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How to combine?



Combination story: To

Combinations of ATLAS and CMS results are @

steered by LHCtopWG

Mainly based on best linear unbiased estimator ~ ATLAS £
(BLUE) and simplified-likelihood fits (Convino) EXPERIMENT &

Many dedicated efforts: i sons e
' 10°F " Soas, .
- single top (Run 1) ; b+ ETEAziCNS

NNLO t-channel
scale uncertainty

- tt inclusive (Run )
- charge asymmetry (Run 1)
- W boson helicity (8 TeV)
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- Top mass and spin correlations (ongoing) ol ]
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Combination story: Higgs

“ T[ATLASand CMS ... 1 < T T T T T ]
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EXPERIMENT ) 1™

oo ® (Combinations of ATLAS and CMS results:
o8 I | - Higgs mass (Run [)
e T2K1V4 ) - Higgs couplings (Run 1)
A, -h — Zy (evidence in Run 2)
S 605_ ATLAS and CMS Preliminary E
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Qe —— Signal + backgroun E
8 %o -~ Backgroune ; PUB-2011-11; CMS-NOTE-2011-005
£ of g : :
s f : ® Built on RooStats workspaces with more than
30 — . c .
: : 4000 nuisance parameters (Higgs couplings)
20 =
° ® Treat experimental uncertainties uncorrelated
g (h — Zy)

® Done by experts from both experiments
directly involved in these studies

These fits are rather challenging, involving many parameters of interest and a very large number of nuis-
ance parameters. All the fit results were independently cross-checked to a very high level of precision by
ATLAS and CMS, both for the combination and for the individual results. In particular, fine likelihood
scans of all the parameters of interest were inspected to verify the convergence and stability of the fits.



https://arxiv.org/abs/1606.02266
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Full likelithoods

@ About @ SubmissionHelp [File Formats =#)Signin

@ HEPData

Repository for publication-related High-Energy Physics data

Search on 10063 publications and 127914 data tabl

Search on 10063 publications and 127914 data tables.

_ serch Advanced

ction P P —>LQLQX, title has "photon collisions", c tion is LHCf or DO.

Q HistFactory Search

Data from the LHC : ' itle has "photon collisions", c

@ @ & %

ATLAS ALICE CMs LHCb

Recently Updated Submissions - view all

Additional Publication Resources

filter 1 Max results + 15 Sortby~ = |%Reverse order Showing 10 of 25 results
> B y i

Common Resources (3] External Link HistFactory File

ith auxiliary materia Archive of full likelihoc OS channel

Table 01: Fitted g in 0
1L/2LOS View Resource

Date «

Table 02: Fitted cross section in

1L/2LOS o 10.17182/hepdata.105039.v1/r1
-1

Table 03: Ranking for the
1L/2LOS channel

- ) ) ) ) s
o) (o) and the photon with the ATLAS detector at /s = 13 TeV
2019 2023

Download

Table 04: grouped-impact

L The ATLAS collaboration Aad, Georges ; Abbott, Braden Keim ; Abbott, Dale ; et
uncertainties

=

Table 05: Fitted 1 in Collaboration Phys.Lett.B 842 (2023) 137379, 2023.
. . .
LR AR L HistFactory File ATLAS ) [ Inspire Record 2077557 % DOI 10.17182/hepdata. 129959
o L full |
Ii?zlig;;'ttse;j;[css section ': . This letter documents a search for flavour-changing neutral currents (FCNCs), which are
c c S . analysis uses data collected in pp collisions at v/s = 13 TeV during Run 2 of the LHC, co
Table 07: 1L,>9j,>3b Sum of b- ‘ 1 ‘workspace_Comb.jso Subject_areas
tag score prefit 2 e 8 0 data tables match query
hep-ex 25
Table 08: 1L,>9j,>3b Sum of b-
tag score postfit 2 pownload Ph
rases
Table 09: 2LOS,>7j,>3b Sum of l l M t of th tt_tt_ d
easurement o e roau
b-tag score prefit 2 Proton-Proton Scattering 2 P
SuUSsYy 2 The ATLAS collaboration Aad, Georges ; Abbott, Braden Keim ; Abbott, Dale ; et
Supersymmetry 2 JHEP 11 (2021) 118, 2021.
Cross Section i

[ Inspire Record 1869695 % DOI 10.17182/hepdata.105039




Input data

imax 1 number of bins
jmax 1 number of processes minus 1
kmax 1 number of nuisance parameters

bin chl
pbservation -1

bin chl chl
process sig bkg
process 01

rate -1 -1

SYys shape 1.0 1.0

HistFactory ]SON
schema (ATLAS results)

CMS Combine datacard:
plain ASCII text + ROOT
shape files

"channels": [

{

"name": "chl",
"samples": [
{
"name": "sig",
"data": [
148.8058319091797
1
"modifiers": [
{
"data": null,
"name": "r_sig",
"type": "normfactor"
i
{
"name": "sigsys",
"type": "histosys",
"data": {"hi_data": [163.68641510009767], "lo_data": [133.92524871826173]}
s
{
"name": "sigsys",
"type": "normsys",
"data": {"hi": 1.1, "lo": 0.9}
3
]
Iy
{

llname": llbkgll’
"data": [

43.84315872192383
1




Full likelihood translation

A tool for a carousel model conversion for Combine and pyhf inputs

Validate translated inputs and physics results (likelihood scans, impacts, etc.)

Automated fitting tests and performance comparisons

Helps to understand the fitting procedure in ATLAS and CMS collaborations

Implemented as combine2pyhf package

250

200

150

Time [s]

100

50

Looking
forward to
more inputs!

—e— combine
—e— pyhf (humpy)
—e— pyhf (pytorch)
—e— pyhf (jax)

pyhf (tensorflow)

200 400 600 800

Model complexity


https://github.com/kskovpen/combine2pyhf

Events

Full likelihood translation

—e— combine

e Successful validation ASIMOV  —
e Able to reproduce the full model results

e Small differences connected to the
treatment of MC statistical uncertainties

2AInL

® Automated validation process for any
combine or pyhf inputs 1

Input data

500 A

}
|
- TTZ 0.6 0.8 1 1.2 1.4
m—]
—]

—e— combine

400 4= 7 Observed =—aon

ChargeMisID . YT
ro ctron MU= 1.1832(&)

i =1.185168
300 -

2AInL

200 A " | ||

100 -
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Observables and EFT

Preservation of binned distributions
with full experimental information does
not guarantee its successful
reinterpretation

One needs to know how these bins
were obtained

Our studies have grown to become too
complex - one simple kinematic
observable is not enough

Possible to describe the relevant MVA
but impossible to reproduce

Vital for preserving experimental EFT
sensitivity

EFT preservation = publish experimental
observables

ANLL

Events

] o —— —— ) —— e ———————

— Without preservation

— With preservation

0.4 0.2 0.0 0.2 0.4
Wilson coefficient



Preserving EFT

® Parameterize EFT yield per bin in the distribution of the fitted observable
® Dump the coefficient matrix as json, csv, etc.

® Remains model-dependent (as everything we do): can’t modify any
predictions when reinterpreting results

O'EFT _‘-I_'CO Cq +@C +‘C C2+
HaL)es + @i cr + -

® Parametrization using all relevant operators
is desirable

® Allows to reinterpret experimental result in a
given EFT model

® Publish parametrization to HEPData?

SJUSA]



Z lop quartet

g
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e Backgrounds from ttW, ttZ, non prompt, etc. £ 4!
(O] I
. >
® [Extensive number of SRs and CRs based on LI

multi leptons and the number of (b-) jets 20

e Multi-classification of events (tttt, ttV, tt)

o O . ,
S0 +++H++H
O = 17.7 13 (stat) *= (syst) fb i T R
Osm = 134115 b S =5.60 (4.90) SDT score


https://arxiv.org/abs/2305.13439
https://arxiv.org/abs/2212.03259

5 lTop quartet

EXPERIMENT

® Previously published combination of four top production channels by ATLAS

e Using it, because full likelihood is available!
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https://arxiv.org/abs/2106.11683
https://arxiv.org/abs/2007.14858
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ATLASH+CMS: Four tops
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% E
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2AInL
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Four top re-observation

80 —— ATLAS

[ ]
AsSIimovV — cws
s ATLAS+CMS
70
60
50
40
30
20
10
0
1 2 3 4
— ATLAS
Observed —cus
s AT AS+CMS
40

30

20

10

Still observing four tops after
combining CMS with ATLAS

But now at 7.6 ¢

Will be even more ¢ ’s when
combined with the ATLAS
observation result

Approach for ATLAS+CMS
combination:

® Correlate main physics
processes: tttt, ttW, ttZ, tth

® Assume no correlations among
systematic uncertainties



Correlating uncertainties
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Correlating uncertainties
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Correlating uncertainties

®

® |eptons

® Jets
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Process modelling <background #1
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~ 500 nuisance parameters per analysis |9



Correlating uncertainties

® |t would be great to have a common naming convention for
specifying nuisance parameters in a published result

® Centralize the description of the most common set of
nuisances

® Provide an additional dictionary to HEPData?

® Need to keep track of evolution of systematics with time

20



Parametrization

Proof-of-concept study: focus on 8 EFT operators affecting signal and backgrounds
Not yet including four-fermion operators nor CP-violation

Include quadratic and linear terms

Experimental observables are not reproducible = modity signal and backgrounds by the
EFT-modified inclusive cross section

Wilson coefficient
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Wilson coefficient
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Omnipresent EFT

All dominant backgrounds are as
important as the signal process

Correct sensitivity only through a
comprehensive EFT study

Do not artificially remove operators, if
well constrained by other processes

These operators may be already
constrained by backgrounds
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https://arxiv.org/abs/2201.07301
https://arxiv.org/abs/2107.01508

)

LAS

EXPERIMENT

lop-~£

Probe top electroweak EFT couplings

Measure inclusive and differential ttZ cross sections in 31 and 4l final states

Full likelihood available for the inclusive cross section measurement

No EFT interpretation included in the analysis - let’s have it done now!
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https://arxiv.org/abs/2103.12603

Top electroweak couplings
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ANLL

ANLL

Top electroweak results

e Combine full likelihoods from:
e tty (single lepton): JHEP 12 (2021) 180
e tty (di-lepton): JHEP 05 (2022) 091
e ttZ (multilepton): EP]JC 81 (2021) 737

® Very complementary sensitivity

95% CL
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https://arxiv.org/abs/2107.01508
https://arxiv.org/abs/2201.07301
https://arxiv.org/abs/2103.12603

Let’s combine everything

e Use full likelihoods from 5 published analyses:
e tttt (multilepton): JHEP 11 (2021) 118, arXiv:2305.13439
e tty (single lepton): JHEP 12 (2021) 180
e tty (di-lepton): JHEP 05 (2022) 091
e (tZ (multilepton): EPJC 81 (2021) 737
e Probe EFT through tttt, tty, ttZ, ttW, tth
® More stringent EFT constraints after ATLAS+CMS combination
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https://arxiv.org/abs/2106.11683
https://arxiv.org/abs/2305.13439
https://arxiv.org/abs/2107.01508
https://arxiv.org/abs/2201.07301
https://arxiv.org/abs/2103.12603

Grand combination results

95% CL

ANLL

-0.5 0.0 0.5

ANLL

95% CL
6
® ATLAS ® ATLAS
v CMS VY CMS
4, #® LHC ar % LHC
9% SM o SM
2 L
59 of %0 o
_2 = \’\’\C
S
N
4t s
1 _6 1 1 1 1
1.0 1.5 -6 -4 2 0 4
Ctus
10 T 10 T
—— ATLAS ——  ATLAS
— CMS — CMS
g} — LHC gl — LHC
6F 6l
=
<
4 4t
2t 5l
0, 2 6 9% 05

29



Summary

® Translation between ATLAS and CMS full statistical models is available

e Allows for a proper combination of the results between the experiments

® Direct measurement:

¢ Combine our measurements using either of the statistical tools
® Include EFT in all relevant processes

® Harmonizing uncertainty correlations can be a challenge

® Reinterpretation:
® Almost any published LHC result can be reinterpreted in terms of EFT sensitivity,
however in most cases can only introduce EFT parametrization on the total cross section

® For EFT-specific experimental studies need to publish EFT-specific information (e.g.
parameterization, selected event samples, etc.)

® What’s next:
e Try to publish?
e g full-likelihood combination for a selected process (latest four top results?)
® also may include an EFT reinterpretation

® EFT combination based on unfolded differential measurements coming soon .



