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Who am 1?

Abraham (Abe) Tishelman-Charny

e 1994: Born, not far from here: Manhattan, NY

e 2016: B.S. in Physics:
Stony Brook University

e 2022: PhD from Northeastern University on
the CMS experiment (Boston, then 4 years at
CERN)
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Outline

. The Higgs self-coupling

Il. The ATLAS detector

Ill. Search for Higgs pair production at ATLAS
V. Beyond the LHC
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. The Higgs self-coupling

Il. The ATLAS detector
lll. Search for Higgs pair production at ATLAS
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The standard model

e \What do we know? What is our
theoretical basis?
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The standard model

e What do we know? What is our Standard Model of Elementary Particles

three generations of matter interactions / force carriers
h ] | ] f? (fermions) (bosons)
theoretical basis* | i "
mass  =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?

“ @ Il® II® |[[® |- @
[ ] The Standard MOdel (SM) Of up J| charm JI_ ter gluon higgs
particle physics: T2 Ifa Ea |
o Defines elementary particles, and I Zstrange i phﬁn
their interactions )

F \——

=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?

-1 =il =i, 0

» & » » &
electron muon tau . Zboson -

—

<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.360 GeV/c?
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The standard model

e \What do we know? What is our
theoretical basis?

e The Standard Model (SM) of
particle physics:
o Defines elementary particles, and
their interactions

® Extremely successful! Predicts vast
majority of observed phenomena

k? Brookhaven

National Laboratory

three generations of matter

Standard Model of Elementary Particles

interactions / force carriers

(bosons)

photon

J \ I

=91.19 GeV/c?
0

-z
Z boson
\ )
=80.360 GeV/c?
+1

+ @

W boson

\ J

=124.97 GeV/c?

H
higgs



The Higgs boson

e Higgs potential determines nature of
Higgs interactions with other particles

e Intertwined with electroweak symmetry
breaking - process by which particles
acquire mass

Higgs potential and mechanism
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The Higgs boson

e Higgs potential determines nature of
Higgs interactions with other particles

e Intertwined with electroweak symmetry
breaking - process by which particles
acquire mass

e Coupling lacking a precise measurement:
Higgs self-coupling (1)
o Determines magnitude of Higgs
interaction with itself, shape of the
Higgs potential

Higgs potential and mechanism

1
e Has SM prediction we can compare to V(h) = Vo+>\v2h2+)\vh3+z>\h4+...
I L? Brookhaven



The Higgs boson

e The Higgs boson: Theorized in
the 1960s




The Higgs boson

e The Higgs boson: Theorized in
the 1960s

e Experimentally observed in
2012!

4 July 2012: CERN main auditorium

L? Brookhaven
National Lahoratory 6




The Higgs boson

e The Higgs boson: Theorized in
the 1960s

Physics Letters B 716 (2012) 1-29

Contents lists available at SciVerse ScienceDirect
e Experimentally observed in e} Physics Letters B .
2 0 1 2 ' ] ' www.elsevier.com/locate/physletb

> Observation of a new particle in the search for the Standard Model Higgs boson
. with the ATLAS detector at the LHC ™
e Made expected splash in the N——

This paper is dedicated to the memory of our ATLAS colleagues who did not live to see the full impact and significance of their

sc i entifi c CO m m u n ity contributions to the experiment.

PLB 716 (2012) 1-29
PLB 716 (2012) 30-61

k? Brookhaven
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https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269312008581

The Higgs boson

©

The Higgs boson: Theorized in
the 1960s

Experimentally observed in
2012!

Made expected splash in the
scientific community

Also made international news!

Brookhaven

National Laboratory

€he New York Times

Physicists Find Elusive Particle Seen
as Key to Universe

& sharefullatice 2> [ CJ 122

Scientists in Geneva on Wednesday applauded the discovery of a subatomic particle
that looks like the Higgs boson. Pool photo by Denis Balibouse

By Dennis Overbye
July 4,2012




Characterizing the Higgs

e What do you do after observing a
new particle?
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Characterizing the Higgs

| e e @ = Measurement
e What do you do after observing a — Standard Model

new partice? U

CMS 138 fo™! (13 TeV)
> £ AL A | |
. . £ |<':’ 1§ m,=125.38 GeV . z"fx"
e You characterize it, and compare to o S
theory 5 107
S
& . ':
10 ‘ &
[ f Vector bosons
_3- f gM generation fermions ]
1007 F w7 3
E §»"" } 2" generation fermions i
e SM Higgs boson
10-4:_.‘| Ll | L .
S 14 T T N — ™)
% 1.2F 1.05F 3
p= I ] *+ .................... 100-“;..
g 0.8;— 0.95) —
o 0.6_”| ol ol | k|
107 1 10 102

k;s Brookhaven Particle mass (GeV)

National Laboratory

Nature 607, 60-68 (2022)



https://www.nature.com/articles/s41586-022-04892-x

Characterizing the Higgs

| e e @ = Measurement
e What do you do after observing a — Standard Model

new partice? U

CmMs  138fb'(13Tev)
. ) E>|p 3 ImH=125.38 GV I W ; e
e You characterize it, and compare to o e
theory S 107k ]
Ele
< b .

. . 2L T J

e Since 2012, precise measurements ' L et
of COUp|IngS, Mass, Sp|n, W|dth, CP 109k, ¥ 3" generation fermions |
Foa } 2”°generationfermions
: S SM Higgs boson
® Came a Io-ng Waya % 1(1)731_: — Ililll: — 111111: ———— 1 —
but there is more to measure: e 1L I S— R
o The Higgs self-coupling R S

L Ll L
107 1 10 10?

k;s Brookhaven Particle mass (GeV)

National Laboratory

Nature 607, 60-68 (2022)



https://www.nature.com/articles/s41586-022-04892-x

Higgs pair production

Can directly access Higgs self-coupling via Higgs pair production (HH)
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Higgs pair production
Can directly access Higgs self-coupling via Higgs pair production (HH)

Gluon fusion:

g 2090909909094

g 909909900992
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Higgs pair production
Can directly access Higgs self-coupling via Higgs pair production (HH)

Gluon fusion:
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Higgs pair production
Can directly access Higgs self-coupling via Higgs pair production (HH)

Gluon fusion:

g 2090909999999

g 09909909909~
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Higgs pair production
Can directly access Higgs self-coupling via Higgs pair production (HH)

Gluon fusion:

g 9999999999999 ~ H
A e ----- o
H ot

g 9999999999999 - \H
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Higgs pair production
Can directly access Higgs self-coupling via Higgs pair production (HH)

Gluon fusion:

g 9999999999999 ~ H
A
A e ----- o
H ot

g 9999999999999 - \H
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Higgs pair production

Can directly access Higgs self-coupling via Higgs pair production (HH)

Gluon fusion: Vector boson fusion:
g 0999909999999 H
A i
A e ----- ' %
H ® .
H
g 9999099999999 ) I
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Higgs pair production

Can directly access Higgs self-coupling via Higgs pair production (HH)

Gluon fusion: Vector boson fusion:
g 0999909999999 H
A i
A e ----- ' %
H ® .
H
g 9999099999999 ) I

e Self-coupling affects rate of HH production, momentum spectrum of Higgs produced
e Rare process - need to select final states with good signal to background ratio

k? Brookhaven

National Laboratory



HH final states

Some Higgs decay modes

e Higgs boson has many decay modes ‘ ‘ ‘ ‘ | ‘
bb WWwW 1T ZZ YY

I k? Brookhaven
National Lahoratory 9



HH final states

e Higgs boson has many decay modes
bb WW 1T Y4 YY

e Therefore, many HH decay modes "

WW 25% 4.6%

1T 7.3% 2.7% 0.39%
Z 3.1%
YY 0.26%

k’,‘ Brookhaven
National Laboratory 9




HH final states

e Higgs boson has many decay modes
bb WW 1T Y4 YY
e Therefore, many HH decay modes "
e Most common: H—bb (and HH—bbbb) ww | o25% | 4%
(~58% at 125 GeV)
T 7.3% 2.7% 0.39%
Y74 3.1%

YY 0.26%

I k’,\ Brookhaven
National Lahoratory 9


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR

HH final states

e Higgs boson has many decay modes

e Therefore, many HH decay modes

e Most common: H—bb
(~58% at 125 GeV)

e Final states have different likelihoods,
leave different detector signatures

= Existing results
L? Brookhaven
National Lahoratory 9



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR

Outline

|. The Higgs self-coupling

Il. The ATLAS detector
lll. Search for Higgs pair production at ATLAS
V. Beyond the LHC




LHC
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Need a machine capable of producing HH pairs

Brookhaven

National Laboratory

10



LHC
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Need a machine capable of producing HH pairs: Large Hadron Collider (LHC)
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LHC

e Need a machine capable of producing HH pairs: Large Hadron Collider (LHC)

e (ollides protons, heavy
ions up to ~ 99.999999%
the speed of light!

L’,\ Brookhaven

National Laboratory
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LHC

©

Need a machine capable of producing HH pairs: Large Hadron Collider (LHC)

Collides protons, heavy
ions up to ~ 99.999999%
the speed of light!

Has four detectors
stationed

Brookhaven

National Laboratory

10



LHC

e Need a machine capable of producing HH pairs: Large Hadron Collider (LHC)
‘ ) '%

©

Brookhaven

National Laboratory

January 2024

10



ATLAS

e ATLAS detector

e One of two general
purpose LHC detectors

¢ Brookhaven
National Laboratory 11




ATLAS

e ATLAS detector

e One of two general
purpose LHC detectors

e Rich physics program:
o Higgs, Dark matter,
Electroweak,
Supersymmetry, ...

k’,\ Brookhaven

National Laboratory
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ATLAS

e Different layers detect different
particles (needed for different
final states!)

e Requires use of different | \ .
detector technologies \ | [ Y the doshed vods

are invisible fo
the detector

Pixel/SCT detector

¢ Brookhaven
G 12

National Laboratory




ATLAS

e Different layers detect different
particles (needed for different
final states!)

e Requires use of different | \ , )
detector technologies \ | [ Y the doshed vods

are invisible fo
the detector

e Reconstruct underlying
physics event by working
backwards from detector :
information P/t doctr

¢ Brookhaven
National Laboratory 12




Hadronization

e In SM: Quarks cannot exist freely. Must bind with

other quarks
charge % %
spin | %2 U Y2 C
up J charm
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c?
- =3 -
% d J % S e b

down | strange bottom |
_J %*) )

¢ Brookhaven
National Lahoratory 13



Hadronization

e In SM: Quarks cannot exist freely. Must bind with

other quarks
| @ : @
. up charm

e When produced from Higgs decays, quarks e ——

separate and form new pairs, repeats @ IF® |- @
) down ‘ strange bottom J

—400000000000000*—~
—0000000,— — 00000007~

~00000000000000# 1000000000000 7
- — - —

q q q q q q q q
— 0000000 — 0000000 — 0000000 — 0000000 *
1 1 1 1
1 1 1 1
1 1 1 1

< HadronJet >

¢ Brookhaven
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Hadronization

e In SM: Quarks cannot exist freely. Must bind with

other quarks

e When produced from Higgs decays, quarks
separate and form new pairs, repeats

0000000
-— —
- —~
q q q q
— 0000000~ — 9000000~
-— -~ -— -
q q q q q q q q

— 0000000 — 0900000 *— 0090000 —~ 0000000 *—~

1 1 1 1

1 1 1 1

1 1 1 1

< HadonJet

k? Brookhaven

National Laboratory

ATLAS
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=1.28 GeV/c?

%
v &

charm

=96 MeV/c? =4.18 GeV/c?

¥ %
Y2 S Yo b

strange bottom




Bottom quarks

e The bottom (or beauty) quark:

Relatively heavy

I k’,\ Brookhaven
National Laboratory

Eur. Phys. J. C 1087 (2021) It
Displaced
Tracks
oy | Primary
‘ Vertex
Prompt Jd\’
Tracks / O_:'
Jet l
14


https://link.springer.com/article/10.1140/epjc/s10052-021-09775-5

Bottom quarks

e The bottom (or beauty) quark:

Relatively heavy

e Propagates before
hadronization: b-jet

I L? Brookhaven
National Laboratory

Eur. Phys. J. C 1087 (2021)

Jet Primary
/ Vertex
/ do .: .

Prompt
Tracks

Jet

b-jet

Displaced

" Tracks

14


https://link.springer.com/article/10.1140/epjc/s10052-021-09775-5

Bottom quarks

e The bottom (or beauty) quark:

Relatively heavy

e Propagates before
hadronization: b-jet

e Distinctly different signature!
Can use to differentiate from
“lighter” jets

k? Brookhaven

National Laboratory

Eur. Phys. J. C 1087 (2021) Hgjet

Jet Primary
Vertex
\ & ...
Prompt do mass | =2.2 MeVic?
Tracks charge §3%
spin | % U
J——— AP

\ =4.7 MeV/c? =96 MeV/c? =4.18 GeV/c?

Jet -4 -4 -4
i « @ » @
down strange bottom

-/

14


https://link.springer.com/article/10.1140/epjc/s10052-021-09775-5

Schedule

e LHC and ATLAS in ﬂm t&h b

operation since ~ 2009 e < Tim S 2m
2021

[ 1
2022 i 2023 L 2024 2025 2026
2027 2028 2029 2030 L 2031 i 2032

2033 2034 2035 2036 L2037 2038 i

HL-LHC <
2039 2040 L 2041
. T
- shutdown/technical stop, hardware proton-proton,
commissioning, magnet training heavy ion collisions
¢ Brookhaven
#' National Laboratory 15




Schedule

e |HC and ATLAS in
operation since ~ 2009 LHC <

e Run 1:2009-2013
(took data used for

Higgs observation)
HL-LHC <

¢ Brookhaven
L 19

# National Laboratory

- shutdown/technical stop, hardware proton-proton,
commissioning, magnet training heavy ion collisions




Schedule

e |HC and ATLAS in
operation since ~ 2009 LHC <

e Run 1:2009-2013
(took data used for
Higgs observation)
HL-LHC <

e Run 2: 2015-2018
]
shutdown/technical stop, hardware proton-proton,
commissioning, magnet training heavy ion collisions

¢ Brookhaven
’ National Laboratory 15




Outline

|. The Higgs self-coupling

Il. The ATLAS detector
lll. Search for Higgs pair production at ATLAS
V. Beyond the LHC
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Search for Higgs pair production

e The Higgs can decay into different pairs of particles

bb ww T 7z vy

ww 25% 4.6%

7.3% 2.7% 0.39%

774 3.1% 1.1%

vy 0.26% | 0.10%

I L? Brookhaven
National Laboratory



Search for Higgs pair production

e The Higgs can decay into different pairs of particles

. o T T LR | T ML | T T T T
e In ATLAS, look for HH in many final states and ATLAS —e— Observed
o iy - 4 mmeee- Expected -
combine for more sensitive results s=13Tev, 27.5-36.1 10" o PRORCU 4o

- Ot (pp — HH) = 33.5fb Expected + 20 :
L Obs. Exp. Exp.stat. |

HH— bbt*t 12.5 15 12

HH—> bbbb 129 21 18

bb HH—> bbyy 203 26 26

bb HH— W'WW'W 160 120 77

HH— W'Wyy 230 170 160
ww 25% L i

HH—> bBW W’ 305 305 240
R8s 7.3% T T e 7

Combined J 6.9 10 8.8
" Ll " Lol n Lol n L1

7z 3.1% 10 10° 10° 10* S0°
95% CL upper limit on Ogr (pp = HH) normalised to o>
A ggF
Yy 0.26% | 0.10%

Partial Run 2 HH combination

¢ Brookhaven
National Lahoratory 16

Phys. Lett. B 800 (2020) 135103



https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub#fg0020

Search for Higgs pair production

©

The Higgs can decay into different pairs of particles
In ATLAS, look for HH in many final states and
combine for more sensitive results
Not enough data to see HH yet, but can set upper
limits:

o  The closer to 1, the closer we are to seeing it!

bb ww o zz | oy
bb /
ww 25% 4.6% /

T 7.3% 2.7% 0.39%

774 3.1% y/

1
vy 0.26% | 0.10%

Brookhaven

National Laboratory

" ATLAS " e Observed

[ E=13Tev, 275-36 M7 o DRl T

L Ot (pp — HH) = 33.5fb Expected + 20
L Obs. Exp. Exp.stat. |

HH— bbt*t 12.5 15 12
HH—> bbbb I 129 21 18 |
HH—> bbyy I 203 26 26 |
HH— W'WW*'W I 160 120 77 |
HH— W'Wyy I 230 170 160 |
HH—> bBW*W’ I 305 305 240 |
==k o 69 0 as |

10 - II”%IOZ - ““{03 N “”%IO“ - ”105

95% CL upper limit on ¢

ggF (

pp — HH) normalised to csg"F

Partial Run 2 HH combination

16

Phys. Lett. B 800 (2020) 135103



https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub#fg0020

HH—bbyy

©

HH in H(bb)H(yy) final state:
o  Clean yy signature
o  High bb branching ratio

Brookhaven

National Laboratory

bb ww T Y74 \'\
~
wWwW 25% 4.6%
T 7.3% 2.7% 0.39%
7z 3.1% 11% 0.33%
Yy 0.26%

17



HH—bbyy
bb ww T Y74 \'\
e  HH in H(bb)H(yy) final state: I-
o  Clean yy signature

o High bb branching ratio WWo | 25% | 4.6%
e  2022: Search for HH in bbyy with ATLAS Run 2 dataset T
DUb“Shed in PRD Y4 3.1% 1.1% 0.33%

YY 0.26%

PHYSICAL REVIEW D 106, 052001 (2022)

Search for Higgs boson pair production in the two bottom quarks plus two
photons final state in pp collisions at /s =13 TeV with the ATLAS detector

G. Aad et al.”
(ATLAS Collaboration)

® (Received 23 December 2021; accepted 1 August 2022; published 6 September 2022)

[Phys. Rev. D 106, 052001]

¢ Brookhaven
National Laboratory 17



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

HH—bbyy
e e -

o High bb branching ratio ww [ 25% | 4.6%

e  2022: Search for HH in bbyy with ATLAS Run 2 dataset T
published in PRD

e Recently extended effort with new analysis:

o  More interpretations Yy

o  Re-optimized event categorization

Y74

Ju

PUBLISHED FOR SISSA BY €) SPRINGER PHYSICAL REVIEW D 106, 052001 (2022)

RECEIVED: October 20, 2023
ACCEPTED: December 27, 2023
PUBLISHED: January 12, 2024

Search for Higgs boson pair production in the two bottom quarks plus two

Studies of new Higgs boson interactions through photons final state in pp collisions at /s =13 TeV with the ATLAS detector
nonresonant H H production in the bby~ final state in G. Aad et al.*.
pp collisions at /s = 13 TeV with the ATLAS detector (ATLAS Collabaration)

™  (Received 23 December 2021; accepted 1 August 2022; published 6 September 2022)

JHEPO01(2024)066 [Phys. Rev. D 106, 052001]

¢ Brookhaven
National Laboratory 17



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://link.springer.com/article/10.1007/JHEP01(2024)066

HH—bbyy: Strategy

e Take advantage of clean di-photon mass signature

I k? Brookhaven
National Laboratory

Yield |

144

18



HH—bbyy: Strategy

e Take advantage of clean di-photon mass signature

e Three physics signatures:
o Continuum background (yy+jets, ttyy)

I k? Brookhaven
National Laboratory

Yield

144
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HH—bbyy: Strategy

e Take advantage of clean di-photon mass signature

e Three physics signatures:
o Continuum background (yy+jets, ttyy)
o H (Resonant background)

k? Brookhaven

National Laboratory

Yield

1
125 GeV

144



HH—bbyy: Strategy

e Take advantage of clean di-photon mass signature

e Three physics signatures: A
o Continuum background (yy+jets, ttyy) Yield
o H (Resonant background)

> HH (Signal)

|
Diagram from 125 GeV

Elena Mazzeo

k? Brookhaven

National Laboratory




HH—bbyy: Strategy

e Take advantage of clean di-photon mass signature

e Three physics signatures: ‘
o Continuum background (yy+jets, ttyy) Yield
o H (Resonant background)

> HH (Signal)

e Need to separate single Higgs and continuum
backgrounds from HH

e HH and H modelled with simulation. Diagram from
Continuum background modeled with data Elena Mazzeo

k? Brookhaven

National Laboratory

1
125 GeV

144



HH—bbyy: Pre-selections

e Initial “skimming” of our massive datasets: Pre-selections

I k? Brookhaven
National Laboratory
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HH—bbyy: Pre-selections

e Initial “skimming” of our massive datasets: Pre-selections

e Make selections on photons and jets to identify H—yy and H—bb legs:

H—yy selection H—bb selection

Two high energy, isolated photons Exactly 2 b-jets

k? Brookhaven

National Laboratory



HH—bbyy: Pre-selections

e Initial “skimming” of our massive datasets: Pre-selections

e Make selections on photons and jets to identify H—yy and H—bb legs:

H—yy selection H—bb selection

Two high energy, isolated photons Exactly 2 b-jets

e Use machine learning techniques to find b-jets

k? Brookhaven

National Laboratory




HH—bbyy: Pre-selections

e Initial “skimming” of our massive datasets: Pre-selections

e Make selections on photons and jets to identify H—yy and H—bb legs:
H—yy selection H—bb selection ttH(yy) reduction
Two high energy, isolated photons Exactly 2 b-jets Exactly O leptons
Less than 6 central jets
e Use machine learning techniques to find b-jets
e ttH(yy) is a major single Higgs background - reduce based on its final state particles

L? Brookhaven

National Laboratory



HH—bbyy: Reduced mass

e Define reduced mass:

e Split analysis into 2 regions:

o High mass: > 350 GeV:

Targets SM HH

o Low mass: < 350 GeV:
Targets deviations from
self-coupling

I k? Brookhaven
National Laboratory

Fraction of events / 20 GeV

byy — Moy~ (m,, - 125 GeV) - (mw - 125 GeV)
0.25 | I A A R ]
ATLAS Simulation 1
0.2 s =13 TeV ]
' HH—bbyy ggF i

0.15

0.1

0.05

250 300 350 400 450 500 550 600 650 700 750

bBw [GeV]

[Phys. Rev. D 106, 052001]

20


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

HH—bbyy: BDT

e Train boosted decision tree to
separate signal and background
signatures

k? Brookhaven

National Laboratory
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HH—bbyy: BDT

e Train boosted decision tree to
separate signal and background

signatures i = o
/ + / b+ \
° \

Use photon, jet kinematics as main
inputs. Separate BDT trained to
identify VBF jets

¢ Brookhaven
National Laboratory 21



HH—bbyy: BDT

e T[rain boosted decision tree to

g : T T | I T T T I T T T I I T T T |
separate signal and background S oL ATAs TSuMeE
: (2 F Vs=13TeV, - e E
signatures S F HH-bbyy it U

u>J 6 - High massregon ... HH VB,:: Koy=3
S 10 = Single H B
e Use photon, jet kinematics as main § F T bt
inputs. Separate BDT trained to g 10-1L :J‘f_
identify VBF jets - i
| ol A
e Optimize category boundaries based :
on number-counting significance T T I T A P
0 0.2 0.4 0.6 0.8 1
BDT score

e Good separation achieved
[ BDT score in high mass region, data sideband ]

¢ Brookhaven
National Laboratory 21




HH—bbyy: BDT

Continuum background, single higgs

e Train boosted decision tree to s T T —
separate signal and background e il ﬁrf;“Tsv o oS
: (2 F| Vs=13TeV, - e E
signatures S F| HH-bbyy b

u>J -| High massregon ... HH VBF: Koy=3
5 1 00 E_" Single H B
e Use photon, jet kinematics as main § F PR o =
inputs. Separate BDT trained to g 10-1L :J‘f_
identify VBF jets - i
| oo et Pl
e Optimize category boundaries based :
on number-counting significance T T I T A P
0 0.2 04 0.6 0.8 1
BDT score

e Good separation achieved
[ BDT score in high mass region, data sideband ]

¢ Brookhaven
National Laboratory 21




HH—bbyy: BDT

Simulated HH signal
Continuum background, single higgs

e Train boosted decision tree to s T T —
separate signal and background e il ﬁrf;“Tsv o s

. J2] E| Vs=13TeV, al * oA E
signatures S F| HH-bbyy By PR

u>J -| High massregon ... HH VBF: Koy=3 .

5 1 00 E_" Single H ‘;'-_-E

e Use photon, jet kinematics as main § F PR o =
inputs. Separate BDT trained to g 1011 el ]
identify VBF jets - i

- 10-2 S — ..... . = T..9.. Ji‘j §

e Optimize category boundaries based :
on number-counting significance T T I T A P

0 0.2 04 0.6 0.8 1

BDT score

e Good separation achieved
[ BDT score in high mass region, data sideband ]

¢ Brookhaven
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HH—bbyy: Di-Photon mass

A
Yield
| — 'r >
Diagram from 125 GeV m}’Y

Elena Mazzeo

22



HH—bbyy: Di-Photon mass

Model HH, H with double sided crystal ball
Model continuum background with data

§ S ATas T
A G 16 =
) o 14 /s =13 TeV, 140 b ¢ Data -
N i = ...... Cont. back d 3
Vield g o 1o bbry Sy b:c?kg?rrc;)j:d =
o High Mass 1 ]
2 i E
'.’ 6 _f
4 =
2 ]
1 ]
LN m ’ o) A SRR ISR S RS (R PR P
Diagram from 125 GeV Yy 110 120 130 140 150 160
Elena Mazzeo m,, [GeV]
Strategy Applied to real data!

¢ Brookhaven
National Laboratory 22




HH—bbyy: Systematics

e Uncertainties can be systematic or statistical in nature

I k? Brookhaven
National Laboratory
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HH—bbyy: Systematics

©

Uncertainties can be systematic or statistical in nature

In this analysis, experimental
systematic with largest impact on
results: Photon energy modelling

Leading theoretical uncertainty
has impact ~ 5% - crucial to
consider!

However, small w.r.t. Statistical
uncertainty

Brookhaven

National Laboratory

Systematic uncertainty source

Relative impact [%]

Experimental

Photon energy resolution 0.4
Photon energy scale 0.1
Flavour tagging 0.1
Theoretical

Factorisation and renormalisation scale 4.8
B(H — v+, bb) 0.2
Parton showering model 0.2
Heavy-flavour content 0.1
Background model (spurious signal) 0.1

23



HH—bbyy: SM Results

e Statistical interpretation: How compatible is the simulation/data with the background only
hypothesis?

e Not near evidence level (yet!) so compute upper limits: (Near 1 means we are starting to see
HH)

k? Brookhaven

National Laboratory
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HH—bbyy: SM Results

©

Statistical interpretation: How compatible is the simulation/data with the background only
hypothesis?

Not near evidence level (yet!) so compute upper limits: (Near 1 means we are starting to see
HH)

Partial Run 2 analysis This analysis
Expected
(Simulation driven) <26 <5
Observed
(What we conclude from data) =20 <4
Big improvement by adding more data! Values near 1 mean

close to seeing HH

Brookhaven

National Laboratory
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HH—bbyy: Coupling modifiers

e Kappa framework: Re-interpret results

25



HH—bbyy: Coupling modifiers

o K

appa framework: Re-interpret results as a function of non-SM Higgs self-coupling

k,=1:SM
E 7 J T 1 T I 1T I L I T 1 1 I T 1 71 | L I L — I ]
- [ 1 4
C\II [ ATLAS 1 —— Observed ]
6~ vs=13TeV, 140 fb-} ---- Expected
[ HH-bbyy 1
r ' E
S¢ . Obskrved s ]
[ 68%CL: k) € [0.6,5.2] f 1
I 95%CL: k) € [-1.4,6.9] / E
- \ =
r ‘\ Expécted ,"
F \ 68% CL: K\ € [-1.2,6.1] j
\
3k 95%CL: Ky € [-2.8,7.8] ; =
E \\ : /
2 \ / —
r N ]
1 :_ i € CL7
P IR I SO B S-S ‘ | !
-4 -2 2 4 6 8 10
Kx
g H
R
______ ./
7%
g

k? Brookhaven

National Laboratory




HH—bbyy: Coupling modifiers

e Kappa framework: Re-interpret results as a function of non-SM Higgs self-coupling, HHVV couplings

k,=1:SM Ky =1:S
< I——T— 1 - —
c | I _ < | I ]
NI N ATLAS 1 —— Observed 8 F ATLAS 1 —— Observed
6 vs=13TeV, 140 1o} ---- Expected 6 vs=13Tev, 140" | ---- Expected ]
n HH—»bByy 1 ] [ HH-bbyy I ]
F I g - 1 -
S¢ . Obskrved s 7 5: \ Observed | ; ]
[ 68%CL: k) € [0.6,5.2] ! 1 Y 68% CL: Kby € [0.3,1.9] / 1
4 95% CL: Ky & [-1.4,6.9] [N ab \\\ 95% CL: K?vé[—0.5,27] /95% 1]
r ) Expécted ,:' 7 EoA Expected : ,/ R
E \ St oL k@ 1.2, 6.1] / ] A 68% CL: Kby € [-0.3,2.5] / E
Kl : 95% CL: Ky € [-2.8,7.8] ! = EooN 95% CL: Kpv & [-1.1,33] / ]
r \ ! 4 ] L \ 1 ]
g i / 1 of N ' E
2 \ / 4 C \ : 7 ]
r \ / ] r \ / ]
- 1 4 ]
L ‘\\ 68 "L: 1 \\\ ' / ¢ L]
1E \ 8% CL] B ) ]
r / ] F | .
F . e . S T B
01”‘|H‘*M|L.2—.--—-47“|H‘|H.|- 0=—— 0 1 > 7
K Kav
A
g9 H
R L
__}{__,.: . H
g H T H

k? Brookhaven
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HH—bbyy: Coupling modifiers

e Kappa framework: Re-interpret results as a function of non-SM Higgs self-coupling, HHVV couplings

KA=1:SM

L

Obskrved

ea%: CL: k) € [0.6,5.2]
95% CL: Ky € [-1.4,6.9]

Expécted

68%CL: K, € [-1.2,6.1]
95% CL: k) € [-2.8,7.8]

|

| L B

—— Observed
---- Expected

E 75 T T T I T
NI . ATLAS
6 vs=13TeV, 140 fb"!
[ HH-bbyy
5
a
3\
2
1
. I
07—
g
g

k? Brookhaven

National Laboratory

[o2]
0|

H
Y
o

-2InA

IC2V=1:SM

[ HH- bbyy

T T
[ ATLAS '
F vS=13Tev, 1401 |
1
1

Observed 1

68% CL: Kby € [0.3,1.9]

95% CL: K?V € [-0.5,2.7)

Expected !

68% CL: Kby € [-0.3,2.5]

95% CL: kpy € [-1.1,3.3]
1

T
—— Observed
-- Expected

1
1
1
1
1
:
1

Improvement compared to
partial analysis:

Expected

Observed

Partial Run 2

: This analysis
analysis

-8.1< K, S 13.1] -2.8 < K, < 7.8

8.1<x,131 145k, <6.9
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HH—bbyy: EFT

K

Effective field theory: A
theory which holds true up
to a given energy scale

Allows for
re-interpretation of results
using this framework

May allow us to see BSM
effects, if they exist, at LHC
energy

Brookhaven

National Laboratory

SM

What EFT BSM
allows us
to prope

\

Inspired by D. Valsecchi

E < ELHC E > ELHC

From Valentina Cairo [Lepton Photon 2023]

26


https://indico.cern.ch/event/1114856/contributions/5321262/attachments/2685816/4659853/LP2023_VMMCAIRO_18July2023.pdf

HH—bbyy: HEFT

e HEFT: Higgs Effective Field Theory. Parameterized theory allowing for deviations from SM

k? Brookhaven

National Laboratory
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HH—bbyy: HEFT

e HEFT: Higgs Effective Field Theory. Parameterized theory allowing for deviations from SM

e  Useful for HH re-interpretation

SM-like processes (modified by couplings)

/ - -
Particle — ccdB g
interactions i -+ —‘ + S
determined “n g
by: = P
~+ N
. y

@ Brookhaven
National Laboratory BSM rocesses




HH—bbyy: HEFT scan results

e Simultaneously vary ¢, and modifier of HH coupling to gg/tt

hhh’

k? Brookhaven

National Laboratory

28



HH—bbyy: HEFT scan results

e  Simultaneously vary ¢

§ .
Chhh ,*

-_--.’

H S

.

National Laboratory

k? Brookhaven

and modifier of HH coupling to g@/tt

hhh’

g [ T T T I T T T I T T ] T T T I T T I T T ]
2r -
Ug r A TLAS —— Observed 68% CL ]
1.6 vs=13TeV, 140 fb-" —=—- Observed 95% CL
F HH - bbyy Expected 68% CL ]
1.2F Expected 95% CL -
- % Bestiit .
0.8F Y¢  SM prediction -
0.4F =
o E
-0.4F =
-0.8F 3
-1.2 .
1 C .+ v b 1y ' .

-8 -4 0 4 8 12

Chhh

Best fit (4) contains SM prediction within 68% CL
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HH—bbyy: HEFT scan results

e Simultaneously vary ¢, and modifier of HH coupling to gg/tt

hhh’

H é [ I T T T I T T ] T T T I T T I T ] Nl T T I L I LI I LI I L ] L I LB I LB I T 17T I ]

a ol =) 2r — b= = P i

Chhh . s - ATLAS — Observed 68% CL ] & 3 ATLAS Preliminary —— Observed 68% CL ]

= == < 0: 1.6 vs=13TeV, 140 fb-" ===+ Observed 95% CL - I Vvs=13TeV, 140 fb! —=—- Observed 95% CL 4

B, C HH > bbyy Expected 68% CL ] [ HH- bbyy Expected 68% CL

% 1.2 Expected 95% CL - 2 Expected 95% CL —

H - & Best fit ] L % Bestfit ]

H 0.8F % SM prediction - C "= Y¢  SM prediction 1

o g ; U = ]

ol 0.4 — L ]

o = oF -

C ] 1+ S ]

H -0.8 = i 1

\\\\\ .~ -1.2f - ) ST I IR (U (FAPAFAN RPN (AP IR W W
4 | | | | | | | ] I | | | | | | ] | I ] | | _1 2 _8 _4 0 4 8 1 2 1 6 20

/ S -8 -4 0 4 8 12
Chhh
. Chhh

~ Brookhavert Best fit (<) contains SM prediction within 68% CL - Also true for ¢, vs.c_ . scan
k‘ Nl onay Results are consistent with SM prediction 28




Outline

. The Higgs self-coupling

Il. The ATLAS detector

lll. Search for Higgs pair production at ATLAS
IV. Beyond the LHC

I L’,\ Brookhaven
+" National Laboratory



Aside: Run 3

e Reminder - LHC and ATLAS schedule:

* National Laboratory

L’,\ Brookhaven

| 2009 2010 2011 2012
2015 2016 —|;2017 2018
LHC <

HL-LHC <

-
2023 L 2024

2025 2026

2031 2032

2021 2022

%
| 2027 2028

2029 2030

2033 2034 2035 2036 L2037 2038
2039 2040 L 2041
Y B

proton-proton,

shutdown/technical stop, hardware
commissioning, magnet training heavy ion collisions
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Aside: Run 3

e Reminder - LHC and ATLAS schedule:

e Start of Run 3: 5 July 2022

symmetry [EXZNIEE

wa it' didn't the Today marks tt
LHC already
"restart?”

LHC <

2022 izozs L 2024 2025
— b e s O Z=—e.

shutdown/technical stop, hardware proton-proton,
commissioning, magnet training heavy ion collisions

29



Aside: Run 3

e Reminder - LHC and ATLAS schedule:

e Start of Run 3: 5 July 2022

Working hard

analyzing Run 3
data...

Expect HH
improvement
from more data
- but not
ultimate
precision!

LHC <

2022 izozs L 2024 2025
— b e s O Z=—e.

L) - '
walt' dldn t the Today marks tt i
[N - shutdown/technical stop, hardware proton-proton,
LHc already commissioning, magnet training heavy ion collisions
a ] [}
restart? 2




High-Luminosity LHC

e 2029: LHC will finish upgrade to
High Luminosity LHC

I k? Brookhaven
National Laboratory
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High-Luminosity LHC

e 2029: LHC will finish upgrade to
High Luminosity LHC

e Pro: Will increase ATLAS + CMS
datasets by ~ factor of 10

I k? Brookhaven
National Laboratory
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High-Luminosity LHC

e 2029: LHC will finish upgrade to
High Luminosity LHC

e Pro: Will increase ATLAS + CMS
datasets by ~ factor of 10

e Con: Extremely challenging
data-taking environment
o Extensive detector
upgrades in progress to
handle this

L? Brookhaven

National Laboratory

LHC: Pileup of 25

Radiation Hard Silicon Microstrip Sensors for the

Development and Evaluation of Novel, Large Area,
ATLAS [Tk Experiment at the HL-LHC

30



https://repository.library.carleton.ca/concern/etds/f7623d42b
https://repository.library.carleton.ca/concern/etds/f7623d42b
https://repository.library.carleton.ca/concern/etds/f7623d42b

High-Luminosity LHC

e 2029: LHC will finish upgrade to
High Luminosity LHC

e Pro: Will increase ATLAS + CMS
datasets by ~ factor of 10

e Con: Extremely challenging
data-taking environment
o Extensive detector
upgrades in progress to
handle this

L? Brookhaven

National Laboratory

Development and Evaluation of Novel, Large Area,
Radiation Hard Silicon Microstrip Sensors for the

30

ATLAS [Tk Experiment at the HL-LHC


https://repository.library.carleton.ca/concern/etds/f7623d42b
https://repository.library.carleton.ca/concern/etds/f7623d42b
https://repository.library.carleton.ca/concern/etds/f7623d42b

Silicon based tracking

e Particle hits silicon

31



Silicon based tracking

e Particle hits silicon
e Electric signal read out

I k? Brookhaven
National Laboratory

Particle
Electric Signal

P

Sensor

G. D’amen - BNL physics seminar series

31


https://indico.bnl.gov/event/20638/attachments/50061/85901/GDamen_seminar.pdf

Silicon based tracking

Particle hits silicon

R . Particle
Electric signal read out Electric Signal
Series of hits forms a track

Use radius to measure / <P /\/\ -----

particle momentum Sensor

G. D’amen - BNL physics seminar series

|
I k? Brookhaven
National Laboratory


https://indico.bnl.gov/event/20638/attachments/50061/85901/GDamen_seminar.pdf

Silicon based tracking

Particle hits silicon

Electric signal read out
Series of hits forms a track
Use radius to measure
particle momentum

Silicon trackers actively
used by ATLAS and CMS!

I k? Brookhaven
National Laborator

Particle
Electric Signal

P

Sensor

G. D’amen - BNL physics seminar series

31


https://indico.bnl.gov/event/20638/attachments/50061/85901/GDamen_seminar.pdf

The ATLAS ITk: Layout

e Part of ATLAS upgrade: Full replacement of tracker with full silicon pixel
and strip subdetectors - ITk (Inner Tracker):

AU W

! y y , |
I L? Brookhaven
National Laboratory
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The ATLAS ITk: Layout

e Part of ATLAS upgrade: Full replacement of tracker with full silicon pixel
and strip subdetectors - ITk (Inner Tracker):

ITk strips barrel

ARV T TTIEE)
\ - i
- RSNvSATaNTRAREENESVERORFOEY, 0

e Will contain 10,976 modules
(individual detection unit)

modules to last ~10 years!

EEFSRESSESASRNBRBRSERIARG

At E:j*:*?:';::::::::; ’ e Need to build robust

ookhaven

nal Lahoratory 32



The ATLAS ITk: Modules

e Strips modules: Electronics glued to sensors

Wire-bonds

DC-DC converter

Power
board

HCCStar
Wire-bonds

oy o~ — Hybrid

Glue

ABCStar

Sensor

~97mm

~97mm

k}‘ Brookhaven

National Laboratory
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The ATLAS ITk: Modules

e Strips modules: Electronics glued to sensors

Wire-bonds

DC-DC converter Power ABCihr
board

HCCStar
Wire-bonds

/S o — Hybrid

Glue

Sensor
~97mm

~97mm

National Laboratory

k’,‘ Brookhaven

Example module

Stream 0

Stream 1

33



The ATLAS ITk: QC

e To ensure robust modules, a
well-defined quality control
procedure is defined:

HV-Tab a [
i l—»‘ Glued |—>| Stitch bonding |—>| Bonded |
.

oIV * Visual Metrology
* Visual [EZIEED (bow)
Bt * Weight .oV
* Metrology * Visual
(X/Y, bow) inspection
oIV * Electrical test
* Thermal cycling

arXiv:2401.17054



https://arxiv.org/abs/2401.17054

The ATLAS ITk: QC

e To ensure robust modules, a
well-defined quality control
procedure is defined:

HV-Tab a [
el l—»‘ Glued |—>| Stitch bonding |—>| Bonded |
.

(RECEED : rﬂl::':logy : Zsual y & i &’ . = * : S
. viow | impection -
* Thermal cycling 3 4 E e [/
arXiv:2401.17054

e These steps require a robust test setup

34



https://arxiv.org/abs/2401.17054

The ATLAS ITk: QC

e To ensure robust modules, a
well-defined quality control
procedure is defined:

cwro

HV-Tab
e |—>| Glued |—>|sc|uhbonding|—>| Bonded |

* Metrology * Visual ¢ A

 tvbow) , pection -
Thermal cycling \

arXiv:2401.17054

£ Module side LV, HV,
data lines

e These steps require a robust test setup
e Only modules passing all QC steps will end up in the ITk!

34
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The ATLAS ITk: QC

r(ﬁw
|| ]‘ T

il

1T —

(
i\

(\\\ Airflow meter T ——

/. Module side LV, HV,
¢ data lines

it . - LV, HV, Data lines

34



The ATLAS ITk: QC

e A few examples of modules passing/failing QC:

<
£, 200~ Module IV curve | 10000 Module IV curve
E 20.0 °C [ 20.0°C
o . s
8 ] g 5000, 8
. . — Breakdown!
0 i L V——
-600 ~400 200 0

-400 300 -200 -100 0

Voltage [V] Voltage [V]

IV: Increase voltage, check for spike in current

k? Brookhaven

National Laboratory
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The ATLAS ITk: QC

e A few examples of modules passing/failing QC:

E 200 Module IV curve | 10000 |— Module IV curve g i% E
*qc-‘J - 20.0°C r 20.0 °C % 800 == .
=R Hl O S Stable
& e e 5000_].. °g was L oman D wsse ““'Iszmrs‘n-’.} e el e .,:‘,.v
- 0 ., .~ Breakdown! F— :
o } L V—— i i%; 4 Noise bump!
-600 ~400 ~200 0  _400 -300 -200 -100 O £ woE
Voltage [V] Voltage [V] S ER ETRETRE AR
IV: Increase voltage, check for spike in current Measure noise - ensure it’s roughly flat

k? Brookhaven

National Lahoratory 35




HL-LHC: HH projections

Ky =1, Koy =1 Asimov Data

e Projected significance of O L A A B

HH—bbbb channel as function S | ATLAS Preliminary ~— """ ]

. - . o L _ -1 . 7

of b-tagging efficiency S 25 YESIATOVSOORT Theoretcalunc.haved ]

% [ HH-bbbb (ggF+VBF) = [Run2 sy e i

> - -

: _ 1 @ 20— -

o Ifwe can improve b-tagging, % . .

combine with other H(bb) 2 .

. . p 1.5— _

channels, can significantly - .

increase HH discovery chances ol e B

e This relies on a robust ITk! 05— e
I0.|65I — IO.|70‘ — I0.|75I — I0.!30I — I0..|85J |

b-tagging efficiency
k? BPBERREEE ATL-PHYS-PUB-2023-023

National Lahoratory 36



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/

FCC

e \What about after LHC?

I L? Brookhaven
National Laboratory
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FCC

e What about after LHC?

e Planning next collider with future
physics goals in mind, including Higgs
self-coupling measurement

k? Brookhaven

National Laboratory
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FCC

e \What about after LHC?

e Planning next collider with future
physics goals in mind, including Higgs

self-coupling measurement ' ~Euture
Geneva- =
~oaedT  STaiGircular
e Example: Future Circular Collider | ey -~ Collider =

(FCC)
o FCC-ee: Higgs precision
o FCC-hh: 100 TeV proton-proton
collisions. Self-coupling precision

¢ Brookhaven
National Lahoratory 37




FCC

e \What about after LHC?

e Planning next collider with future
physics goals in mind, including Higgs

self-coupling measurement ' ~Future
Geneyag="a S5 1
~oaedT  STaiGircular
e Example: Future Circular Collider ‘ FenE - Collider -~ -

(FCC)
o FCC-ee: Higgs precision
o FCC-hh: 100 TeV proton-proton
collisions. Self-coupling precision

e Aiming for even more precise Higgs
measurements

¢ Brookhaven
National Lahoratory 37




FCC projections

e Expect the FCC-ee phase of FCC
to improve Higgs precision
measurements

I k? Brookhaven
National Laboratory

38



FCC projections

e Expect the FCC-ee phase of FCC Goupling HL-LHC  FOG-ce (240-305 GeV)
to improve Higgs precision ww [%] L5 0.43 / 0.33
Kz (%] 1.3 0.17 / 0.14
measurements g [%] 9" 0.90 / 0.77
Ky (%] 1.6* 1.3 /1.2
Kz~ (%] 10* 10 / 10
Example: Higgs to bb couplin e ) 32 51751
L . Kt |70 2% g .
p gg p g (s, (% 2.5* 0.64 / 0.56 )
PCA 4.4 3.9/37
. . ) kr (%] 1.6* 0.66 / 0.55
e With FCC-ee, project improvement BRiny (<%, 95% CL)  19* 0.20 / 0.15

BRunt (<%, 95% CL) 4 1.0 / 0.88

of ~ factor 4-5

o Improvement in b
characterization H Kb/

o Search for BSM \
b

¢ Brookhaven
National Lahoratory 38




The P5 report

e December 2023: P5 panel releases recommendations to DOE of how to prioritize particle physics
projects over the next 10 years within context of 20 year vision:

c. An off-shore Higgs factory, realized in collaboration with international partners, in order to
reveal the secrets of the Higgs boson. The current designs of FCC-ee and ILC meet our scientific
requirements. The US should actively engage in feasibility and design studies. Once a specific
project is deemed feasible and well-defined (see also Recommendation 6), the US should aim for
a contribution at funding levels commensurate to that of the US involvement in the LHC and HL-
LHC, while maintaining a healthy US on-shore program in particle physics (section 3.2).

e Recommendation 2c: “The US should actively engage in feasibility and design studies” for an
off-shore Higgs factory.

o Current designs of FCC-ee and ILC meet our scientific requirements

FCC feasibility studies consistent with US plan for future colliders

L? Brookhaven

National Laboratory




Summary

k? Brookhaven

National Laboratory




Summary

e Since Higgs discovery, extensive studies to characterize it

I k? Brookhaven
National Laboratory
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Summary

e Since Higgs discovery, extensive studies to characterize it

e Ongoing searches for Higgs pair production - recent result:

ATLAS looks for HH—bbyy decay:
o Upper limit ~ 4-5 times SM
o Additional self-coupling modifier, EFT results
o Results agree with SM

k? Brookhaven
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Summary

e Since Higgs discovery, extensive studies to characterize it

e Ongoing searches for Higgs pair production - recent result:

ATLAS looks for HH—bbyy decay:
o Upper limit ~ 4-5 times SM
o Additional self-coupling modifier, EFT results
o Results agree with SM

e Expect more sensitive results from HL-LHC
o Requires upgraded detector, including new, robust tracker (The ITk)

k? Brookhaven
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Summary

e Since Higgs discovery, extensive studies to characterize it

e Ongoing searches for Higgs pair production - recent result:

ATLAS looks for HH—bbyy decay:
o Upper limit ~ 4-5 times SM
o Additional self-coupling modifier, EFT results
o Results agree with SM

e Expect more sensitive results from HL-LHC
o Requires upgraded detector, including new, robust tracker (The ITk)

e Expect even more sensitive results with a future collider, for example FCC

¢ Brookhaven
National Lahoratory 40
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Backup
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Theoretical basis




Higgs decays

e Higgs decays as function of
mass:

—
T
|

Higgs BR + Total Uncert
(@)
r
=
5 1
N
|

—
Q
o
T
|

-y

=

W
TT T

| | 1 1 1 | 1 1 1 |

) L1 L1 [
1080 100 120 140 160 180 200
L? Brookhaven M, [GeV]
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Self-coupling: The Higgs boson

. . L e« =
e ATLAS version of higgs L i roeparametr
£ — SM prediction
coupling plot: -
e UE
:
5 100
& § E Leptons Quarks
£ F [ ] ] [« IR
E [ [N [ ] s 5
E Force carriers  Higgs boson
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k? Brookhaven Particle mass (GeV)

National Laboratory

Nature 607, 52-59 (2022)



https://www.nature.com/articles/s41586-022-04893-w

Self-coupling: Higgs pair production
Can directly access Higgs self-coupling via Higgs pair production (HH):

Gluon fusion:

e Leading production mode
Access to self-coupling
ONNLO, FTapprox ™ 31.05fb @ 13 TeV,

m,, = 125.0 GeV [1803.02463

Vector boson fusion:

Subleading production mode
Access to self-coupling,
Quarks in final state

Opao QCD ~ 1.73 fb @ 13 TeV, m, = 125.0 GeV

1811.07906

Koys Ky

e  Self-coupling affects HH cross-section and differential distributions in leading production modes
e Rare process - need to select final states with good signal to background ratio

¢ Brookhaven
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https://arxiv.org/pdf/1803.02463.pdf
https://arxiv.org/pdf/1811.07906.pdf

Self-coupling: The Higgs boson

e What do you do after discovering a particle? You characterize it, and compare to theory:

CMS 138 b (13 TeV) N T T T T T T T
> T T T L L |
£ I:D 1 m,=125.38 GeV wZ e ATLAS e+ Total Stat. only | Combination
> o
E ’ Run1:/s=7-8TeV,25f~! Run2: /s =13 TeV, 140 fb—*
o 104 B i Total (Stat. only)
© Runi H — vy H——e— 126.02+0.51 (+ 0.43) GeV
=)
E Ig b . Run1H — 4/ — 124,51 + 0.52 (+ 0.52) GeV
1072 P 3 Run2 H — vy |—Io—| 12517 + 0.14 (+ 0.11) GeV
‘ ¥ vector bosons Run2 H — 4¢ =i 124.99 + 0.19 (2 0.18) GeV
100k, $ 3% generation fermions | Run142 H — 7y e 125.22 1 0.14 (2 0.11) GeV
? $ 2" generation fermions
8 _ Run 142 H — 4 e 124.94 + 0.18 (+ 0.17) GeV
------ SM Higgs boson
104k i Run 1 Combined II—O—-I 125.38 + 0.41 (+ 0.37) GeV
il s L | L Lol L M| L
2 1‘2‘ A M - ‘ Run 2 Combined I—ol-| 125.10 + 0.11 ( 0.09) GeV
2 1:0“.}. ....................... i} .................... 13“*” Run 1+2 Combined et 12511 0.1 ( 0.09) GeV
E 0.8_H| . ol . ol . ‘Dglf"””l X 3 1 | 1 1 1 | Il 1 Il | |\ 1 I Il | Il 1 I | 1 1 1 | 1
T i i by 123 124 125 126 127 128
Particle mass (GeV) my [GeV]
Nature 607, 60-68 (2022) arXiv:2308.04775
e \lery precise mass, coupling measurements. Have come a long way, but more to measure
¢ Brookhaven
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https://www.nature.com/articles/s41586-022-04892-x
https://arxiv.org/abs/2308.04775

Run 2 ATLAS HW mass measurement

K

For comparison of Hgam peak
From Run 2 Hyy mass
measurement

[Phys. Lett. B 847 (2023) 138315]

Brookhaven
tional Laboratory

---------------------------
= Fitted S+B ATLAS

===% Blonly Vs =13 TeV, 140 fb, Hoyy
U, Outer-barrel, high pg



https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub

ATLAS
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The ATLAS detector: Schedule

T I Run 1 j Long Shutdown 1 (LS1)

] 2009 2010 2011 2012 2013 2014 2015
. LH< : and A I LAS In s [FM{AM 3 3 A IO 15 F MAM 3 3 AISIONID|3 [FMAM 3 A 3 [FMAM3[3|AIS O] [FMAM [T Al 3 [FMAM 3 3] AISIOND]3 [FMAM 3 S OND)
L L
operation since ~ 2009

I Run 2 { Long Shutdown 2 (LS2)
2015 2016 2017 2018 2019 2020 2021
J FMAM ] J Al J[FMAMI|]A J FMAM J J(A| J[FMAM (] Al JIFIMAM J|1IA S ON[D{J FMAMJ J Al J FMIAM J J|AISION D
I Run 3 { Long Shutdown 3 (LS3)
2022 2023 2024 2025 2026 2027
3 /FMAM]3]AlSlOND| FMAMJ (] ASIOND|J|FIMAM J|1|A'SONID|{J FMAM ] J J|F MJJ‘A|SONIDJ|FMAMJJA5mNDJFM‘AMiJ‘J‘ASO D
i
T I Run 4 { Long Shutdown 4 (LS4)
2029 2030 2031 2032@_‘4 2033 2034
J FMAM) )ASO’[TD]FMAM)]ASOiD] FMAM(]J AS|OIND|J|FIMAM J|J|A'S ON| )(’ AM]JASON‘D)FMAM])AS (NDI
HL-LHC
: Runs : Shutdown / Technical stop
2035 2036 2037 2038 Proton physics
5 A2 ASIONDDIFAM) ) A SO FMAM 2 S ORIl [ A 3 AISION )

Heavy ion physics

Commissioning with beam
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The ATLAS detector: Schedule

T I Run 1 j Long Shutdown 1 (LS1)

——————Run 1 ———
n 2009 2010 2011 2012 I 2013 2014 2015
. LH< : and AI LAS In 3 [FMAIM 33 ]A/SIOINID|3[FIM[AIM]3[3]AIS|OINID]3 [FIMAIM[3 13 ]AIS|OINID]3 TFIMAIM 3 [3]ATSIOIN[D TFIMAIM[3 [3 A 3[FMAM[3[3]AISION[D|3 [F MAM 3 [3]ASIONID)
| | | | |‘
operation since ~ 2009
L

I Run 2 { Long Shutdown 2 (LS2)
2015 2016 2017 2018 2019 2020 2021
u ‘
. -
e Run 1: 2009-2013 (data
I Run 3 { Long Shutdown 3 (LS3)
) D
I

u Sed fo r H i g g S il FMAZM?JZAZS‘ONDJ FMAZM?JZA?’SONDJ FMhZM?JZ?SONDJ FMAZM?JZS F ‘AZM?JZ‘/TSON‘DJ FMA|2MFJZA75‘O‘NDJ F|M|\A2MF‘12A850
. ‘ LHC upgrade to HL-LHC!!
observation) L AR

T I Run 4 { Long Shutdown 4 (LS4)
2029 2030 2031 2032 2033 2034

3 [FMAM[3 ]2 AIS[O[N {3 FIMAM I 3[A]SIOND] 3 [F M AIM]3 3 ATSJOINID] 3 [FIM/AM 3 3 [AISIO[ND} FMAIM[3 3 [AISION |3 [FMAMI3 [ SO D)

HL-LHC
L ]
r Run5 1 Shutdown / Technical stop
2035 2036 2037 2038 Proton physics
1] FMAMJ J|A| J|FMAM|]|] ASIOIN|D{)|FIMAM J|J|A/SONID|] FMAM ] ] A/SION D

Heavy ion physics
Commissioning with beam
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The ATLAS detector: Schedule

T I Run 1 1 Long Shutdown 1 (LS1)

] 2009 2010 2011 2012 2013 2014 2015
. LH< : and A I LAS In 5 [FM{AM 3 3] ASIOND] 3] MAM 3 3 AISIOND|3 [FMAM 3 A 3 [FMAM3[3|AIS O] [FMAM [T Al 3 [FMAM 3 3] AISIOND]3 [FMAM 3 S OND)
L L
operation since ~ 2009

I Run 2 { Long Shutdown 2 (LS2)
2015 2016 2017 2018 2019 2020 2021
FMAMI]I 3[FMAM 3[3[A'SOIND}3 FIM[AIM 3|3 [A[S|ONID[3 [FMAM3[3 M 3[3A'SIOIN[D[3 FMAIM3 |3 3 FMAMI]3[AISIOND|

LHC ‘

\

e Run 1: 2009-2013 (data
I Run 3 { Long Shutdown 3 (LS3)
used for H ig gs O O .0 0 -0 O 2
' ’ 1 1 ‘LH<‘:| u raue t(‘)‘HL|-|LI|-I‘C!!
observation) L i T
T I Run 4 { Long Shutdown 4 (LS4)

IRATINY
2029 2030 2031 2032 2033 2034

3 [FMAM3[3]A]S[O[ND|3 FMAM |3 A[S|OND|3 [FIM AIM[3 [3 AIS|OIN D3| FMAM 3[3]A/S ON[D|3 [FMIAIMIY 3 [ASJON D] 3 [FMAM ) ASIOND)

e Run 2: 2015-2018 R I

[}
o

L

r Run5 1 Shutdown / Technical stop
2035 2036 2037 2038 Proton physics

J FMAM ] J|A| J|FMAM|]|] ASIOIN|D{)|FIMAM J|J|A/SONID|] FMAM ] ] A/SION D

Heavy ion physics
Commissioning with beam
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Aside: Run 3

- I Run 1 y Long Shutdown 1 (LS1)
2009 2010 2011 2012 2013 2014 2015
. 3[FMAM 3[3]AlSOND{3 [ FIMAM 3|3 [AlSIOINID} 3 [FIMIAM3 13 AJS|OND ) [FMIAIM 3 3 |AISIOjNIDL 3 [FIM A M]3 |3 J[FMAM )| J[FMAM) ) [AISOND|
e Reminder - LHC and ATLAS schedule:
t Run 2 { Long Shutdown 2 (LS2)
2015 2016 2017 2018 2019 2020 2021
J|FMAM(] (] A JIFMAM ][] /A SON[D{J FMAMJ /Al Jr»MA\NI)]Av J|FMAMJ(J|AISONID{J FMAMJ J| C lFMAMlylASOND
I Run 3 i Long Shutdown 3 (LS3)
2022 2023 2024 2025
J FMAM ] J|A| 3|FMAM[3]3 AIS|O[NID|3[F] IAMJ|]|A| NIDI) FMAM]] ) J|F} AMJJ|A|SQ'NDJFMAMJJASONDJ|F|MA J|J|AS|OND
T A ‘
T I Run4 {1 Long Shutdown 4 (LS4)
2029 % 2030 2031 @4 2032 2033 2034
[J[FMAMI3 3 ATS|OIN D] FIMAM) 3 ]A[SIONID|3[FMAM3[3 ATS] [FMAMI[J]AS] 3 FMAM) J]AISION D] [FMAM I AS[O[ND
HL-LHC
]
: Runs ¢ Shutdown / Technical stop
2035 2036 2037 2038 Proton physics
1) FMAM|J J AISIOND|]|FMAM|] JIF MJ|J|AISONID|]FMAM ] J A[SIOND|
Heavy ion physics
C issioning with beam
= Hardware commissioning/
magnet training
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Aside: Run 3

e Reminder - LHC and ATLAS schedule:

Run 1 y Long Shutdown 1 (LS1)

2009 2010 2011 2012 2013 2014 2015
AM) )

3 [FMAM 3[3]AlSOND}3[FIMAM 3|3 [AlSIOINDL 3 [FIMIAM3 |3 AJSIONDI 3 [FMIAIM 3 3 |AISIOINID 3 [FIM! 1[FMA] ;'JAE‘OND:FMAMJJASOMD

PY Start Of Run 3 5 July 2022 l Run 2 | Long Shutdown 2 (LS2)
2015 4 2016 2017 2018 2019 2020 2021
FMAMJ J ASIONDJIFMAMJ(JASONIDIJ FMAMJ J|A J[FMAMJ ) J|FIMA] J]ASWD]F |AIM J J/AISOND|J FMAM ] J|A[SION D
follow +
A joint Fermilab/SLAC publication
Run 3 { Long Shutdown 3 (LS3)
2022 2023 2024 2025 2026
| FIMAM)J ) [AJS|ONID 3’ FMAM(1 ) AS|OINDIJIFIMAM J|J| |AIS'OINIDI FIMAM[3 3 [A[S[ON FMAM ] J|ASO'NE ) FIMAM J ]| ASDNDJ|F|MAMJ|J|AS|OND
A S ‘
Run4 { Long Shutdown 4 (LS4)
2029 % 2030 2031 2032 2033 2034
[[FMAM]3 ]2 AS|OIN D] FMIAM 33 [AISION[D|3 [FMAM ) ATS] 5 [FMAMD[I[ATS] 3 [FMAM 3 [AISIOND][FMAM3 3 AS[OND
]
Runs ¢ Shutdown / Technical stop
2035 2036 2037 2038 Proton physics
J FMAM J AISOND|JIFMAM[]|] ) |F| MJ|J|AISONID|J [FMAMJ J A[SIOND|
Heavy ion physics
w - ' h 07/05/22 | By Sarah Charley c < " N Ig with beam
walt' dldn t t e Today marks the start of LHC Run 3. So ks Hardware commissioning /

what was #restartingLHC in April all about? magnet training
LHC already
nm [ [
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Aside: Run 3

- I Run 1 y Long Shutdown 1 (LS1)
2009 2010 . 2011 ek 20120u 2013 2014 2015
. ) FMAM J|J/ASC JIFMAMJ|J|A'SIOND|]|FMAM] ] AISIONID|) FIMAM J|J/A'SOINID|]|FIMAM|J ) JIFMAMJ ) ) FMAM ) JJASOND|
e Reminder - LHC and ATLAS schedule:
L ]
e Start of Run 3: 5 July 2022 ! fim 2 | LongShulloni2 (52
2015 2016 2017 2018 2019 2020 2021
J|FMAM(] (] A JIFMAM ][] /A SON[D{J FMAMJ /Al JrMAM)]AV JIFMAM J[J|A'SON|D{J FMAM ] J) C lFMAMlylASOND
follow +
A joint Fermilab/SLAC publication
I Run 3 { Long Shutdown 3 (LS3)
Some early FMAZNI?JZAZSON]DJFMAZM?J2A3$0NDJFMA2M912A4‘SONDJFMAZMCJ)JZASSON FMAF?JZ|A651NDJF AMJJASONDJ|F|MAMJ|J|AS|OND
results out! _M—I ‘ LHC uﬁrade to HL-LHC!! ‘
LLCOCL LT
. T I Run4 {1 Long Shutdown 4 (LS4)
Worklng hard 2029 % 2030 2031@4 2032 2033 2034
[J[FMAM)J ) AISIOND}) FIMAMJ JJAISOND]J[FMAMI () A'S| JIFMAMJ[J|A'S: ) FMAM|) J AISOND|J|FMAM[J|J A S| D
analyzing Run 3 H
data... HL-LHC .
: Runs ¢ Shutdown / Technical stop
2035 2036 2037 2038 Proton physics
1) FMAM|J J AISIOND|]|FMAM|] ) |F| MJ|J|AISONID|]FMAM ] J A[SIOND|
Heavy ion physics
Ll - ' 07/05/22 | By Sarah Charley c - = = gwith beam
walt' dldn t the Today marks the start of LHC Run 3. So ks Hardware comlmissioning/

what was #restartingLHC in April all about? magnet training
LHC already
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Future prospects:

e Project that combining full
Run 3 datasets of ATLAS +
CMS may lead to upper

limit on signal strength < 1
o — Implies close to HH
observation!

e Relies on improvement of
analysis techniques

L? Brookhaven

National Laboratory

Run 3

Based on original plot from E. Brost

rrokecte. escaing, NN
(£-scaling)
Preliminary Full Run 2 [/
Projected Run 3
(£-scaling) -
Projected Run 3
(£+analysis improvement) -
Projected Run 3
(£+combination with CMS) -
Projected Run 3
(c+improvement+CMS)

. Published results
. Projections with v scaling

. Speculative projections

0 2 4 6 8 10

95% CL upper limit on SM HH signal strength
From PP g g

Katharine Leney
141



The ATLAS detector: Flavor tagging

e Dedicated algorithms to identify
b-quarks

I k? Brookhaven
National Laboratory
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The ATLAS detector: Flavor tagging

Dedicated algorithms to identify § 1000F T oS Simutaion | — - ANNIP (f.-0.07)
b-quarks % goo [ V5 = 13TeV, tievents ——- SVKine (£,=0.018) 1
:: i Anti'kTR=0.4 PFlOWjetS JFKine (fC=0018) g
Q L 20 GeV <pr<250GeV, |n| <25 DLAr (£,=0.018)
Lf)w-level tagging outputs input to i 000 &, =77% ‘
high-level tagging algorithms: S 400f — .
Recurrent and Deep neural networks S 0k — T e—
o = 1 l l l . -
T | ————— —— T
Q0
i = ]
[n -
0 I P P PRI I S S S
50 100 150 200 250
pr [GeV]
Eur. Phys. J. C 83 (2023) 681
k? Brookhaven
National Lahoratory 15



https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1

The ATLAS detector: Flavor tagging

K

Dedicated algorithms to identify
b-quarks

Low-level tagging outputs input to
high-level tagging algorithms:
Recurrent and Deep neural networks

Train on simulated tt, Z'—qq, evaluate
performance on tt sample

At DL1r 77% b-jet eff. point, light-jet
(charm-jet) rejection factors of 170

(5)

Brookhaven

National Laboratory

—_
o
o
o

o
o
o

Light-flavour jet rejection
B (2}
o o
o o

N

o

o o
T T T T

Ratio
o

LA B
- ATLAS Simulation

[ VS =13TeV, tt events ——- SVKine (f.=0.018) -
—_ Anti'k‘r R = 0.4 PFlow jets JFKine (fc=0018) __
[ 20 GeV < pr < 250 GeV, |n| <25 DL1r (£.20.018) i

 ep=T77%

————— ]
RNNIP (£.=0.07) ]

N
T

T 200 250
pr [GeV]

Eur. Phys. J. C 83 (2023) 681

50 100 150



https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1

HH searches




HH—bbyy: Di-Photon mass

K

Di-Photon mass distribution in
High Mass 1 category

HH and H signatures modelled
with double sided crystal ball

Continuum background modelled
by fit to data sidebands
o Fit exponential functions.
Normalization and shape
obtained from fit to data

Brookhaven

National Laboratory

_III|III|IIIIIIIIIII|III|III|III

S N A OO O

> 18— L LA R AL R

& 16 ATLAS Preliminary

9 {s=13TeV, 140 fb™ ¢ Data

~ 14 HH — bbyy _Cr)otntl. tt:acii(grounocli
= 12 High Mass 1 - Total backgroun
>

w 10

I|III|IIIIIII|I1I|III||II|III|III

1 | 1 1 1 1 I 1 1 |
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P I
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[ Di-Photon mass distribution in High Mass 1 category ]
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HH—bbyy: SM Results

e Perform simultaneous unbinned maximum likelihood

fit in all categories Observed Median
expected

e Not near evidence level (yet!) so compute upper

limits Uygr <96 < 145

o . :

e 95% CLg upper limit extracted on HH signal strength g <41 <53
e Combining gluon fusion and VBF channels, upper

limit on HH signal strength of 4.0 times the SM (ggF+vBF) <4.0 <3.0

(Background only

prediction hypothesis)

o Improvement over previous analysis observed
(expected) 95% UL on signal strength of 4.2
(5.7) times SM due to updated event 95% CL upper limits on signal strength ()
classification

k? Brookhaven

National Laboratory 147




HH—bbyy: HEFT

e HEFT: Higgs Effective Field Theory. Parameterized Lagrangian allowing for deviations from SM

e Useful for HH re-interpretation: Higgs field is singlet, Cyghn and c,,, do not affect the background

sM ,3 Mt D i as Cgghh |2\ ~a ,a, pv
‘C'BSM = _ChhhAHHHVh — —(Ctthh+ ——h )(tLtR + h.C.) —+ —(nghh — h )GHVG B
v v 127v
2 2
. - AHHH SM my, . Yt ySM _ \/§mt
hhh — EX — SM_° “HHH = 5 tth — SM’ t =
>‘HHH 2v Yi v
g H g ’H g H g

.
d . » 4
Ctth Chhh ,*

.

g 2000000099

g 02000000009

SM-like processes (modified by couplings)

k? Brookhaven

National Laboratory

» ‘ € /’
Cggh Chhh ,', ‘(/yl:/z/

BSM processes
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Future prospects:

e Project that combining full
Run 3 datasets of ATLAS +
CMS may lead to upper

limit on signal strength < 1
o — Implies close to HH
observation!

e Relies on improvement of
analysis techniques

L? Brookhaven

National Laboratory

Run 3

Based on original plot from E. Brost

rrokecte. escaing, NN
(£-scaling)
Preliminary Full Run 2 [/
Projected Run 3
(£-scaling) -
Projected Run 3
(£+analysis improvement) -
Projected Run 3
(£+combination with CMS) -
Projected Run 3
(c+improvement+CMS)

. Published results
. Projections with v scaling

. Speculative projections

0 2 4 6 8 10

95% CL upper limit on SM HH signal strength
From PP g g

Katharine Leney
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HH—bbyy: Pre-selections

e Initial “skimming” of our massive datasets: Pre-selections

Make selections on photons and jets to identify H—yy and H—bb legs:

H—yy selection H—bb selection

Two high energy, isolated photons Exactly 2 b-jets
Lead (subleading) photon p, > 35 (25) GeV

Use ML techniques to find b-jets
Jets defined as anti-kt jets with R = 0.4
o Identify “b-jets” with ATLAS “DL1r” algorithm, 77% efficiency working point, low
misidentification rate [2211.16345]

I k? Brookhaven
National Laboratory
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https://arxiv.org/pdf/2211.16345.pdf

HH—bbyy: Pre-selections

e Initial “skimming” of our massive datasets: Pre-selections

e Make selections on photons and jets to identify H—yy and H—bb legs:
H—yy selection H—bb selection ttH(yy) reduction
Two high energy, isolated photons Exactly 2 b-jets Exactly O leptons
Lead (subleading) photon p, > 35 (25) GeV Less than 6 central jets
e Use ML techniques to find b-jets
e ttH(yy) is a major single Higgs background - reduce based on its topology

L? Brookhaven

National Laboratory

20



HH—bbyy: Introduction
e  HH in H(bb)H(y) final state: - [ ;

o Clean py signature
o High bb branching ratio

ww 25% 4.6%

ut 7.3% 2.7% 0.39%

® 2022: Search for HH in bb}/}/ with ATLAS 7z 3.1% 11% | 033% | 0.069%

Run 2 dataset published in PRD N .

)
e Observed (Expected) upper limit of ¢
HH PHYSICAL REVIEW D 106, 052001 (2022)

4.2 (5.7) times SM prediction
o Also constrain Higgs

Search for Higgs boson pair production in the two bottom quarks plus two

self-cou pl | ng - observed photons final state in pp collisions at /s =13 TeV with the ATLAS detector
(expected) [-1.5, 6.7] ([-2.4, 7.7]) e
@) Resonant SearCh pe rfo rm ed ™  (Received 23 December 2021; accepted 1 August 2022; published 6 September 2022)

[Phys. Rev. D 106, 052001]

¢ Brookhaven
National Laboratory 17



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

HH—bbyy: New studies

e  Want to improve our HH results. Recently release new search for HH—bbyy with the Full Run 2 dataset
e  Want to extend upon effort with:

o Further EFT interpretations - way to search for deviations

o Improved sensitivity for VBF results

o Re-optimized BDT categorization

PUBLISHED FOR SISSA By 4) SPRINGER

RECEIVED: October 20, 2023
ACCEPTED: December 27, 2023
PUBLISHED: January 12, 2024

Studies of new Higgs boson interactions through
nonresonant H H production in the bbvy~ final state in
pp collisions at /s = 13 TeV with the ATLAS detector

JHEP01(2024)066

e Published in JHEP in January! ATLAS website entry with all plots and tables
k? Brookhaven

National Laboratory



https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/

HH—bbyy: BDT

e T[rain boosted decision tree to

g : T T | I T T T I T T T I I T T T |
separate signal and background S oL ATAs TSuMeE
: (2 F Vs=13TeV, - e E
signatures S F HH-bbyy it U

u>J 6 - High massregon ... HH VB,:: Koy=3
S 10 = Single H B
e Use photon, jet kinematics as main § F T bt
inputs. Separate BDT trained to g 10-1L :J‘f_
identify VBF jets - i
| ol A
e Optimize category boundaries based :
on number-counting significance T T I T A P
0 0.2 0.4 0.6 0.8 1
BDT score

e Good separation achieved
[ BDT score in high mass region, data sideband ]

¢ Brookhaven
National Laboratory 22




EFT: Results summary

r ATLAS Observed 68% CL |

§ _ _1 —e— Expected 68% CL |
L Vs=13TeV, 140 fb Observed 95% oL 1
| HH - bbyy --e-- Expected 95% CL |

—— SM prediction

e Summary of EFT results [ HEFT imerpretaton |
varying one parameter at a | it ]
time, keeping others fixed to - omsg |
SM values ’ |

0.04:353

- —i-1 0.00%32%
Cithn [~ N

. N o deViatio ns W. r.t . S M : SMEILT Interpretati(;n (linear + quadratic terr;ls)
. . L A=1TeV
predictions observed

008,
-5.1193

0.0
Gl 08l |
¢ Brookhaven . ‘ ‘ .
National Lahoratory -10 -1 0 1 5 20 155



HH—bbyy: HEFT benchmark results

e Additionally search for HEFT benchmarks which represent distinct, representative
kinematic shapes in 5D HEFT phase space [1908.09923], [CDS]:

I k? Brookhaven
National Laboratory
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https://arxiv.org/pdf/1908.08923.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/

HH—bbyy: HEFT benchmark results

e Additionally search for HEFT benchmarks which represent distinct, representative
kinematic shapes in 5D HEFT phase space [1908.09923], [CDS]:

2 0.5 T T T T T

Benchmark Chhh Ctth  Cggh Cgghh  Ctthh % %T:?gf;cmaﬁon Preliminary 9 2::4 ]
M 1 1 0 0 0 g o Bus |
1 511 110 0 0 0 g | o
2 684 103 -1/3 0 1/6 < o5p ]
3 221 105 12 12  -1/3 [
4 279 090 -1/3 -12 -1/6 0.1 ]
5 395 117 1/6 -12  -1/3 [
6 068 090 12 025 -1/6 0.05- .
7 0.10 094 16 -1/6 1 [ = ]

0 [ i T P P Ao o= =

200 300 400 500 600 700 800 r?](;(: [10eO%
k? Brookhaven
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https://arxiv.org/pdf/1908.08923.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/

HH—bbyy: HEFT benchmark results

e Additionally search for HEFT benchmarks which represent distinct, representative
kinematic shapes in 5D HEFT phase space [1908.09923], [CDS]:

S - RN AR AR AR RARR RARR RARR RARRR RS oy I I I I R R T T
© [ ATLAS Simulation Prelimi = L ATLAS . served limit (95% 1
Benchmark  chhh  Citn Cogh  Cgghh  Cithh R | Boraney rremmEy Qs T | sorare1e0m N ||§m?:(f:of, til
SM 11 0 0 0 g off Bus | ol HH - pBYY S e
1 511 110 0 0 0 s Zomr | N -
2 6.84 1.03 -1/3 0 1/6 = 0'15:_ 7] ] .
3 221 105 172 1/2 -1/3 3 * .
4 279 090 -1/3 12 -1/6 ] i N B o
5 395 1.17 1/6 -1/2 -1/3 - e
6 -0.68 090 12 0.25 -1/6 7 R
7 -0.10 094 16 -1/6 1 [ e ]
0 [ T P P Aam ===
200 300 400 500 600 700 800 900 1000 101.|I|..1I|H.Iuwl.\.IH | P IR
my, [GeV] SM 1 2 3 4 5 6 7
Benchmark point
e Benchmarks 3, 4, 5, 7 excluded at a 95% CL - partially |
due to harder m_,, spectrum lower than = Excluded!
wu SP
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HH—bbyy: SMEFT

e SMEFT: Standard Model Effective Field Theory
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HH—bbyy: SMEFT

e SMEFT: Standard Model Effective Field Theory ~ top EW —
e Expansion of SM Lagrangian with dim-6 Cw
operators, includes 5 Wilson Coefficients r N o
CHB Ht
e This analysis uses linear + quadratic Corw Sawa O G e || Cow
truncation scheme (not sensitive to linear only) p Cu. Ol Ol co || o
e Operators considered in this analysis: c. 05 08 Cwu Omaf Cfl
C, C,. C, Cs C,s — [LHCWG-2022-004] o | O EWPO Qq)
| Cne | 1 (o cip cse oy C,
| Cen Co'C, C° C
S tt

=4

Higgs
Adapted from J.Ellis et al JHEP 04 (2021) 279
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https://cds.cern.ch/record/2843280/files/LHCHWG-2022-004_2.pdf
https://link.springer.com/article/10.1007%2FJHEP04%282021%29279

HH—bbyy: SMEFT

e SMEFT: Standard Model Effective Field Theory

e Expansion of SM Lagrangian with dim-6
operators, includes 5 Wilson Coefficients

e This analysis uses linear + quadratic
truncation scheme (not sensitive to linear only)

e Operators considered in this analysis:
C, C,. C, Cg4 C,s — [LHCWG-2022-004]

e Compared to HEFT:

o Less general. h is contained in SU(2)
doublet (same as SM).

o More useful for global combination -
many other LHC searches use SMEFT
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top EW
a )
Gy
Cu
QHB C’HWB CHD Cll C( ) C
CHW 1 : tW
Cu. Cil O | o
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C.,.H Hgq Hgq Hu CHd C%’ql
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Higgs

Adapted from J.Ellis et al JHEP 04 (2021) 279
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HH—bbyy: SMEFT

e Simultaneously vary two SMEFT - S L
. i S - ATLAS — Observed 68%CL _]
parameters, effect on single Higgs 60} served 68% ~
- Vs =13TeV, 140 fb~" ==+ Observed 95% CL .
backgrounds " HH - bbyy Expected 68% CL ]
40+ Expected 95% CL —
. . . - % Best fit .
° Slmllgr to x,, Koy HEFT interpretations, - ¢ SM prediction -
reweight SM signal based on expected 20~ T
cross-section and branching ratios of given : :
point O -
o c,attree level, and Cipo do not affect : -
branching ratios -20r ]
e Fit to data, compute likelihood —40F -
_I | I | | | | I | | | | I | | | | I | | | | I | | | | ]

_ o ~30 —20 ~10 0 10 20
e Again, no deviation seen w.r.t. SM. Agrees ch

within 1 sigma
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HH—bbyy: Coupling modifiers

e Kappa framework: Reweight SM sample with m , , information, estimate shape and yields at non-SM
Higgs self-coupling, HHVV couplings
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HH—bbyy: Coupling modifiers

e Kappa framework: Reweight SM sample with m ,
Higgs self-coupling, HHVV couplings

e Fit to data, extract likelihood at each point:

E 7 J T 1 T I 1T I T 1 71 T 1 1 I T 1 71 | L I L — I ]
NI r ATLAS —— Observed ]
6 vs=13TeV, 140 fb™" ---- Expected ]
[ HH-bbyy ]
5 . Observed . 7
Y 68% CL: k) € [0.6,5.2] ! 1
| X 95% CL: Ky € [-1.4,6.9] /‘ =
k- \ —=J
r ‘\\ Expected ," b
[ \ 68% CL: k) € [-1.2,6.1] / ]
3 \ 95% CL: Ky € [-2.8,7.8] / -
r 5\ / ]
o ‘\\ ,,’ -
r \ ]
1 i

ot [T SO S : | I
-4 -2 2 4 6 8 10
Ka

g H
R
______ ./
H
g ‘uH
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HH—bbyy: Coupling modifiers

©

Kappa framework: Reweight SM sample with m ,

Higgs self-coupling, HHVV couplings

Fit to data, extract likelihood at each point:

E 7J T 1 T I 1T I T 1 71 T 1 1 I T 1 71 | L I L — I_
NI r ATLAS —— Observed ]
6 vs=13TeV, 140 fb-" ---- Expected ]
[ HH-bbyy ]
5 . Observed . 7
AN 68% CL: k) € [0.6,5.2] H ]
P 5 95% CL: Ky € [-1.4,6.9] i =
r \ Expected 7 b
[ \ 68% CL: k) € [-1.2,6.1] / ]
3 95% CL: Ky € [-2.8,7.8] / j
r 5\ ! ]
2F ;Y I =
F ‘\‘ / B
1 ;_ \\ B¢ :E
P IR I SR S-S e
v — 2 4 6 10
Ka
g H

T\

______ ./

H

g ‘uH
Brookhaven

National Laboratory
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y information, estimate shape and yields at non-SM
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HH—bbyy: Coupling modifiers

e Kappa framework: Reweight SM sample with m ,

©

Higgs self-coupling, HHVV couplings

Fit to data, extract likelihood at each point:

E 7 J T 1 T I 1T I T 1 71 T I T 1 71 | L I L — I ]
NI r ATLAS —— Observed ]
6 vs=13TeV, 140 fb-" ---- Expected ]
[ HH-bbyy ]
5 . Observed . 7
Y 68% CL: k) € [0.6,5.2] ! 1
4'_ \ 95% CL: k) € [-1.4,6.9] ] =
r \ Expected 7 b
[ \ 68% CL: k) € [-1.2,6.1] / ]
3 \ 95% CL: Ky € [-2.8,7.8] y -
r 5\ / ]
2k =
L \ 1
1 =
oL Loy her ) Sbegorozs Ll e
-4 -2 2 4 6 8 10
Ka
g H
R
,,,,,, ./
H
g ‘uH
Brookhaven

National Laboratory

-2InA

T LA s e
E ATLAS —— Observed E
[ Vs=13TeV, 140 fb~’ -- Expected =
[ HH- bbyy
_\\ Observed B 7
\ 68% CL: Ky € [0.3,1.9] ff 1
Y 95% CL: Ky € [-0.5,2.7) /9 =
/ ]
\ Expected b
\ 68% CL: Ky € [-0.3,2.5] ]
L 95% CL: Ky € [-1.1,3.3] -]
P 1 P |
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Kav
. H
H

y information, estimate shape and yields at non-SM

Improvement on
expected x, range, part
of observed range w.r.t.
previous analysis: [-2.4,
7.7] ([-1.5, 6.7])
Expected (observed) @
95% CL
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Partial Run 2 kl constraints

Partial Run 2 analysis Kl
constraints

©

Brookhaven

National Laboratory

Table 2

Allowed «; intervals at 95% CL for the bbbb, bbt*7~ and bbyy final states and
their combination. The column “Obs.” lists the observed results, “Exp.” the expected
results obtained including all statistical and systematic uncertainties in the fit, and
“Exp. stat.” the expected results obtained including only the statistical uncertainties.
The effect of non-SM Higgs decay branching fractions due to «; variations is not
taken into account, which impacts the «; intervals by no more than 7%.

Final state

Allowed k; interval at 95% CL

Obs. Exp. Exp. stat.
bI:)bB —10.9 — 20.1 —11.6 — 18.8 -9.8 —16.3
bbt T~ —7.4 —15.7 -89 —16.8 —-7.8 —15.5
bbyy —8.1—13.1 —8.1 —13.1 —-7.9-12.9
Combination —5.0 — 12.0 —-5.8 —12.0 -53—115
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bbyy theory uncertainty

e Theory uncertainty in recent bbyy result:

Theoretical uncertainties due to missing higher-order terms in the perturbative expansion
of the cross-section, the PDF set, and the value of ay affect the total expected yields of single
Higgs boson and Higgs boson pair events, and their fractional contributions to each category.
These uncertainties are evaluated by considering alternative choices of factorisation and
renormalisation scales, PDF sets, and the value of as. For SM Higgs boson pair production,
the values of the QCD scale and PDF+as total cross-section uncertainties are taken from
ref. [93]. For SM HH production through ggF, the QCD scale and PDF+as cross-section
uncertainties are further combined with the top-quark mass scale uncertainty according
to the prescription described in ref. [28]. The uncertainties in the H — ~y and H — bb
branching ratios are also included [94].
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HH—bbyy: HEFT

e HEFT: Higgs Effective Field Theory. Parameterized theory allowing for deviations from SM

e Useful for HH re-interpretation: Higgs field is singlet, Cyghn and c_, , do not affect the background

tthh

SM-like processes (modified by couplings)

L
: I

o L Ctth Cggh
Lpsy OC v 4
BSM el _|_ _|_ i
L g

\\ - "
= Y /
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HH—bbyy: HEFT scan results

e  Simultaneously vary c, ., and modifier of HH coupling to g@/tt
e Implementation difference from «,: Reweight SM samples. «, results use a sum of three samples to estimate shape
and yields for non-SM values
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Chhh ,*

ce--@’

H M

H
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Beyond the LHC




HL-LHC: HH projections

ATLAS and CMS HL_LHC prospeCtS 3 ab_1 (14 Tev) — 20 L TT T I LI I LI I LI I L I TTTT I TTTT T TT I T T
312 F L SM HH significance: 4o ' % I ATLAS Preliminary ]
c [ ’ —— Combination g [ VS =14 TeV, 3000 fb! i
g 1o 0.1 < k1< 2.3 [95% CL] f _ " el HH > bBT* T~ +bbyy N >
h [ 0.5<k1<1.5[68% CL] """ bbyy Projection from Run 2 data 1 M-
af i ] HE % Asimov data (kj = 1) 1 E
99.4%CL "L __ u'f'.l ——————————————— w py 12 —— No syst. unc. __ <
[ -- bbbb =z —— Baseline i »
6} I{) Theoretical unc. halved 4 Rv)
B bbzz*(4l) |O —+— Run 2 syst. unc. g (-
& I ) — 8 - Ulj
95% CL afh__3u ) _eertieen T - pevvavyy [P 1 ™
[ & e V. A— ! o : %
ofs ] - S)‘ L] s U W T S — o
68% CL [ n % _ 3\ __ /7 i S
ot i\ 4 NS e
Y271 o0 00 1 2 3 4 5 6 7 8
K2 K
European Strategy (2018) Snowmass update (2022)
e Combination of 5 HH channels, many e ATLAS yybb+bbtt combination: 3.20
based on partial Run 2 analysis strategy e CMS updated yybb results, added yyWW, yytr,
e 50% precision on self-coupling ttHH(bbbb)

e 40 SM HH significance (ATLAS+CMS)
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