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Higgs Boson Production at the Large Hadron Collider

» The center-of-mass collision energy at LHC during Run-2 (2015-2018) was \/E =13 TeV

» Standard Model (SM) Higgs boson is produced (~ 8x10¢ at Run-2) via 4 major processes at the LHC

q
q q 1% VBF 7
GA > H - H y o
Gluon-gluon fusion (ggF) ~ 49 pb Vector-boson fusion (VBF) ~ 4 pb

I
I
<<
I

q %
q “H
Higgs-Strahlung (VH) ~ 2.5 pb ttH/bbH (HF) ~ 0.5 pb each
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Higgs Boson Decays Into 77 Pairs

[1] Phys. Rev. D 99 (2019) 072001

* H — 77 decay channel is first observed in 20180l and it has the strongest Yukawa coupling (x_) to leptons

* It provides a compromise between a reasonable branching ratio (~6%) and signal discrimination performance

q
q T tiepTiep (12%)
H
""" e TlepThad (42%)
q T 7=~ _]|"had"had (46%)
q
q T
Z

g .

Z — 171 is the dominant background
(~500 times larger production rate)
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ATLAS Experiment During Run-2: Detector and Dataset

Image Credit: ATLAS, modified

ATLAS is a general-purpose detector with three main components: Inner Detector, Calorimeters and Muon Chamber

» Algorithms combine & process information from subsystems to identify and reconstruct the particles

» Neutrinos escape the detector, visible transverse momentum imbalance (E%“SS) is used as a proxy
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Reconstruction and Identification of Tau and Higgs Particles in ATLAS

Tau and Higgs particles decay before entering detector volume, they are reconstructed from their subsequent decay particles
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Reconstruction and Identification of Tau and Higgs Particles in ATLAS

Tau and Higgs particles decay before entering detector volume, they are reconstructed from their subsequent decay particles

Thad,vis
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Reconstruction and Identification of Tau and Higgs Particles in ATLAS ['1Nuel. Instrum. Meth. A 654, 481 (20M) (.25

Tau and Higgs particles decay before entering detector volume, they are reconstructed from their subsequent decay particles
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Reconstruction and Identification of Tau and Higgs Particles in ATLAS

Tau and Higgs particles decay before entering detector volume, they are reconstructed from their subsequent decay particles

Thad,vis

4

ATLAS

EXPERIMENT
Run: 300571

Event: 64794822
2016-05-31 08:12:26 CEST

myg = 125.2 GeV

mj;= 1.4TeV
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Content

Evidence for V(£)H(r 7) production in Measurement of CP properties using Search for LFV in
H — 7¢,Tp,q and H — 7,,47;,,4 decay products H— leep and H — (1,4 final states

H — 71y T,g and H — 73,47;,,4 channels

Eur. Phys. J. C 83, 563 (2023) JHEP 07 (2023) 166

Some other related ATLAS results:

/— Non-resonant HH — bbrt
H — 77 couplings
See Guiseppe’s

g talk VBE H — 7z CP
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. . . 1] Phys. Lett. B 786 (2018) 59
Evidence for VH, H — 77 Process - Motivation and Strategy 1,1 reen moviowd 8¢ ot

Goal: measure the o x BR of V(£)H(77) production, one of the major Higgs production modes. V(f)H(bB) observedl in 2018

« V= {W, Z} production modes with decays into light leptons (£ = ¢ or u) - Ambiguities due to multiple /v sources

Assign leading p; ¢’ to V decays and require opposite-sign 7., 7y,q / ThadThad

WH 7 ZH £+
W V4
w /= Z £~
L H Flep> Thad e H Tiep> Thad
Thad> Thad Thad> Thad
Suppress Z+jets in 7y,,7;,,q channel by requiring 2 same-sign 7 Select Z bosons with requiring 81/71 <m,.,- <101/111 GeV

— 37 in Ty T,g- Assign largest P4 with best m,,

Enhance H sensitivity with a mass-window of 60/80 < M, < 130 GeV Enhance H sensitivity with a mass-window of 100 < 11, < 170/180 GeV
— Multiple (H & W) neutrino sources

Transverse-projection (T) two parent (2) “transverse mass” variable M,y [2]
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Evidence for VH, H — 77 Process - Signal Extraction and Background Estimation

Neural Networks (NN) are used (Run-1: no MVA) to separate signal from the dominant diboson (VV = WZ, Z7) backgrounds

One NN is trained in each channel, except WH7,.,7;,,4 , which has three: ee, ey and p

are estimated using the data-driven Fake-Factor method
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Evidence for VH, H — 77 Process - Results

Four signal region NN distributions are used in a binned profile likelihood fit to extract the parameter of interest (Pol) ;7 = —
SM

* No control regions in the fit = Thorough checks are done to validate the background modelling

+ Main results from 1 Pol fit: u7%, = u7%; = ust, = 1.28%0-3 (2 Pol fit: ui5, = 1.487928 and uZ%, = 1.097031 — compatible)
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[1] Phys. Rev. D 93, 092005
[2] Eur. Phys. J. C 83, 562 (2022)

Evidence for VH, H — 77 Process - Results

Four signal region NN distributions are used in a binned profile likelihood fit to extract the parameter of interest (Pol) iy}, = —

* No control regions in the fit = Thorough checks are done to validate the background modelling

+ Main results from 1 Pol fit: u7%, = u7%; = ust, = 1.28%0-3 (2 Pol fit: ui5, = 1.487928 and uZ%, = 1.097031 — compatible)

3
0IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ATLAS Preliminary —$— Data
Vs =13 TeV, 140 fb B VH H

VH, H>tt
Signal region, postfit v
Misidentified jets

All SRS - Other

=

Source of uncertainty o/ puygy [%]
Hadronic 7-lepton decay 10
Background sample size 9
Misidentified jets

Jet and EISS

Theoretical uncertainty in signal

Theoretical uncertainty in top-quark, VV and VVV processes
Electrons and muons

Luminosity

Flavour tagging <1
Total systematic uncertainty 17
Total statistical uncertainty 24
Total 29

Entries / Bin

0.8

III|III|IX

— N B

0.4

0.2

Observed (Expected) Significance: 4.20 (3.60) First evidence !

|

10

Pull(stat.)

, | 1 Previous ATLAS! : (20.3 fb=1,8 TeV) uf%. < 5.5x SM@95 % CL

inc.

3 25 =2 45 1 05 0 05 Latest CMS? : (138 fb~1,13 TeV) u®F. = 1.79 +0.45

inc.

o a0
| \
1
1
1
1
1
1
1

_:‘
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I

H — 77 measurements and searches with the ATLAS detector | 0. O. Oncel (Freiburg & ATLAS) | TAU2023 International Workshop | 06 December 2023 | ogul.oncel@cern.ch 9/16


mailto:ogul.oncel@cern.ch
https://https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.092005/science/article/pii/S0370269318307056?via=ihub
https://doi.org/10.1140/epjc/s10052-023-11452-8

Higgs — 77 Decay CP - Motivation & Strategy

[1] Sov. Phys. Usp. 34 392

According to Sakharov Conditions!'l, new sources of CP-violation might explain the baryon asymmetry in the universe

« CP-mixing alters the transverse-spin correlations between 7-particles — changes carried over to the 7-decay products

Theory: Parametrize k_ with a CP-mixing parameter ¢, -~
m, _ . . H
Lhjee = = Kl cosp Tt + Sing Tiys1)H 0 =-e-aa- e
¢, =0 — Pure CP-even (Scalar) 7"

¢, = 90° - Pure CP-odd (Pseudo-scalar)

Observable: Signed acoplanarity angle gbgp between 7-decay planes

dl'y_ ;+,- o« constant — cos(¢fp — 2¢,)

CP-mixing = phase-shift in ¢},

- L
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[1] JHEP 08, 175 (2022)

Higgs — 77 Decay CP - Analysis Regions

TlepThad and Thad®had final states are broken down to further regions according to decay modes and topologies

0

« 8 (4 regions x 2 final states) inclusive SRs have 8 corresponding Z — 77 CRs. +2 Z CRs to constrain 7~ energy resolution

* SRs are further split into 3 subregions of increasingly optimised ¢, sensitivity (Iow/nildium/high)
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* in
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CMS Result: JHEP 06, 012 (2022)

Higgs — 77 Decay CP - Results

Using ¢, as the Pol, a binned profile likelihood fit is evaluated using all signal and control regions

- Analysis is statistically limited, among systematics, Jet Energy Scale/Resolution had the highest impact on ¢_with 3.4°/2.5°

CMS/ | poP = — 1+ 19° (68 % CL)

¢ = 0£21" (68 %CL) 2D Likelihood Scan
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SM Higgs normalization is left ¢ (P P) =9 £ 16° (0 £28°) Agreement with SM within 10

unconstrained —Using only the shape Pure CP-odd hypothesis is rejected with 3.40 (CMS: 30) No strong correlations observed

First ATLAS result
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[1] Phys. Lett. B 786 (2018) 59

Higgs — £7 LFV Search - Strategy & Backgrounds

f—l—

Search for Lepton-Flavour-Violation (LFV) in H - ¢7 & H — 117 decays (p? ordered) H Y,

- 7, Tjep and Z, Tpaq hannels are further split into VBF (N, > 2) & non-VBF regions

Uep> Thad Lp’ q’
. b
. data-driven Fake-Factor or ABCD methods
« MC Template (Symmetry) method is used to estimate Z — 77 & (All) SM backgrounds _
Ul/p', q
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Higgs — 7 LFV Search - Symmetry Method

- Estimate backgrounds in a channel (e7/i7) using the data events from the selection of the other channel (u7/et)
« Assumption 1: ¢ «— u exchange is symmetric in SM background processes
« Assumption 2: LFV signal processes are asymmetric i.e. BR(H — ¢7) # BR(H — u7). Method is sensitive to ABR

« Asymmetries originating from instrumental effects (detector efficiency, fake rates) has to be corrected
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L SM(et) —=|R,. X SM(e7) < -
~ 1 ?"‘ﬁmwm‘wg*;’f“ww'ﬂt;w*iF ;’% _
& corrected e7 background ~1.00 TR o 2z
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https://link.springer.com/article/10.1007/JHEP07(2023)166

Higgs — 7 LFV Search - Results

[1] Phys. Lett. B 800 (2020) 135069
[2] Phys. Rev. D 104 (2021) 032013

New

Taking LFV decay BRs as Pols, 1 Pol (SYM+MCT) and 2 Pol (MCT) binned profile likelihood fits are performed on SRs + CRs

« Analysis is systematically limited, background sample size & misidentified background uncertainties are dominant

Events / Bin
a4 a4
o o o o o o o
- n w S (4] o ~ o=}

—_
: —_
n o
6]

-
o
S

1N}
)]

Data—Bkg Data / Pred.
o 2
o
o

|
n
o
o

T T T
ATLAS
V5 =13TeV,138fb™"
H-ute
Symmetry
non-VBF, postfit

I
4 Data

Uncertainty

BN H-ut,, B=0.25%

BN Symmetric
Misidentified

s Other

H - ute, prefit
T 5-011% x100

H — pt,x 100

ol bl v v o ol ol 1

0 0.05 0.25 0.54 0.74 0.84 0.89 0.92 0.94 0.95 0.96 1
NN score

New

SRs: Multi-classifier BDTs and NNs

Fit to discriminant score distributions

MC-template - Symm.

-0.2

-0.4

0.5

T
- ATLAS

[ Vs=13TeV, 1381b™"

L MCT &% SYM

:

—e— MC-template (Full unc.)

YWy, MC-template (Uncorrelated unc.[

—a— Symmetry (Full unc.)
| |

Non-VBF

ABR = BR(H — y7) - BR(H — ¢7)

ABR MCT (7 *e7,) = (0.02 £ 0.12)%
ABR SYM (£7,)

VBF |-
Combined -

= (0.25 + 0.10)%

B(H —ut)in %

0.3 _I T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T | T T T ]
C ATLAS |:|95°/o CL 1
r -1 [des%cL A
0.25 - Vs=13TeV, 138fb XBestit
0.2 N x SM ]
0.15 -
0.1F .
0.05 [ .
0F x 210 s
- Best fit «— SM
_0.05 -I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I-
01 -005 0 0.05 01 015 02 025 0.3

MCT (¢ Tlep+f Thad)

B(H —et) in %

New best

BR(H — ¢7) < 0.20% (0.11%) @ 95% CL
BR(H — u7) < 0.18% (0.09%) @ 95% CL

Previous stringest direct limits (e, 17)
36 fb-1, 13 TeV ATLASI' (0.47%, 0.28%)
137 fb-1, 13 TeV  CMSI2] (0.22%, 0.15%)
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[1] ATLAS-PHYS-PUB-2022-044

Summary and Outlook

» First evidence (4.20) for V(£)H(77) production (NNs, x7 data)
- Decay CP angle qb;’bs' = 9 + 16° consistent with the SM within 1o (First ATLAS result)

« Stringest LFV BR(H — ¢7) = 0.2% @ 95%CL, 20 overall compatibility with SM (x4 data, 2Pol fit, NNs)

T T T | T T T | T T T | T T T | T T T | T T T | T
. . . ATLAS Preliminar B HL-LHC
More data, better hardware and improved algorithms — High hopes! /s = 14 TeV, 3003(’) - HL-LHC, Alternative
Projection from Run 2 data Il Run 2, s=13 TeV, 138 b
2 POI
RUI"I-3 (2022'25) = 2 X RUI’I-Z data ?ZT::S’ VBF HL-LHC/Run2 = 3.5

Thad decay-mode classifier example: e "™ HL-LHC/Run2 = 4.5

BDT — DeepSet NN brings +9% efficiencyl!']

et +ut,, non-VBF

HL-LHC/Run2 = 3.4

3.7 (exp)

erhad+mhad, non-VBF|

3.4 (exp) HL-LHC/Run2 = 2.5

HL-LHC/Run2 = 4.0

High-Luminosity LHC (2029-) = 3000 fb-1 et T,

4.8 (exp)

er':had-'-w':had
5.9 (exp)

LFV Analysis Example for BR(H — £7) = 0.1%:
8.10 expected sensitivity — Four times better than Run-2 result!

HL-LHC/Run2 = 3.4

f et+ut

B 8.1 (exp) HL-LHC/Run2 = 3.8

0 2 4 6 8 10 12
Expected significance for B(H — ut)=0.1%
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|

Thank you for your attention!
T




Backup

universitatfreiburg



LHC and ATLAS



LHC - Timeline

)

G@D LHC / HL-LHC Plan

HiLuMm

LARGE HADRON COLLIDER

LHC HL-LHC

13 7oy BER Ls2 13.6 TeV 13.6 - 14 TeV
e

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8 TeV putton collimators interaction ) inner triplet . s LH(.:
e — T R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 “IIIII
5 to 7.5 x nominal Lumi

ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

: : : : HL upgrade
nominal Lumi m'_—i"_‘l ALICE - LHCb g 2 x nominal Lumi

75% nominal Lumi | / upgrade g :
m '1 integrated JEALVAION
Ll m Iumi%osity 4000 fb"

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY . PROTOTYPES / CONSTRUCTION ’ INSTALLATION & COMM. HH PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

Image Credit: CERN

H — 77 measurements and searches with the ATLAS detector | 0. O. Oncel (Freiburg & ATLAS) | TAU2023 International Workshop | 06 December 2023 | ogul.oncel@cern.ch

10 /16


mailto:ogul.oncel@cern.ch

ATLAS - Tau Reconstruction in ATLAS

Reconstruction:

Anti-kt jet algorithm, R=0.4

Prong count by defining core and isolation tracks using BDTs with tracks with dR=0.4 of tau axis
Using: pT, tracker hits, impact parameters

Number of core tracks give the prongness

Energy calibration:
Apply pile-up and energy cluster correction to objects within R=0.2 of the tau candidate
Use corrected energy with a boosted regression tree to calculate final energy
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ATLAS - Tau ldentification in ATLAS

Tracks

Clusters

Gamma* -> tautau (signal) vs. Dijet (bkg.)

Signal efficiency

Background rejection BDT  Background rejection RNN

Dense

Working point 1-prong 3-prong 1-prong 3-prong 1-prong 3-prong
Tight 60% 45% 40 400 70 700
Medium 75% 60% 20 150 35 240
Loose 5% 75% 12 61 21 90
Very loose 95% 95% 5.3 11.2 9.9 16
Shared ., Shared L 19T o LSTM

dense dense

Merge

Shared || Shared | b pory LWl 1gTM » Dense |—+{ Dense
dense dense

ngb-level Dense | Dense » Dense

variables

LSTM (Long Short-Term Memory)

H — 77 measurements and searches with the ATLAS detector | 0. O. Oncel (Freiburg & ATLAS) | TAU2023 International Workshop | 06 December 2023 | ogul.oncel@cern.ch

10 /16


mailto:ogul.oncel@cern.ch

ATLAS - Tau ldentification in ATLAS

Observable 1-prong  3-prong

seed jet

T
track

Antrack
A ¢track
dtrack

|do ™"

| 2552 gin 6)

Track inputs

0.08p e
ATLAS Simulation Preliminary

1 _prong Thad-vis

600'''I""I'"'I""I""I""I""
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p,> 20 GeV
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Nscr nits
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E%us er
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A¢©
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ATLAS - MMC

Tivis é)q)l

e Originally developed by the CDF collaboration at
Tevatron — adopted by the ATLAS experiment.

e Accounts for the kinematic constraints while considering
the variation of energy and position of the particles in
the decay cascades over the allowed phase space.

miss

e Assumes neutrinos are the only E7"®® source.

e For each event, scan over possible configurations
of the visible and invisible 7-decay products is
performed in a Markov chain.

e For each kinematic configuration, the final weight 7
is defined as a log-likelihood of its total probability. G005 0 08 05 6 0

AR

10

e The solution with the highest likelihood and largest Figure: Example of the

weight is set as a final estimator of my. probability distribution functions
P(AR, p+) [3] at a particular p.

L=-— Iog(Ptutul) — Iog(P(AR\'is.xlliss 1,pr 1) X P(AR\'is.miss 2,pr 2) X P(ET x.y) X P(E\'is. ' 1) X P(E\'is. T2)) X P(mxlliss l) X 7D(mmiss 2) J

probability of the - angular distance b/w MET T-lepton kinematics invariant mass of
topology ata (vis.,mis.) decay neutrinos (in case of 1)
given point products Ciep)

https://indico.cern.ch/event/796574/contributions/3521687/attachments/1917917/3172786/
The_status of Missing_Mass_Calculator _for Higgs boson_mass_ estimation_in_the ATLAS H  analysis18.pdf
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VH

Process MC Generator + UEPS PDF Set Perturbative Order
Signal

W — v, H > v PowHEG [21-25]+PyTHIA8.235 [31] PDF4LHCI15NLO [37] NLO
Z—-t,H—> 1T PowHEG+PYTHIAR.235 PDF4LHC15NLO NLO
Background

ggFH — 17 PowHEG+PyYTHIA8.235 PDF4LHCI15NLO NNLO
VBFH - 171 PowHEG+PYTHIA8.235 PDF4LHC15NLO NLO
ttHH — 17 PowHEG+PYTHIA8.235 NNPDF30NNLO [36] NLO
Diboson SHERPA 2.2.2 [32] NNPDF30NNLO NNLO
Triboson SHERPA 2.2.2 NNPDF30NNLO NNLO
V +jets SHERPA 2.2.1 [32] NNPDF30NNLO NNLO
Single—top PowHEG+PyYTHIAS8.230 NNPDF30NLO NLO
tt PowHEG+PYTHI1A8.230 NNPDF30NLO NLO

Table 2: PReEseLEcTION and SIGNAL REGION selection for the four categories. “OS” stands for opposite-sign, “SS” for
same-sign and “ID” for identification.

Selection | WH, H — TiepThad WH, H — ThadThad ZH, H = TiepThad | ZH, H — ThaqThad
exactly 1 Thad-vis exactly 2 Thad-vis exactly 1 Thad-vis exactly 2 Thad-vis
PRESELECTION exactly 2 ¢ exactly 1 ¢ exactly 3 ¢ exactly 2 ¢
b-jet veto b-jet veto same-flavour, OS ¢ pair same-flavour, OS ¢ pair
my, € [81,101] GeV mgp € [71,111] GeV
1 Thad-vis and 1 niep OS exactly 2 Thad-vis OS exactly 1 Thag.vis and 1 7iep OS exactly 2 Thad-vis OS
S1GNAL REGION exactly 2 £ SS 0.8 < AR(Thad-vis» Thad-vis) < 2.8 | 2 dviss Thep pr(t) >60GeV | ¥, . pr(r) >75GeV
2 P1(€) + p1(Thadvis) > 90GeV | X, - pr (Th?d-vis) > 100 GeV
m.. ¢ [80,100] GeV mr (¢, EZ") > 20 GeV
HiGGs BOSON MASS WINDOW CUT
(ONLY APPLIED IN THE NN-BASED ANALYSIS) myt € [60, 130] GeV myt € [80, 130] GeV mmymc € [100, 170] GeV mymMmc € [100, 180] GeV
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VH

Category Region Cuts Major process contributing
to the background from misidentified jets
PRESELECTION
W+jets same-sign Thad-vis W+jets ~ 70%
mt(€, ET") < 60 GeV
PRESELECTION
WH, H = ThadThad Z -1t mot < 60 GeV Z — 11 ~ 50%
mr(€, ES) < 40 GeV
PRESELECTION -
top-quark #b jets > 0 tt ~ 70%
PRESELECTION
opposite-sign light leptons
Z—>TT moy(€,£) € [60,120] GeV Z — 11 ~ 40%
WH, H — Tlep Thad Mmee € [80,100] GeV
PRESELECTION
All Same Sign | all objects with same-sign W+jets ~ 70%

Mee ¢ [80,100] GeV
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VH

Table 4: Input variables for the neural networks included in all channels, and then for the specific category. The
indexes “1” and “2” refer to the leading and sub-leading objects, respectively (following a pt ordering). The symbol
¢+ refers to the light lepton originating from a 7-lepton decay, while £ (without any index) refers to a light lepton

associated with the V boson decay.

All categories

ZH, H = ThadThad

ZH, H = TiepThaa

WH, H = ThaqThad

N-prongs(71) N-prongs(12) pr(62) N-prongs(12)
pr(m) pr(m2) n(62) pr(m2)
n(t1) n(72) ¢(62) n(r2)
¢(71) ¢(12) pr(H) $(12)
AR(71, 61) pr(&) n(tr) Vn(€1)? + ¢ (61)?
pr(l) n(62) ¢(€)
n(1) ¢(62) AR(¢,€)
¢(61) mee mee
pT(E%‘SS) AR(¢,€)
$(ET™)

WH, W — ev,, H— T,Thaq

WH, W —» e(l‘)"’e(p)’ H - Tu(e) Thad

WH, W - pv,, H > T,Thaq

pr(€r) pr(¢s) pr(€)
n(€) n(€) n(€r)
¢(r) ¢(¢r) ¢(r)
An(t, &7 An(t, ;) An(t,t;)
jet width(tq) jet width(y) jet width(ry)
pr(H) m(ty,€r) AR(¢, ;)
m(ty,{) AR(¢, ;) m(7y,1l7)
ATI(Tl’fr) An(‘rh[‘r) An(Thf‘r)
Ag(lh,€7) >, pr(all visible) AR(711,€7)
Ay (1, E%‘iss) Ad(11, E%‘iss) >, pr(all visible)
AR(& f‘r) A¢(€1 ’ €T)
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Entries / Bin

Entries / Bin

Data/Pred.

Data/Pred.

[ ATLAS
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 ZH, H-t Thaa

[ SR sidebands, prefit
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160 22 uncertainty
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Entries / Bin

Data/Pred.

Data/Pred.
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3
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NN score
R R R RN N
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VH

IIlllllllIIIIIIIIIIIIIIIII

ATLAS Vs =13 TeV, 140 fb™

—Total —Stat. VH,H = 1t

Tot. ( Stat, Syst.)

ZH(17|ep17had) ro— 070 (065 -026

ZH(Thadrhad) =g -0.51 -0.47 -0.20

1.84 +1.12 (+O.71 +0.87

WH(rlepthad) Ho = -1.01 -0.68 -0.75

WH (thadthad) 1o—1 -0.55

ZH| o
WH| e 148 *020 (Y93 o5
Comb. ""'.'."."l """"" - 1 'l'éé";i’f‘?"': """ i't}l"i?ii’mfgl'é}"’m
0I I2|II4II|6|H8H|‘|OHI‘|2II
Mo
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Decay CP
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Decay CP - CP mixing

Sakharov Conditions
* 1- Baryon Number violation
« 2- CP violation

« 3- Thermal inequilibrium

CP-mixed signal sample
» Generate events without polarization POWHEG+PYTHIAS8

 Use TAUSPINNER to reweight the generated events to CP-mix scenarios
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Decay CP - Decay Mode Reconstruction Eur. Phys. J. C 83, 563 (2023)

x10° - . .- . . .
@ £ | | | + Ability to distinguish between smgle-;r0 and multi-z° clusters
c [ ATLAS -o- Data
Q@ 5 is=13TeV, 13970" M Hoto (SM) ] ] ]
Wt 7 Visidentited « “Particle Flow” reconstruction algorithm
C_ Al SRs Il Other backgrounds
E Pre-it 7 Stat. uncertainty

* Determine 4-momenta of charged and neutral tau decays

+ Combine tracking detector and calorimeter information

Decay mode classification by counting charged/neutral pions, exploit kinematic t-decay properties

—

Use BDTs (1p0n vs. 1p1n) (1p1n vs. 1pXn)(3p0n vs. 3pXn) to improve neutral pion detection

1p0n-1p0On 1pOn-1pin 1pin-1pin 1p0On-1pXn 1p1n-1pXn 1p1n-3pOn 1p0n 1p1 n 1an 3p0n 3pxn

1p0n 1pin 1pXn 3p0n 3pXn

0
B 1.2~ ]
a 0 81 = AT’-AS Slmlulatlon | | Ho1t ATLAS Simulation Ho1tt
~ 05— | | ‘ L O 5 () | [ [ I
o ©
= 1p0 1p1 1pXn 3p0n e}
(QU pon pin P p = 3pXn 0.0 0.5 0.6 8 3pXn 0.1 39 20
Reconstructed decay mode -, -
(48]
e F | ! | | | 7 O ©
c 3 AraAs - Data -4 @ o
o = Vs=13TeV, 139 " . Hoer (M) 7 © 3p0n 5 3p0n
W 5 5E Thadtha ) Misidentied | O O
"“C AllSRs I Other backgrounds _,q_,) o
F 7 Stat. uncertainty - O -
2; Pre-fit 7 S g
- 3 = 1pXn = 1pXn
C _ [7)) +— 1P
C . (@)
C ] (&) Q
= CD 8
: C 1pin C 1pin
0.5
S 12— | | | - 1pOn 9.3 1.4 0.2 0.0 1p0n {0 0.1 0.0
i 1““g‘é“‘ﬁ“"..,““......“....“1/,/.,4// S f A A A e At
~ 0 8_ | | | | | ] l l l l | | | |
!
©
o

Reconstructed decay mode combination Generated decay mode Generated decay mode
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Decay CP - Decay Plane Reconstruction

Eur. Phys. J. C 83, 563 (2023)

S ATI AS

EXPERIMENT

/

(a) Impact parameter (IP) method (b) p-decay plane method

— A*0+  Ax0-—
@* = arccos(R’"-A}7) ¢" =arccos(qy " - 41 ),
- A8 1/

O =a - A*x0+ X A x0— .

ﬁ* A% Ak Ak — Cp q (qJ_ q_]_ )
CP—q—'(nL X )5

" o*
Pcp = {

' @ ifOlp 20
. . 2m —¢* i Oy < 0.
if 67p >0,

Ex —Enp Epr—Epo

2r—o@* if O;p <0, VT EetEn VT EpntEn

« _ ] ify,y->0
$ep = "+ ify,y_ <O0.

e IP method (for I=e, p and 1pOn)

o  Charged pion (n*) and impact parameter (n*i)
e pdecay plane method (1pln, 1pXn)

o Charged pion and neutral pion (n°)

e Combined

o Combination of methods w.r.t. decay modes
e a decay method (3pOn)
0 Modified p method or 3-prong decays

\
/\

(c) Combined IP and p method

n.+

¢* = arccos(q°" - A7),

O =4 - (@ x A7),

o = ¢
271, — ‘p*/

_Ex—Eq
T Ep+Eg’

Y+

. fer ifyi20
Y=o +n ify, <O.

Notation

Decay mode

Branching fraction

t
1pOn
Ipln
IpXn
3pOn

vy
h*y (n*vy)
Wt nly (nxnlv)
h* > 270 (7%27%)

3h*y Ba*vy)

35.2%

11.5% (10.8%)

25.9% (25.5%)

10.8% (9.3%)
9.8% (9.0%)

Decay channel

Decay mode combination Method Fraction in all 7-lepton-pair decays

ifOLp 20
if Oy, <0.

{—1pOn IP 8.1%

Tlep Thad {—1pln IP-p 18.3%
{—1pXn IP-p 7.6%

{=3p0On IP-a; 6.9%

1pOn—1pOn IP 1.3%

1pOn—1pIn IP-p 6.0%

lpln-lpln p 6.7%

Thad Thad 1pOn—-1pXn IP-p 2.5%
IpIn—-1pXn p 5.6%

1pIn-3pOn po—ai 5.1%
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Decay CP - Preselection

Eur. Phys. J. C 83, 563 (2023) ("

Preselection: TiepThag channel

Preselection: ThadThad channel

Leading jet with pt > 40 GeV

One lepton (e or u) as 7ep candidate

One 1,9 candidate, classified as 1pOn, 1pln, 1pXn and 3pOn
Opposite electric charge between Tiep, and 7,q candidates

P (Tiep) > 21 t0 27.3 GeV, p1 (Thaa) > 30 GeV

AR+ < 2.5, |An.¢| < 1.5

Collinear approx.: 0.1 < x; <1.4,0.1 <xy < 1.2

E%‘iss > 20 GeV

mrt < 70 GeV

Leading jet with pt > 70 GeV, |n| < 3.2

Two Thag candidates, classified as 1pOn, 1pIn, 1pXn and 3pOn
Opposite electric charge between two Thyg candidates

No electron or muon

pr(11) > 40GeV, pr(12) > 30GeV

0.6 < AR <2.5,|An.-| < 1.5

Collinear approx.: 0.1 <x; <1.4,0.1 <x, < 1.4

EMSS > 20 GeV
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Decay CP - SR and CRs Eur. Phys J.C 83, 563 (2023) gl

EXPERIMENT

Signal regions
mMMCTT =[110,150] GeV

Z—1t control regions
mMMCTT =[60,110] GeV

VBF Boost
i Boost 1 High *— | . . p%z > 30 GeV
| Boost 1 Medium |€i= == =i>»{  Boost 1 : mj; > 400 GeV
| Boost 1 Low [€i—=—=1 : (Al > o pIT > 100 GeV
| : | | 5 Mji " Mj <
| Boost 0_High 4_ =1 | | Central 7-leptons
i Boost 0 Medi < - = - Boost 0 :
Oost 7 vedium - . T Signal region (110 < mMM€ < 150 GeV)
! Boost 0 Low <i— =1 : ¢-1pln(t,_t, )/ :
| : | : lep "had | VBF.l | VBF.0O | Boost_.1 | Boost0
| VBF 1 High <€- - | Ipln-Ipln (7,7, )) i R [ sand | AR s
: : L | : 7+ < 1.5 an > 1.50r
i VBF 1 Low  [€i——1 | 5 ~ trol region (60 < mMMC < 110 GeV)
! ) | ! : — < <
: VBF 0 High <im - : : 77 control region m2. e
! : | | : B 1ZCR | B Z CR
i VBF_0 Medium |- - |— ='>|  VBF.0 | VBF_IZCR | VBF_OZCR | Boost_Z1ZCR | Boost_0ZC
VBF 0 Low (€i——1 |
¢_(POI), p_ < =» 4751t NFs n’-related NPs
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Decay CP - Optimized SR Selection

Eur. Phys. J. C 83, 563 (2023)

Channel Signal region Decay mode combination

Selection criteria

|d3%(e)] > 2.5 or |d® (w)] > 2.0

{—1pOn :
High |dy® (T1pon) | > 1.5
[~ 1pln |dy® ()] > 2.5 or |dy® ()| > 2.0
[y (T1pin)| > 0.1
Tlep Thad (-1pXn Idf)ig(e)| >2.5o0r |d8ig(/.t)| > 2.0
, [y (T1pxn)| > 0.1
Medium e "
£-3p0n |dy=(e)| > 2.5 or |dj~ ()| > 2.0
|ya1(73p0n)| > 0.6
Low All above Not satisfying selection criteria

Channel Signal region Decay mode combination Selection criteria
sig
1pOn—1pOn Ia'gig(n)l > 1.5
|dy=(m2)| > 1.5
. a8 (t100n)| > 1.5
High 1pOn-IpIn 1do " (T1pon
e Y (ipta)| > 0.1
Ipln—1pln [yP(T1)yP (12)] > 0.2
ThadThad |3 (T1pon)| > 1.5
1pOn—1pXn 0 P
: P |yp(TIan)| > 0.1
Medium IpIn-1pXn |yp(71p1n)yp(TIan)| >0.2
|y (Tipin)| > 0.1
1p1n-3p0On P
pp [y (T3p00)| > 0.6
Low All above Not satisfying selection criteria
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Decay CP - SR Distributions
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Decay CP - CR Distributions

Events

Data / Pred.

Angular res. & energy scale of PIO affects phi shape for 1p1n,1pXn

Overestimated priors -> impact too large -> constrain with ZCR

X107,

- ATLAS
= (s=13
Tlepthad

0.9

oII

TeV, 139 fb™

ZCR

T l T T T T | T T T T l T T
® Data I Z-51x (best-fit)
Misidentified © [JJJJj Other backgrounds
% Uncertainty

W//»W@W//%////////////g//////////ﬁ

0.

5

wllll

25
m(r: 10 [GeV]

1 1.5 2

Events

Data / Pred.

1.2

0.8

0.6

0.4

0.2

>—<103| LN IR R I L B B IR
- ATLAS ® Data -Zem’ (best-fit)
— {s=13TeV, 139 fb"
v 1., ZCR Misidentified © - Other backgrounds
a a
% Uncertainty

m(n*,x°%) [GeV]

Events

Data / Pred.

Events

Data / Pred.

T T T T
106 = ATLAS ® Data B Z-t (best-fit)

Vs =13 TeV, 139 fb" Misidentified © [Jill Other backgrounds
108 TpagThad ZCR 7/, Uncertainty

115 E
15777 S 7777 G % Z
0.9: v 3
0.8
Boost_0 Boost_1 VBF_0 VBF_1
Control regions
T T T T T
108 ATLAS ® Data B Z-r (best-fit)
{s =13 TeV, 139 fo Misidentified © [Jill Other backgrounds
10° TiepThad ZCR 7/ Uncertainty
104
10°
102
10
1 =
1.2 E
115 J
1 ;/—/—/—///y;///y-f/ < 4 W //«%/////////%
0.9 T 3
0.8 =
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Decay CP - Fit Results Eur. Phys. J. C 83, 563 (2023)

) Set of nuisance parameters Impact on ¢, [degrees]
Fitted parameters  Observed Expected i
Jet energy scale 34
Jet energy resolution 2.5

[¢) o o o

Pz 9"+ 16 0 + 28 Pile-up jet tagging 0.5
Jet flavour tagging 0.2
frr 1.02+929 1.0079:2 Expis 0.4
Electron 0.3
NF,2%-! 1.01£0.05 1.00 +0.04 Muon | 09
L Thad T€CONStruction 1.0
NFEO_O)S;—TO 1.02+0.05 1.00 £0.05 Misidentified 7 0.6
VBF 1 Thad decay mode classification 0.3
NFZ Tt 1.04 +0.08 1.00+0.08 7 angular resolution and energy scale 0.2
Track (7*, impact parameter) 0.7
NF -0 0.95+0.07 1.00+0.08 Luminosity 0.1
Theory uncertainty in H — 77 processes 1.5
Theory uncertainty in Z — 7T processes 1.1
Simulated background sample statistics 1.4
Signal normalisation 1.4
Background normalisation 0.6
Total systematic uncertainty 5.2
Data sample statistics 15.6
Total 16.4
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Decay CP - ATLAS vs. CMS
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LFV - Samples and categories

Process Generator PDF set Tune Order
ME PS ME PS
Higgs boson
ggF PownecBoxv2 PytHia8 PDF4LHCI15~NLO CTEQ6L1 AZNLO N3LOQCD +NLO EW
VBF PownEGBoxv2 PytHia8  PDF4LHCI5NLO CTEQ6L1 AZNLO NNLO QCD + NLO EW
VH PownEGBoxv2 PytHia8  PDF4LHCI5NLO CTEQ6L1 AZNLO NNLO QCD + NLO EW
ttH PownEGBoxv2 PytHia8  NNPDF3.0NNLO NNPDF2.3Lo Al4 NLO QCD + NLO EW
Background
V +jets (QCD/EW) SHERPA 2.2.1 NNPDF3.0nNLO SHERPA NNLO QCD + LO EW
V+jets (QCD/EW)*  PowHeEG Boxv2  PyTtHiA 8 CT10NLO CTEQ6L1 AZNLO NNLO
Diboson SHERPA 2.2.1 NNPDF3.0nNNLO SHERPA NLO
tr PowHEG Boxv2  PyTHiA 8 NNPDF3.0NNLO NNPDF2.3Lo Al4 NNLO + NNLL
Single top PownEG Boxv2 PytHia8  NNPDF3.0nnLo  NNPDF23ro Al4 NLO
Method Channel Category Region 1 POI fit 2 POI fit
SR v v
non-VBF Z — 1t CR v v
MC-template {Tpr Top-quark CR Y Y
SR v
VBF Z — 1t CR v
Top-quark CR v
non-VBF SR v v
MC-t lat ¢
cmplale “Thad VBF SR / v
Symmetr (T, non-VBE SR
yImetty ¢ VBF SR /
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LFV - Selection

Selection {1y {Thad Selection Ctpr {Thad
exactly le and 1, OS exactly 1€ and 17haq.vis, OS e non-VBF (or VBF) category with
. fi k R
Thad-Veto Thad Tight ID misidentified background C statistically independent lepton (£ Or Thad.vis) selection, see text
. - Medium eBDT (eTj,q) - 7
Baseline b-veto b-veto Baseline with 35 GeV < pT1 < 45GeV Baseline
pi‘ > 45 (35) GeV MC-template (Symmetry method) p% > 27.3GeV Z — uu CR/VR (£1p/0Thag) 15GeV < mﬁf.’%f 100GeV (7)< 0.1
p? > 15GeV p:;‘had-vis > 25GeV, |n7'had-vis| <24 |A¢(f2,ET 1)l <1.5 90 GeV < mcou(,u,T) < 110GeV
. pmissy o 1.25 < plrack(g,) [ peluster(g,) < 3
30GeV < my e, < 150GeV 2 cos Ag(i, ET™*) > —0.35 T T
i=C, Thad-vis .
0.2 < (£ = €) /P (£ = €) < 1.25 (MC-template) A7 (. Thagis)] <2 top-quark CR non-VBF (or VBF) selection -
o . with inverted b-veto requirement
track dp significance requirement (see text)
|z sin 6| < 0.5 mm 7 — 1t CR n?n-VBF (or VBJZ ) selection 3
VBF > 2 jets, pll > 40GeV, p? > 30 GeV Baseline
|An;i| > 3, mjj > 400 GeV P? > 30 GeV
Baseline plus fail VBF categorisation Diboson VR 100GeV < mp e, < 150 GeV -
non-VBF 3 veto events if mt > 30GeV
90 < myis(€, Thag-vis) < 100 GeV veto events with jets with pt > 30 GeV
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LFV - MVA Inputs

. {Thad {1 MC-template {7, Symmetry An(l % ¥4 V4
Variable non-VBF _VBF | non-VBF _ VBF | non-VBF _VBF Agg 0 3 v
Mol v v v v v v AG (L, EMISS) v v v v
i S AR, B~ 10 (Thadeis, B
mymc v v 4 v Aa v v v v
mr(T, E%mfs) v v v v AD (€4, E’%ﬁss) % J J / /
mr(Cp, EF™) 4 4 v 4 Ady (61, 6) v v v/
mr (61, EP'™) v v o Y Y
mr (6, .E"lil‘llss) V4 V4 - do 9 Y
Emiss v v v v v v 7 hadvi Y , ,
i
pr(lu) 4 v Niets(pr>30GeV) v
PT(Thad-vis) v v A7 | v v
pr(6a + EF"™) /p1(61) v v AR(j”j) v v
prTest(fH) v v v v |A77"| TR v
p{lgst(&_) V4 V4 V4 V4 JJpT(j.lll) J2 v
pT(fH)/E?lSS v v A¢(jl EmiSS) V4 V4
pT(fH)/pT(f‘r) v v A¢(j2 E?niSS) V4 V4
pr(le + EM) [ pr(Ci) ;oY p-centrality (£x) v v
2Pt v v n-centrality ({+) v v
AR(CH,7) v v V4 v v v
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LFV - Systematics

2 POI Impact on observed [1074]

Source of uncertainty B(H — e1) | B(H - UT)
Flavour tagging 0.7 0.2
Misidentified background (e7h,q) 2.1 0.3
Misidentified background (e7y) 2.7 0.3
Misidentified background (uthaq) 0.6 1.4
isidentified background (ut,) 0.9 1.0
Jet and ET" 1.2 0.9
Electrons and muons 1.4 0.5
Luminosity 0.6 0.4
Hadronic 7 decays 0.9 0.9
Theory (signal) 0.8 0.8
Theory (Z + jets processes) 0.8 1.0
Z — {{ normalisation (eT) <0.1 <0.1
Z — {{ normalisation (ut) 0.2 0.9
. Background sample size 2.7 2.3
Total systematic uncertainty 5.1 3.6
Data sample size 3.0 2oy

( Total 5.9 45 )

Image: A. J. Gomes Delegido
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LFV - Fit Setup

<¢---» 1 Top NF with CR
<t 1 7 — 77 NF with CR
<—— 2 7 — 77 NFs without CR

<¢---» 2 Top NFs with CR
<t 27 — 77 NFs with CR

<+— 2 7 — 77 NFs without CR
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LFV - MVAs

Symmetry based leplep MC-template leplep MC-template lephad

NNs trained with Keras

.

BDTs with TMVA

J

/
Separate training for Non VBF and
VBF Shared between et and

>
Separate training for Non VBF and

VBF Shared between ety and

<

BDTs with TMVA

Separate trainings for Non VBF and
VBF and for et , ut,

Non VBF Non VBF and VBF Non VBF eT

1 Multiclassifier NN with 3 output
nodes. Signal output node used for
fit.

VBF

3 BDTs. Scores combined linearly.
e LFVvs. ZtT+HTT+MCfakes

e LFVvs.Top+tVV+HWW

* LFVvs. Fakes

3 BDTs. Scores combined linearly.
e LFVvs. ZtT+HTT+Z 00

e LFVvs.Top+tVV+HWW

* LFVvs. Fakes

3 BDTs. Scores combined linearly.
e LFVvs.ZTT

* LFVvs. Fakes

* LFVvs. Other backgrounds

Non VBF ut and VBF

2 BDTs. Scores combined linearly
(NonVBF uTt) or quadratically
(VBF).

e LFVvs. ZTT

* LFVvs. Other backgrounds

Image: A. J. Gomes Delegido
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LFV -1 Pol Fit

. [ )
, X R é
leplep Non VBF % |1\”Z: % (

§' Z - 1t CR
a / leplep Non VBF
g ) . SR leplep VBF SR
S leplep Non VBF
Top CR o4} 1TopNF
) J \\
-:‘:- 1 Top NF when comb. MC-
o i+ template leplep and lephad
£ 0
iy sttt "> | lephad NonVBF lephad VBF
U SR SR
= 1Z - v NFw/outCR 1Z - 7t NF wjout CR D
N\ /

Image: A. J. Gomes Delegido
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LFV - 2 Pol Fit

X - I )

( ‘ 1Z > 17| | | ) 1Z > 7))
o leplep Non VBF : 1, NF leplep VBF NE
K7 Z - 1tCR lenled Non VBE Z - 1t CR
%) ‘ [ P R ] [ leplep VBF SR ]
Lz) leplep Non VBF leplep VBF

Top CR J 1TopNF | | Top CR , @ 1Top NF

1 Top NF when comb. MC- :

N

1 Top NF when comb. MC-

o ; template leplep and lephad ; template leplep and lephad

e x i

by e -, | lephad NonVBF e .| lephad VBF

U SR SR

2 17 - trNFw/out CR 1Z - 7t NF w/out CR 1)
N /

Image: A. J. Gomes Delegido
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LFV HL-LHC Projection - Assumptions

Higher CoM energy 14/13 -> 1.1
Higher Integrated Lumi L(HL-LHC)/L(Run2)= 3000/140 = 21
» SF Stat. unc. on MC = 0 OR alternatively SF=1/Sqrt(SF_L) = 0.21
Detector updates
More [Eur. Phys. J. C 78 (2018) 962]
Scale systematic SFs according to det. Upgrade and th precision
Better object Reco (ETMISS & flavour tagging)
Harsher detector conditions (<mu> = 25 (R2), 60 (R3), 140-200 (HL-LHC))
1% Lumi uncertainty

Thad stat. Unc. negligible

Uncertainties SFsyst
Emiss 0.50
Flavour tagging c- and b-jets 0.50
Jet, others 1.00
Electron and muon 1.00
Thad-vis |D, stat.-related 0.00
Thad-vis, Others 1.00
Data-driven estimates, stat.-related 0.21
Data-driven estimates, others 1.00
Bkg. modelling, PDF 0.40
Sig. modelling, PDF [0.41, 0.46]
Modelling, others 0.50
Luminosity 0.59
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LFV HL-LHC Projection

MC Template method fit setup projection (syst dominant in both scenarios)
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Decay CP HL-LHC Projection
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Expected uncertainty on the angle reduces
to =18° compared to £28° in run 2 analysis
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DeepSets Decay Mode Classification for Run 3

DeepSets Merge Output o
— — — Training Parameters
7 . I E
P2 P (Thaq tracks)] |:> < Al Parameter Value
¢:10, 20, 20, 20; p: 20, 20, 20 S gl
3} — =) % Epochs 100%*
- ) - —
p[> ¢(neutral PFOs)] g S 1, ,
| $:22,80,80, 60; p: 60, 60, 40 = = — ) Batch size 1000
- ~ § — |::> _g |:> & Optimizer Adam
p[>. ¢(shot PFOs)] Z = g (/\\ll '
¢:6, 20, 20, 20; p: 20, 20, 20 2 5| 4, Learning rate 0.01*
\ /M — q:’j softmax [~— 0.9. 0.999
[ p[X ¢( conversion tracks)] = E jlz Bi Ba 9,0.
Q:IO’ 20, 20, 20; p: 20, 20, 20 j i3 =) Activation function ReLU
— — \i/

e The A* in 1,4 decay, obtained from the 7j,,4.vis tracks (reconstructed Tj,q tracks);

e The selected ¥ candidates that can come from the Tj,4 decay or h* remnants, pile-up, etc (referred
to as ¥ candidates or Neutral PFOs);

* The local energy maxima in the EM1 layer of EM calorimeter associated with a photon from the 7°
candidate decay (referred to as photon shots or shot PFOs);

 The reconstructed conversion tracks produced by y — e*e™.

Hereafter, an ‘object’ refers to a y,,q track, 7% candidates, photon shots or conversion track. For all
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DeepSets Decay Mode Classification for Run 3

Variable Description

Pr(Thad) pr of the 1,,q4 (using calorimeter based 7},,4.vis €nergy scale)
pr(object) pt of the object

Ag¢(object, Thaq) Distance between the object and 7j,,4 in @

An(object, Thaq) Distance between the object and 7y,,4 in 7

A¢p(object, trackECal)  Distance between the object and the extrapolation of highest-pt 7,4 track
to EM calorimeter in ¢

An(object, trackECal)  Distance between the object and the extrapolation of highest-pr 7,4 track
to EM calorimeter in 7

Variable Description
<n1> First moment in 7 in cluster shower axis
log(<r2>) Second moment in the radial distance of cluster cells from the shower axis
A6 Distance in 6 between the EM shower axis and the vector pointing
from the primary vertex to the centre of the shower
log(Acentre) Distance of the cluster shower centre from the calorimeter front face
measured along the shower axis
<)\2> Mean distance of a cell from the shower centre along the shower axis
log(<p2>) Second moment in the cluster energy density, where p = EC]uStcr/VCluStcr
feore Sum of energy fractions in the most energetic cells per sampling
fg)lil Same as f.ore but only consider EM1
Npos,EM1 Number of cells with positive energy in EM1
Npos,EM2 Number of cells with positive energy in EM2
ErMmi Energy in the EM1 layer
FErma Energy in the EM2 layer
m%:M 1) w.r.t. cluster First moment in 7 in EM1 with respect to the cluster
WI{T,M2 w.r.t. cluster First moment in n in EM2 with respect to the cluster

log(§néMl§) w.r.t. cluster Second moment in 1 in EM1 with respect to the cluster

) w.r.t. cluster  Second moment in n in EM2 with respect to the cluster

2
log ({ nEM2
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DeepSet improvement over BDT
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