainties
ttZ parton shower 3.1 3.1 Beam
tW Z modeling 2.9 2.9 Background (Separate for each channel)
b-tagging 2.9 2.9 ETmis
WZ/ZZ + jets modeling 2.7 2.8 2 Jets
tZq modeling 2.6 2.0 Leptons
Lepton 2.3 2.3 : :
Luminosity 2.2 2.2 nghtTagglng
Jets + Emiss 2.1 2.1 Luminosity
Fake leptons 2.1 2.1 Pileup
ttZ ISR 1.7 1.6 Trigger
ttZur and p, scales 0.9 0.9 Tune
Other backgrounds 0.8 0.7 bTagging
Pile-up 0.7 0.7 partonShower
ttZ PDF 0.2 0.2 tTagging
Stat 5.2 5.2 tauTagging

» Previously: Possibly incompatible groups, how to correlate?
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Published Likelihoods
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Uncertainties
. AO’tf Aatt_ < . . .
Uncertainty Reproduced =744 [%| Paper =4 [7] ASS& Systematic uncertainties
ttZ parton shower 3.1 3.1 Beam
tW Z modeling 2.9 2.9 Background (Separate for each channel)
b-tagging 2.9 2.9 ETmis
WZ/ZZ + jets modeling 2.7 2.8 2 Jets
tZq modeling 2.6 2.0 Leptons
Lepton 2.3 2.3 : :
Luminosity 2.2 2.2 nghtTagglng
Jets + Emiss 2.1 2.1 Luminosity
Fake leptons 2.1 2.1 Pl.leup
ttZ ISR 1.7 1.6 Irigger
ttZur and p, scales 0.9 0.9 Tune
Other backgrounds 0.8 0.7 bTagging
Pile-up 0.7 0.7 partonShower
ttZ PDF 0.2 0.2 tTagging
Stat 5.2 5.2 tauTagging

» Now: Simply separate the nuisance parameters in profile likelihood fit

19



Published Likelihoods
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Testing Implementation

> Low dimensional fit to only Ci¢ and 1.00- o
. —+— Likelihood
total cross section measurements -
0,75 -+ Original
» Neglect theory uncertainties @
> Excellent agreement between both (0.0
methods of implementation
0.25-
0.00 N e
—0.5 0.0 0.5
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Published Likelihoods
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arXiv:2312.12502 [hep-ph

L T (Gaussian approximation

parameter scan | W *  parameter scan /

10 —05 00
PDF_1 WjetsNorm _1b

» NPs are all very Gaussian, only small number of exceptions

> Validates Gaussian constraint term C(6;, 0;) for systematics
21
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Published Likelihoods
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Concerning Correlations
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» Currently: No correlations between uncertainties within a measurement
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Published Likelihoods
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Concerning Correlations
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» Currently: No correlations between uncertainties within a measurement

» Correlations of systematics included in SFitter are negligibly small
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Published Likelihoods
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Constraints
LOU Only old
> Visible shift from new measurements —— iy
: . . 0.75- With new
> .Constr.amts shift slightly after . Ry o
including both new measurements 2050
0.
» Measurements of total cross sections
barely aftfect constraints .25
0.00 ——
—0.50 —0.25 0.00 0.25

CtG / A\? [TGV_Z]
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Global SMEFT analysis

arXi1v:2312.12502 [hep-ph]

Results (New dataset) |
om\
» Shown operators are all constrained 1 O dutwet

by one of the public likelihoods

» Visibly stronger constraints,
especially for four-fermion operators

» However: Constraints barely affected
by measurements with likelihoods
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Global SMEFT analysis

Results (Boosted measurement)

T\

" No boosted
—  With boosted

S 0.51
=
=
By 0.01
s
E)Q)

—0.51

—0.5 0.0 0 1 —1 0 0 1
C% /A [TeV 7]

Cic / A? [TGV_Q]
arXiv:2312.12502 [hep-ph]

» Boosted measurement strongly affect constraints for four-fermion operators
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Global SMEFT analysis

Results (Correlations)

7N

0.21 B No syst corr.
— With syst corr.
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» Correlations lead to slightly stronger constraints
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Global SMEFT analysis

Results (Correlations, neglecting theory)
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» Correlations lead to significantly different results also in the Top sector
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Concluding
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» Summary: Uncertainties and correlations are essential to SFitter constraints
> Large effect of theory uncertainties in the top sector
» Published likelihoods provide an alternative way to use experimental data

» Validates assumptions made in previous analyses

» However: Currently included likelihoods not particularly SMEFT sensitive
» Publication of more differential measurements would be useful

> Global SMEFT analysis requires data from all kinds of processes
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The full dataset

Experiment Energy [TeV] £ [fb™!] Channel Observable # Bins New Likelihood QCD k-factor

CMS [79] 8 19.7 el O i [80]
ATLAS [81] 8 20.2 lj o [80] Exp. Vs [TeV] L[fb™1] Channel Observable # Bins New Likelihood QCD k-factor
CMS [82] 13 137 1 O, v 80 ATLAS [108] 7 4.59 t-ch O it
CMS [83 13 35.9 1l o 80 CMS [109] 7  1.17(e),1.56(w) t-ch O tqriq
ATLAS [84] 13 36.1 11 O, v [80] ATLAS[110] 8 20.2 t-ch 0y, 0y
ATLAS [85] 13 36.1 aj O, N4 [80] CMS [111] 8 19.7 t-ch Tig> Tig
ATLAS [47] 13 139 lj o v v [80] ATLAS [112] 13 3.2 t-ch 0y, 0 [113]
cMS [86]  13.6 1.21 1L 1j o\ v [86] CMS [114] 13 2.2 t-ch 01, O [113]
aat . — _ _ CMS [115] 13 35.9 t-ch 2 5
CMS [87 8 19.7 lj 1o 7 (88-90 . ’
CMS [87 8 19.7 Il Lo 5 88-90° CMs [116] 7 >-1 sch - Opyip
- . L fr i i CMS [116] 8 19.7 s-ch O 1 h+ib
ATLAS [91] 8 203 L camg 7 .88-90. ATLAS[117] 8 20.3 sch Oz
CMS [82] 13 137 lj 1fo 15 [45] ATLIAS [49] 13 139 s-ch O th+ib v v
CMS  [92] 13 35.9 I sin—- 8 [88-90] ATLAS[118] 7 2.05 tW (21) O owasw
ATLAS [93] 13 36 lj > i 9 [45] CMS [119] 7 4.9 tW (21)  owwiiw
ATLAS [94] 13 139 aj, highp, 4o 13 ATLAS [120] 8 20.3 tW (21)  Oewsiw
a ATLAS[121] 8 20.2 tW (1) Crwaiw v
CMS  [95] 8 19.7 Lj Ac [96] CMS [122] 8 12.2 tW (21) O ,waiw
CMs  [97] 8 19.5 1l Ac [96] ATLAS[123] 13 3.2 tW (1) O pwasw
ATLAS [98] 8 20.3 Lj Ac [96] CMS [124] 13 35.9 tW (elj) O owaiw
ATLAS [99] 8 20.3 [l Ac [96] CMS [125] 13 36 tW 2D O apaiw \/
cMs [100] 13 138 lj Ac v [96] ATLAS [126] 13 36.1 tZ Oz
ATLAS [101] 13 139 lj Ac v [96] Sl 4
_ ATLAS [127] 7 1.04 F,,F,
ATLAS [48] 13 139 O'siz v 4 [102] CMS [128] 7 5 Fo,F;
CMS [103] 13 77.5 O iz [102] ATLAS [129] 8 20.2 F,,F,
CMS [104] 13 35.9 T iw [102] CMS [130] 8 19.8 F,,F,
ATLAS [105] 13 36.1 T eiw v [102] ATLAS [131] 13 139 F,F, v
CMS [106] 8 19.7 O iy v
ATLAS [107] 8 20.2 Ot v
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Global SMEFT analysis
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Boosted measurements
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» Sensitivity of boosted measurement for a single four-fermion operator
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