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Standard Model

Standard Model is the most accurate
description of particle physics, i.e.
high energy physics (GeV - TeV)

Shortcomings:

~ Mismatch with the low-energy
phenomena (gravity, dark matter,
dark energy)

~ Hierarchy problem
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Standard Model provides a basis for
understanding of the early universe

Shortcomings:
~ What triggers inflation?
~ Matter-anti-matter asymmetry

Evolution of the Universe
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Time 10%s  10%s 10"s 10°s 300 000 Years doREa 15.10° "

Energy 10"TeV 10" TeV 1 TeV 150 MeV 1eV 4 meV 0,7 meV
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https://www.science.org/doi/10.1126/science.337.6100.1289

EW symmetry breaking

EWSB mechanism proposed in 1964
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Nobel prize awarded to Higgs and Englert after Higgs
boson discovery by the ATLAS and CMS experiment

Unbroken symmetry

SUQ) xU(lyy =~ Ulgpm

Spontaneously broken symmetry

Higgs field (®) potential is characterised
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P. Higgs

F. Englert

by a degenerate vacuum at ® # 0:

Weak bosons and fermions acquire mass

SM provides a compact but not exclusive
experimentally congruent description

Better understanding of the EW sector

is needed
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The Large Hadron Colllder \v‘
AhL

LHC
experiments
LHC /
The Large Hadron Collider (LHC) is (7 aucz) ., North Area, <>
currently the most powerful particle V S
. N iRadMa At
accelerator in the world itadia— a2
. AD ELENA
Final stage of the CERN accelerator T EER pooste “em
chain at France - Switzerland border
"o = — East Area
1 ’ 1959(628m)
26.7 km circumference, 100 m average — ) L CLEAR
- LEIR |

Accelerator of protons and heavy ions

Delivered cca. 6x101¢ collisions with
energies up to 13.6 TeV
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The ATLAS detector is a general purpose
device consisting of several subsystems:
o~ Inner Detector (Pixel, SCT, TRT)
Electromagnetic calorimeter and
Hadronic (Tile and LAr) calorimeter
Muon spectrometer

Central solenoid and toroid magnets
Two-level trigger
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The ATLAS Detector

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

r R =1082mm

TRT <

L R =554mm
( R=514mm

R =443mm
sCT<
R=371mm

\ R=299mm
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R =50.5mm
R =33.25mm

R =122.5mm
Pixels R =88.5mm

R=0mm
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Event reconstruction

ID tracks, topo-clusters from the calorimeters and MS
segments are used to build high-level objects My ...

invisible to

High level objects <> hard interaction products:

o Electrons: tracks + EM topo-clusters

~ Photons: EM topo-clusters

o Jets: EM+HAD topo-clusters and tracks _ _
Anti-k: algorithm

~ Muons: tracks + MS segments
. . . Had. cal.
~ Hadronic taus: more collimated than jets  Geants Y ted-ex
Calorimeter jet

.. simulation
- Missing transverse momentum \
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: . : Parton shower
B-tagging: jets with tracks matched to Lo ST

Thesis defence

secondary vertices from B-meson decays

MC generator




Part Il:
Resolved di-Higgs 1-lepton search
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Di-Higgs signal “‘\YQ"

|\

o(pp = HH + X) [fb] gg — HH (NNLO

Non-resonant Higgs pair production (di-Higgs) e may
is a probe to measure Higgs potential, more |
precisely tri-linear Higgs self-coupling (45)

FT approx

103 L

SM consistency check: 43 gy = m/2v

Gluon fusion is the dominant production mode

0.5 (13 TeV) = 30.5 tb, VBF sub-leading B4 .
Any deviations from the SM Higgs 1 A
Y . 9% V(h) = |-min* + | h*| + |Zht
potential could result in an enhanced 2 _ 4
di-Higgs production rate mass term ol quartic
self-coupling
Kot
g 9999999999999 > ®----—-—----- H g 009009899898 H
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SH hypothesis

Extensions of the EW sector provide baryogenesis and inflatons

They are characterised by the presence of additional scalar resonances
Special interest of this work are asymmetric decays: X — SH

X is a CP-even scalarand S is a

Higgs-like scalar with my > mg > my

g 9999299999999 Unknown BSM S SH Mass hypotheses
couplings ’ Unit = GeV
D
A ' §
, Kz
g 9999999999999~ H 2
D
=

Various BSM theories predict such decay

chains, such as NMSSM and C2HDM

(more examples in the backup) 3000 VIVIVIVIV T
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Branching ratios

10%:

! L L [ Ny ] !
100 120 140 160 180 200
M, [GeV]

Thesis defence

Single-lepton channel is a trade-off
between the branching ratio and clean

experimental signature

o(HH — bbW W™ — bbqgqlv) ~ 2.3 fb

— (2
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Multi-class DNN (Keras+TensorFlow) with 4 Hidden layers
output scores: Psignal, Petbar PWiets: PStop |

A

Machine learning
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40 input features, e \ 0.8 S L o9.0.10
- @ O O @ Eh © Bh © Bh ®
5 hidden layers, o —log Psignal e : » : efyelyek :
signal —
dropuout rate 0.5 9 I = Psignal O ® @ e e o ”
o ¢ e o o o o 3
5-fold cross-validation, 20% test set B ® ® ® ® 8 5
b 4 4 3 4 e =
. | i 0 0§ 0§ ' 5 03
6 mass point groups defined for the SH = ~ ~ ~ ~ NS
< n n n n
training
170 GeV 240 GeV 400 GeV 550 GeV 750GeV 1TeV 1.5TeV 2TeV 25TeV
350 GeV  0.49 | SHO g
500 GeV  0.34 048 Ratio ms/mx I  SH1 2
, =]
750 GeV 0.32 0.53 0.73 | SH2 »
(¢
1 TeV 0.40 =
—

1.5 TeV 0.11 0.16 0.27
2 TeV 0.08 0.12 0.20
2.5 TeV 0.07 0.10 0.16
3 TeV 0.06 0.08 0.13

— ()



Analysis regions
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4 control regions
dHHCR1: tf normalization
dHHCR2: W+jets and fakes

—/

normalization (electron/muon split)

WjetsCR: W+jets normalization

StopCR: single-top normalization

7 signal and 7 validation regions

Analysis

Pstop

duH

dHHCRT1

dHH < -3

dHHCR2

dHH < -3

WjetsCR StopCR
Pwiets 0.24 < pwijets < 0.48 0.48 < pwijets < 0.85  pwijets > 0.85 -

dHH < -3

Pstop > 0.85
dHH < -3

HH

SHO
SH1
SH2
SH3
SH4
SH5

*T stands for Topness, defined in backup

VR

dun > -3,
log(T) = 4"

-2 <dOsH < 2
-2<dlsn<?2
-4 < d2sH < 2
-7 <d3su <-4
-4 < d4sH < -2
-3 <db5sn <0

SR

dun > 1,
log(T) > 4

dOsH > 3
disy >3
d2sH > 3
d3sH > -1
d4sH > -1 <
dSsH > 1
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Fake-tactor method \v‘
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SR

Tight and loose leptons are defined o2 2 !
based on the ID, isolation and tracking ﬂ. X %
requirement a g v/ Blirydé Tight
Fake-factor measured inthe CR: | _ _
Night(Prs1) W Niight
F(pr,n) = '
NiooselPr>1)
Fake-factors applied to loose SR leptons, g
prompt contributions subtracted: Orthogonal cut
Two sets of fake-factors derived: é
Ngp = Z F; — Z F; ~ Trigger-matched (tag) lepton fake- E
LieL  ldata LieL 1 prompt factors used in lepton trigger SR =

Di-lepton (tag and probe) region with 1 b-
tag jet and 3 light jets used as CR T



Statistical analysis

Hypothesis testing is performed
using profile likelihood fit and CL;
method (RooFit framework)

Statistical uncertainty of the
data, statistical uncertainty of the
MC and systematic uncertainties
are taken into account

CRs and SRs are fit simultaneously,
multi-bin fit in SRs, split per trigger
and lepton flavour

Separate fit for HH signal and each
of the SH mass points:

© 182 free parameters for HH

o 210-224 free parameters for SH

Lo = - G (D <

Thesis defence



HH search result A"‘V
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SH search result
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Conclusions & discussion \gv
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ATLAS Preliminary ‘E)::‘:g:g iy

. . . . Vs=13TeV, 126—139 fp! =0 hypothesis
The first search for the non-resonant Higgs production in S HH 3271 [ emectos it et
. . [ Expected limit +20
the resolved single-lepton final state on the full Run 2 e o
(140.1 ifb) data has been carried out i \ 12 57
The previous result has been improved from 300 x ogpy ™" | \ v
to 25 x ogp (no impact on statistical combination) opobr \ oo
Combinedf- 24 29

The first model independent SH search has been carried B T

95% CL upper limit on HH signal strength uyy

out in the resolved single-lepton channel

5
'3'10

ATLAS \s=13 TeV, 140 fb”!
m,/25 = [20, 30, 40, 50, 60] Obs. limits (95% CL)

SH result competitive in mx = 750 - 1500 GeV, £

N = 408 mg = [200, 300, 400, 500] - szz::gf;‘; o
currently the most sensitive measurement for %102 .......... e Sen 8
D
myx > 1500 GeV and mg = mx % 107 ®
X 1 L
2% 6X © &
107" =
36.1 ifb 10550 240 260 320 340 360 430 450 530 550
Br(H — 77) mg+m, /25 [GeV]
= 0.107
Br(H — bb)
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Data analysis workflow <
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Motivation: confirm or reject a hypothesis MC generator
© Hypothesis — signal process

Signal and backgrounds are modelled with
MC generator and detector simulation

MC events can be processed in
the same way as the data:
~ Reconstruction: from detector
readout to physics quantities
- Event selection: high
signal purity region
~ Statistical analysis

Coe R A RRREEEEESEUESEES
I ATLAS Preliminary  H—zz*—4l
Y 13TeV, 139 b

ol ] T e Event reconstruction

90 PB of data recorded

in one year of operation
of the LHC experiments = g
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Events/2.5 GeV

Simulation of billions of -

events 80 90 100 110 120 130 140 150 160 170 N r“‘,‘ :"/ ] \.}:;.&P]E-'!l-éé

m,, [GeV]




MC simulation

Perturbative QCD

Hard interaction
~ Fixed order

(Powheg,
aMC@NLO, ...)

Parton shower
Initial state
~ Final state

Parton Distribution Functions
(PDF)

MSTW 2008 NLO PDFs (68% C.L.)

1.2

s
08
0
04f

0.2

N Y
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Geant4 simulation

Digitisation (pile-up,
readout electronics, ...)

Non-perturbative
QCD

Thesis defence

Hadronisation

Beam remnants

Slide adapted from the Pri mord |a| kt

talk by Stefano Camarda
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https://indico.cern.ch/event/594464/contributions/2577344/attachments/1457251/2249439/TopMCtuning.pdf

SH theoretical models

Complex two-Higgs doublet:
= Most general CP-violating two Higgs doublet model, softly-broken 7, symmetry
© Scalar sector — 3 spin-0 mass states, (hi with no definite CP) + charged Higgs.

Next-to-minimal supersymmetric SM:

© The standard SUSY two Higgs doublets + complex superfield

- NMSSM Higgs sector - 3 neutral CP-even, 2 neutral CP-odd and 2 charged
Higgs bosons

~ CP-conserving

Two-Higgs doublet + complex scalar:
- The additional singlet enters the neutral Higgs sector and mix with both CP-
even and CP-odd sectors

Thesis defence

Next-to-minimal two-Higgs doublet:

o CP-conserving 2HDM extended by a real scalar singlet field

= Scalar sector — 3 CP-even states, 2 CP-odd neutral scalars + charged scalars
~ Charged and pseudoscalar remain unchanged w.r.t. ZHDM

— ()



e Higgsness and Topness had old sigma values from truth distributions in last iterations.
New values from fits on reco distributions were not applied in the code by mistake

e Updated also the definition of Higgsness variable adding the H — bb information, increasing the
separation power:

2 2 2 \° ( 2 2 2 ? 2 2 \° 2 2 2
|l (miy, — mf) (mlqu My ) | (mi, = my,) <mqq - mek) <mqq - mW) (mlv - mek>
H = min 7 + 1 + min 7 + n ) n + "
p: O Fibb CHWW Oy Oy Ow Oy
. new \ /]
e Updated sigmas applied and DNN retrained, as Higgness and Topness are input features:
* Opp = 30 GeV = 30 - x10_3£ B x10_3£‘)
E S e - g E - 2
. oy =15GeV g o : & ® g
20F = 20F =
% — = £ o 40 2
e Opmgpp = 16 GeV 10F 10F 30
= 5F 5E
In this case obtained from a scan 1% : A S
optimising the separation of the B WG MCONLO(FTAppron)+ ervige: ~F e Pownepsryis iz D
Higgsness variable using the 190 L T R p
Jeffrey’s distance variable: log(H) P
2) o
[ —

[ATL-PHYS-PUB-2019-040]

VR~ VB

e Updated also the cut on Topness to build the dHHTopnessVR consequently to have < 1% of the signal, @
as in the previous definition of the region. Updated cut is now: log(T) < 4 (was < 10) T

Jeffrey's distance = Z
k



DNN classifier

e DNN model trained with signal (separately for
HH and SH), 7, single-top and W+jets |

—_—

O e @ O
e The choice of the neural network topology and : 8 8 8 8 8 o
activation was made keeping the highest test O 8 2 8 2 8 = 8 = 8 2 @
"4 X3 X3 X1 X1 &1 A4
accuracy : 8 ) 8 o 8 a 8 =) 8 =) ’
e Multiclass DNN architecture: 5 hidden layers ¢ ¢ ¢ ¢ ¢ o g
(4x512+256 nodes), RelLu activation function, 4 £ g P s g 8 £
output scores, interpreted as probabilities for z g g Q ‘: Y N
the four processes N ) ’ o ‘
e Dropout rate = 0.5 between each layer softmax (z;) = Z,_{_ez"ezj for i€[1,K]
e Batch size = 64, Adam optimizer (Ir=0.0001)
e 40 features used in the classifier: ]
o m, pr, 1, ¢, charge of the lepton  © MET, $yer, N, o My, APy ARy, "-"Z_’
* P Cb of the 2 b-jets ° A¢Z\n/;g’)7€",b’ Agbﬁn}?T,b * Mrww Mgy é
* pr 1, ¢ of the 3leading light jets  * 7z, Agy, « AR}, ARJ™
e Higgsness, Topness o ARZZ}m, ARZZ}CM e |Loglttbar, Logldihiggs



