N iEE\ of ©ATLAS

EXPERIMENT

UNIVERSITY
OF TWENTE.

H(bb)H(t7) & Advanced ML

At ATLAS

Osama Karkout
Supervised by Tristan du Pree and Pamela Ferrari



When lights are off, Higgs is on!
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Search for one Higgs decaying to two (i{ — HH)

proton AT LAS
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ATLAS run-2 data: predict ~ ESOOOJevents

Can do statistics * A
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

H —- HH — bbtt event
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Missing energy from neutrinos \ '
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BR(HH — bbtt) ~ 7%

~ 300 events Can do some statistics...
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

HH — bbtt objects

proton " AT LAS
EXPERIMENT
\ 4
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proton
Missing energy from neutrinos \ s it tau-jet?

Is It an electron?

+ quality cuts
N '?'rigggr ~ 10 events :( No background? :,)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

HH — bbrtt signal VS background

g top quark
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~ 10 signal events Drowning in background O(10°)

How can you separate them?
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HH — bbrtt signal VS background
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HI{‘ — bbtt signal VS background signal strength Urr = O pd Oy = 2.2 1.7
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https://arxiv.org/pdf/2404.12660

HH analyses combined: so close! How will we do better?

ATLAS = Observed limit (95% CL)

] ) Expected limit (95% CL) |
Vs =13 TeV, 126—139 fb1 = = (Unny = 0 hypothesis)

HH-bbt* T~ +bbyy+bbbb  mE= Expected limit +10
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B, Theory prediction

¢ | SM prediction
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/

~__ Is it a b jet?
b

0
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Is it a b-jet?

2. Calibration: correct momentum and energy
3. Identification (flavour tagging). what particle made the jet?

Steps: b Isita b jet?
1. Reconstruction: remove noise and keep what's relevant \Y
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Is it a b-jet?

Steps: b Isita b jet?
1. Reconstruction: remove noise and keep what'’s relevant \
2. Calibration: correct momentum and energy Y
3. Identification (flavour tagging). what particle made the jet?
p A A
)
light charm beauty

*light = not heavy quarks and gluons
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https://indico.cern.ch/event/1193206/contributions/5049681/attachments/2538180/4368756/2022-10-31-FlavourIntro.pdf

Is it a b-jet?

Steps:

b Isita b jet?
1. Reconstruction: remove noise and keep what'’s relevant \
2. Calibration: correct momentum and energy

3. Identification (flavour tagging). what particle made the jet?
p A A
)
Interaction with
detector layers
|
[
‘ b From nearby pp collisions
“ lle-up
|
|
!
|
Dense environment
light charm beauty
*light = not heavy quarks and gluons
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https://indico.cern.ch/event/1193206/contributions/5049681/attachments/2538180/4368756/2022-10-31-FlavourIntro.pdf

Is it a b-jet? old answer

1. Tailored algorithms with assumptions about what b jets look like
2. Combine their information as inputs to a feed-forward deep neural network

I[P Based Track Based Muon based SV based

IP2D | | IP3D RNNIP DIPS SMT SV1 | [JetFitter

JET FITTER

Deep NN (DL1r) | sl Classsification {I, c, b} jets

\l iEE] et H(bb)H(r7) & Advanced ML at ATLAS Osama Karkout 2024


https://indico.cern.ch/event/1193206/contributions/5060708/attachments/2539173/4370760/Kagan_FTAG_2022.pdf

Is it a b-jet? old vs new

Train on Jet variables and associated tracks directly!
much more information to unpack, more correlations to access

Classification into {l, c, b} jets

Graph NN +
Multihead Attention
light (GNQ)
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https://indico.cern.ch/event/1193206/contributions/5049681/attachments/2538180/4368756/2022-10-31-FlavourIntro.pdf

Is it a b-jet? old vs new
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Run-3: Transformer everything

ATLAS

EXPERIMENT

/ Run: 339535

g "00000) - H Event: 996385095
-~ 2017-10-31 00:02:20 CEST
A ~
P -~
t.ba - — - - &
~
~
~
~
g 00000 ~ H

Missing energy from neutrinos

Use Transformer?

+ Transformer to separate signal events from background events!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

HH run-3 projection!

* |[nclude run3 data ..3
e Use GN2 —
o Better triggers % 4
 Even without better analysis techniques! ~ 10
=> Significance x2 0
=> upper limit almost halved N
S
O
- d H |
H *._- 102
Sl SN A% 07
~ - H

10

| think...

We will see Higgs splitting for the first time!

If not! SM Is In trouble :D

Nik[hef

H(bb)H(t7) & Advanced ML at ATLAS

ATLAS

Vs =13 TeV, 126—139 fb!
HH - bbt* T~ + bbyy + bbbb

(UnH = 0 hypothesis)
Expected limit £10
Expected limit £20
Theory prediction
Y% SM prediction
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Observed limit (95% CL)
Expected limit (95% CL)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://indico.cern.ch/event/1320607/contributions/5717696/attachments/2787324/4860158/24.01.24_HHworkshop_Run3Projections.pdf

Back up
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Back up

C-jet rejection

Ratio to DL1r
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Is it a b-jet? GN1 architecture

Pooled graph
GNN representation

——-—§—-—D

x &
o--
® ©
(==

=

Node
Network

uly:

Combined Intial track Conditional track
Inputs T representation representation
<
8 [—
%)
Deep Sets =
Architecture Graph Neural Network,
Layers 3 with multihead attention
Numnodes | 64 HBYRIS T
Num nodes 128
Attention heads 2 Auxiliary Task Heads

Nik|hef H(bb)H(t7) & Advanced ML at ATLAS Osama Karkout

Jet flavour
prediction

Track origin
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Vertex
predictions



Is it a b-jet? old vs new

Train on Jet variables and associated tracks directly!
much more information to unpack, more correlations to access
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L — — — — & Jet Flavour L — — — — - Jet Flavour
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https://indico.cern.ch/event/1232499/attachments/2602341/4494127/2023-03-01_GN1_Seminar.pdf

HH — bbtt at ATLAS: event categorisation

' vBF @
yes pass
»  BDT cut VBF region ~ ().5 events
K,.=-1 [ -
‘?k=1 O event > ha? >=4 no
K)\'=5 1] 5 _
' . yes
no > ~ 5 events
pp—hh+X j A
Vs=13 TeV -
Mo/ A<UpUE<Mpy muH>350 GeV o
PDF4LHC15_nnlo_30 :
my =125 GeV . S low-myy ggF region [N §RCEEAVPNCRyY
M : - -
K2=Anhn/Mah

@3 400 500 600 700 800 900 100011001200
my, [GeV]
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https://indico.cern.ch/event/1001391/contributions/4818269/attachments/2452313/4202984/sjones_dubrovnik22v3.pdf

HH — bbrt something is wrong: Z+HF norm is off.
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H(bb)H(t7) & Advanced ML at ATLAS

Events selected with bb{¢ trigger selection using single-lepton and di-lepton triggers (see Section

3.1 of Ref. [72]);
Exactly two muons or two electrons with opposite-sign charges;

Exactly two b-tagged jets (using DL1r tagger and 77% working point);
75 GeV < mygp < 110 GeV (select Z mass peak);

mpp < 40 GeV or mpp > 210 GeV (to veto Higgs mass peak and to ensure orthogonality to bb{¢

signal region);
leading b-jet pt > 45 GeV;
lepton pt > 40 GeV.
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https://arxiv.org/pdf/2404.12660
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BDT score bin

Fresh results!



https://arxiv.org/pdf/2404.12660

HH — bbTT fa ke tau_had ID: 7,,,,_,;; pPassed RNN ‘loose’ WP

Anti-ID: 7, ;_, ;. failed RNN ‘loose’ WP & RNN score > 0.01
Trad—vis- T€CONStructed 7, ; candidate with BDT on track vars.

anti-b quark A
/
W‘ark

h(

Not tau TlepThad Channel
anti-tau

mpp < 150 GeV MJ CR: Anti-Iso tt CR: mpp > 150 GeV
E - (] =
@ " = R I S
Anti-ID SR Template FF,; Anti-ID
V
T > Tlep FFcomb = vy X FFymy + (1 —rvg) X FFyg
( N ) | |
W_ H I d ‘:l True-mhad-vis subtracted
\/ TM.J Fraction of multi-jet
\A V“y U . |
9 ) events in the template

Thad
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HH — bbtt event and objects

Is it b-jet”? DL1r (deep learning algorithm)
anti-bw

b-tagging cut: 77% are accepted
wark

" + Triggers: (STT, DTT, SLT, LTT)

anti-tay i — / @ + cuts to reduce background:
{ s n_. > 60 Ge V, My, < 150 GeV

Missing energy from neutrinos \\ ‘ Is it tau-jet? ~ 80 % tau jets are accepted

~ 80 % of electrons are accepted

+ cuts for quality of objects (p,

vV

T — Tlep T1.4%haqg €hannel  ~ 140 events — 6 events
L f (d\ Ok
W € HY
Yer V(U TiepThad CNANNEl  ~ 150 events — 7 events

Thad

)

\l iEE\ et H(bb)H(r7) & Advanced ML at ATLAS Osama Karkout 2024



2 Higgs in ATLAS

Large branching ratio

—

proton
anti-b quark

I ) /bqu'ark Clean final state
\ X bb YY

g TTTOTO .
t,bs> :/ V
g TOTTTT \\\H bb

A tau
. WW
anti-tau

proton T
.0 2z
YY

| A
\lO)

5 %
3 %
1 %

~

1.1 %

anti-muon

}
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Di-Higgs in ATLAS

How we treat events: (examples)
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1. Trigger: high-energy muon -> save the data! S 10°E ATLAS o Data =
: : : = 8 _ 1 —— SM HH at exp. limit __]
2. Event selection: 2 b-jets of combined mass < 150 GeV W 10"g Vs =13 TeV, 139 b Top-quark =
3. Use machine learning to separate signal from background 107 B Tiep®haa ST Jet -1, fakes
C o = Signal Region Z — 1t + (bb,bc,cc) =
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/

Di-Higgs in ATLAS ATLAS and CMS 3000 b (14 TeV)

HL-LHC prospects

—e— ATLAS
—e— CMS

—e— (Combination

High Luminosity LHC coming!
X10 more data!
Launch round 2030
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Di-Higgs with High Lumi LHC (~2030) (10 x data)

Shape of Higgsl;? = ATLAS — CE)bser:/e: Illim.itt ((s?:;/o CCJ;II__))
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