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What Has the LHC Taught Us?

The Higgs is the center
of the Standard Model

‘ ‘ The process of Electroweak
h ﬂ Symmetry Breaking creates

massive gauge bosons

° q The Higgs field gives masses
to all the fermions

Can the Higgs also contain hints towards BSM?

The SM doesn’t make sense
without the Higgs
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The Higgs Potential

The SM Higgs potential is:
V(¢) = —p*¢” + A¢"

L4

—:i):246GeV
VvV

The universe is in an initial ‘symmetric’ state

But it has to go into the lower-energy state, breaking the symmetry

This process creates new interactions, and creates the SM we know:
Electroweak symmetry breaking

But is this the actual potential realized in nature?

What have we measured?
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A))

Measuring the Potential ¢

The SM Higgs potential is:
V(9) =~ + Ao’ \/

We live in the minimum:

= v = 246 GeV

s
V =V + M2h? + Mvh® + ... VA
1 5 5 , m% 3
:VO—|—§mHh i 2v2vh _|_

This is 2 mass term!

So what we’ve measured is the first term in this series

What’s next?
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Quadratic terms are masses
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Quadratic terms are masses & 766000001 S H
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Our expansion describes >

a Higgs self-interaction—" .y © 0000000 'H
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L 5 m%
— “m2 h? -
o QmH 202

vh3 - ...

Quadratic terms are masses & 766000001 S H
Cubic terms are interactions /b S
A ————%
. . H \
Our expansion describes >

a Higgs self-interaction—"_y & 70000000 H

This lets us draw this diagra

2
/’tSM — My,
The SM predicts di-Higgs production! HHH — 5,2
We can measure the potential —— . — AHHH
by measuring this coupling - AT sm

HHH
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This couling is what we want
to measure

This tells us about the shape
of the Higgs potential
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to measure This process has the same final state,
, but K, doesn’t appear: no information
This tells us about the shape about the Higgs potential
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Y
E 76666000 & — — . H
Kt
This coulling is what we want
to measure This process has the same final state,
, but K, doesn’t appear: no information
This tells us about the shape about the Higgs potential

of the Higgs potential

These two processes destructively interfere in the SM,
leading to very low cross section: 500x rarer than single Higgs

Di-Higgs production is a rare process: perfect for our large datasets!
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Measuring these terms

V =V + M?h? + Avh® + ... helps us map out the
1 5 5 mE . SM’s prediction for the
= Vo + =m7h” - vh” + ... Higgs potenial
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Measuring these terms

V =V + M?h? + Avh® + ... helps us map out the
1 5 5 mE . SM’s prediction for the
=V + §mHh | vh” + ... Higgs potenial

But what if we see something !
What if K/l — 37
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V()

¢

We have a prediction for the shape from the SM...
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Other Shapes?

V()

¢
We have a prediction for the shape from the SM...

But other shapes of the potential still allow for
Electroweak Symmetry Breaking

They still lead to the same Higgs mass

What physics could this lead to!?
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What happens as we increase the temperature:
Go back in time towards the Big Bang
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What happens as we increase the temperature:
Go back in time towards the Big Bang

The Electroweak Phase Transition
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The Electroweak Phase Transition (LV

KT>TC

T<T,

What happens as we increase the temperature:
Go back in time towards the Big Bang

Both the SM, and modified models, undergo a phase transition

The SM has a smooth transition, while modified models have a ‘barrier’

Modified models lead to out of equilibrium dynamlcs
in the early universe E——
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Broken Symmetries

The matter/anti-matter problem is a broken symmetry

VWVe've already measured one broken symmetry:
this is electroweak symmetry breaking

What if these two broken symmetries are related?

Can the electroweak phase transition remove
anti-matter from the universe!

BSM models that enable this are referred
to as Electroweak Baryogenesis

M. Swiatlowski (TRIUMF) March 31,2023
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Electroweak Baryogenesis

V(@)

Step 0: Near the big bang, no EWSB: whole universe in ¢p = 0 state

As the universe cools, the potential changes...
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V()

Tunneling

Step 2: CP Violation (NB: requires BSM) creates baryon flux
due to interactions at the boundary

Matter and anti-matter have different transmission/reflection
probabilities at the boundary
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Electroweak Baryogenesis ’(‘z\),

Tunneling

Step 3: High-temperature baryon-violating processes (sphelarons)
at ¢ = O remove anti-baryons

These processes don't occur in the ¢p # O state: electroweak symmetry breaking
leads to matter symmetry breaking
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Electroweak Baryogenesis &

V(g)

Step 4: Universe continues to cool to fully broken
symmetry, but anti-baryons have been removed
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V(@)
The shape of the Higgs potential

at 1 is critical: needs to be a
first-order phase transition
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V(@)
The shape of the Higgs potential

at 1 is critical: needs to be a
first-order phase transition

Can’t smoothly crossover the
whole universe at once:
need ‘bubbles’ of broken symmetry

We need a modified Higgs potential
to enable this first order transition:;

K, could be between 1.2 and 6
(very roughly!)

And we could see this
at the LHC with di-Higgs!
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Is the Universe Stable!?

V()

¢

If the only field in the universe was the Higgs, an SM-like
potential would be stable: our minimum is the global minimum
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If the only field in the universe was the Higgs, an SM-like
potential would be stable: our minimum is the global minimum

Quantum corrections (i.e. interactions with other particles) mean
that the effective shape can be quite different
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If the only

field in the universe was the Higg

s, an SM-like

potential would be stable: our minimum is the global minimum

Quantum corrections (i.e. interactions with other particles) mean
that the effective shape can be quite different
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Even in the SM, our universe might only be meta-stable:
able to tunnel to a lower energy state!
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Markkanen, Rajantie, Stopyra V( ¢)
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If the only field in the universe was the Higgs, an SM-like
potential would be stable: our minimum is the global minimum

Quantum corrections (i.e. interactions with other particles) mean
that the effective shape can be quite different

Even in the SM, our universe might only be meta-stable:
able to tunnel to a lower energy state!

Measuring the potential as best as we can is critical: BSM physics
can move our universe between stability and instability
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The Higgs is still new and not fully explored
What can we learn from this new particle?
We can measure the Higgs potential

We know the SM is incomplete:
Where’s the missing anti-matter?
Is the universe stable?

The shape of the Higgs potential
may be key to the birth and fate
of the universe
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The Higgs is still new and not fully explored
What can we learn from this new particle?
We can measure the Higgs potential

We know the SM is incomplete:
Where’s the missing anti-matter?
Is the universe stable?

The shape of the Higgs potential
may be key to the birth and fate
of the universe

Higgs pairs are the next frontier to understanding
the Standard Model and Beyond
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What Does This Look Like? €02
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The Higgs decays instantly, to
a range of particle types

Higgs pairs are rare,

| 1 .
bb and have a hugely rich
WW g 107 structure of final states
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The Higgs decays instantly, to
a range of particle types

Higgs pairs are rare,
and have a hugely rich
structure of final states

—h

'~ Branching

higgs 2 decay

A311geqoud a3e3s Jeuly

— —h —h —h — — —h —
© © 9 © 9 9o 9 Q
(00} ~N (0} (6} BN w N -

bb WW 99 T CC ZZ YY Zy Wi
higgs | decay

Man on Wir. uardian

4b, bbr7, and bbyy are

the most powerful
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Tile calorimeters

- LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiation fracker

Semiconductor tracker
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Collisions, to Physics

LHC Caollision
Rate: 40 MHz

| Collide quarks }
| and gluons |
| accelerated in |
. protons by the |
| LHC
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Collisions, to Physics ?23

LHC Caollision
Rate: 40 MHz

¢ Usecoarse |
# information and §
# fast hardware to
reduce rate by |

factor of 400 {

| Collide quarks §

. and gluons

- accelerated in
. protons by the }
’ LHC i
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Collisions, to Physics

LHC Collision
Rate: 40 MHz Trigger: 100 kHz

i Usecoarse | Use more fine-
and gluons  § information and " grained info and
'~ accelerated in §fast hardware to} software to
protons by the § reduce rate by | reduce rate by
' LHC { factor of 400 § factor of 100

{ Collide quarks %
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LHC Collision ATLAS
Rate: 40 MHz Trigger: 100 kHz Reconstruction

! Collide quarks § Use coarse { Use more fine- § Reconstruct |
i and gluons  § information and § grained infoand §  detector |
accelerated in §fast hardware to} softwareto | information

reduce rate by }
factor of 400 |

reduce rate by }
factor of 100

with highest

protons by the §
g detail

e |
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LHC Collision ATLAS Software ATLAS Analysis
Rate: 40 MHz Trigger: | kHz Reconstruction and Physics

{ Collide quarks § Use coarse { Use more fine- }
. and gluons  § information and | grained info and }
-~ accelerated in §fast hardware to§ software to |
. protons by the § reduce rate by | reduce rate by }
| LHC § factor of 400 § factor of 100

Reconstruct §

detector 1
information
with highest §
detail

§ Analyzeand |
i search for new |
physics!
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Searching with ATLAS €2

Hadronic Muon
Calorimeter Spectrometer

Inner Electromagnetic
Detector Calorimeter
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Tau

Single or triple prong
decay to pions: tracks

. . Muon
and calorimeter deposits

Inner detector track
matched to muon
spectrometer track

Inner detector track
matched to calorimeter deposit

Electron

Isolated electromagnetic
calorimeter deposit

Photon
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Image credit: B. Nachman

When quarks or gluons are
produced during a collision...
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produced during a collision...
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They “shower”
into more gluons and quarks...
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Image credit: B. Nachman

When quarks or gluons are
produced during a collision...

They “shower”
into more gluons and quarks...

Which “hadronize” into
stable (or unstable particles)
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Image credit: B. Nachman

When quarks or gluons are
produced during a collision...

Qe

‘We refer to these
® showers as “jets”

They “shower”
into more gluons and quarks...

Which “hadronize” into
stable (or unstable particles)
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Jet

Spray of particles
initiated by quark or gluon,
measured in calorimeter
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Eur. Phys. ]. C 81 (2021) 689
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ATLAS now utilizing
PFlow reconstruction: significant

resolution improvements at low p
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PFlow reconstruction: significant
resolution improvements at low p
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b-jet [/ U
Jet initiated by a b-quark, |
which form B-hadrons

with long lifetimes
and displaced vertices ,

Jets are common,
but b-jets are much rarer
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Searching with ATLAS

b-jet [/ U
Jet initiated by a b-quark,
which form B-hadrons

with long lifetimes
and displaced vertices ,

Jets are common,
but b-jets are much rarer

The most common
Higgs decay is to b-jets:
Can use this to find our signal!
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Background rejection

Light-flavour jet ratio

C-jet ratio

arXiv:2211.16345

ATLAS Simulation — light-flavour jet rejection —— MV2c10
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Background rejection

Light-flavour jet ratio

C-jet ratio
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To quantify performance,
show background rejection
as a function of
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DLIr is the Run2 ATLAS
b-tagging algorithm:
Combines several
low-level vertexing inputs

Outperforms older BDT
MV?2 by nearly a factor of 2!
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\;

Searching for Higgs Pairs ’(‘@,

| : Many channels are competitive

J.Alison . . . . .
®2 .o+ in measuring di-Higgs production:
WW
~ J102 . No golden channel
> |4 107 ;L
i’ 104 8 :
¢ - ¢  loday, showing results from
= - s several recent analyses:
L B T o by
up .. HH — bbtt

bb WW 99 TT CC ZZ Yy Zy MM | HH — bbbb

higgs | decay . . .
And their combination!
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What Does k; Look Like?

8 766666601 , H
deH Ki‘(//
H

8 6666601 Ny

200 300 400 500 600 700 800
Signal distribution strongly depends on k
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What Does k; Look Like?

8 766666601 , H
deH Ki‘(//
H

8 6666601 Ny

200 300 400 500 600 700 800
Signal distribution strongly depends on k

Increasing K, leads the ‘triangle diagram’ to dominate:
signal peak shifts to lower m1
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What Does «, Look Like? €02

14 TeV |
/ \\ -
— 0 1 B ”/’/ \\\\\ N
s S |
r- I s :
I_I' 0.0 -_-_-_'_"'"""""'"‘“':_'_—_: __________ ——
: <=
e L T e box
2
S LT e - triangle
R | -
R interference -
—— sum
300 400 500 600 700
Mpup [GeV]
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What Does «, Look Like? €02

j 14 TeV
/ \\
— 01 i z”’/ \\\\\
E :I/,/ \\\N‘N
S [Tl T
T 00 e er LIRS
T -
S e box
2
S LT e - triangle
© _0b. | -
Ceee e interference
—— Sum
300 400 500 600 700
Mpup [GeV]

Measuring at high m,, gives you sensitivity only to the box
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What Does «, Look Like? €02

[ 14 TeV
/ N
=1 0-1 B //”/ \\\\\
S Al o T
--------------- box
----- - triangle
""""""""" - interference -
—— sum
300 400 500 600 700

My [GeV]

\. Measuring at high my,; gives you sensitivity only to the box

“'\Measuring at low m,,, gives access to the triangle,and K;
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What Does «, Look Like? €02

j 14 TeV
/ AN
— 0.1 B /”’/ \\\\\
B” T R E P e
--------------- box
----- - triangle
""""""""" - interference
—— sum
300 400 500 600 700
My [GeV]

\. Measuring at high my,; gives you sensitivity only to the box

“'\Measuring at low m,,, gives access to the triangle,and K;

Shapes your analysis strategy:
need low pr triggers and shape information

M. Swiatlowski (TRIUMF) March 31,2023


https://arxiv.org/pdf/1910.00012.pdf



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

 Trigger on diphotons
, ~ (Ep > 3525 GeV) ]
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 Trigger on diphotons;
, ~ (Ep> 3525 GeV) R

: Require two photons #a
 (Leading (subleading) py/m,,, > 0.35 (0.25)) S

 Phys. Rev. D 106 (2022) 052001 |
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 Trigger on diphotons;
, ~ (Ep> 3525 GeV) R

: Require two photons #a
 (Leading (subleading) py/m,,, > 0.35 (0.25)) S

 Select < 6 jets|
 (pr > 25 GeV. || <2.5) |



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

 Trigger on diphotons;
_‘ (B> 35,25 GeV) ,_ '_

 Require two photons ¥
,‘ (Leading (subleading) pr/m,,, > 0.35 (0.25)) A

Select < 6 jets;
(o > 25 GeV, || < 2.5) |

Requ ire 2 b b-tagged jets

 (e=TT%) o |

 Phys, Rev. D 106 (2022) 052001


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

 Trigger on diphotons;|
| _V(ET > ‘35,25 GeV) _ '.

W g Cleanest signature possible: |
5|gnal rate, but low bkgds too!

 Require two photons #¥%a
,‘ (Leading (subleading) pr/m,,, > 0.35 (0.25)) \

Select < 6 jets;
 (pr > 25 GeV, || <2.5) |

Requ | re 2 b-tagged jet ]

- (€=T7%) o |

Phys, Rev. D 106 (2022) 052001


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

Pre-selection ey After pre-selection, split
into high-mass and
My < 350 GeV low-mass selections
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bbyy Analysis Strategy

Pre-selection  oagly After pre-selection, split
into high-mass and
My < 350 GeV My 2 350 GeV low-mass selections

: " | ‘ BDT trained in each region:
Fail BDT Fail BDT select low- and high-purity

with BDT
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My < 350 GeV

Fail BDT

Pre-selection

My > 350 GeV

Fail BDT

©
—
3}

o
—

q- III|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIII
o - 4
2 o035 ATLAS HH ggF, k,=1 ]
2 F V{s=13TeV, 139 fb"

® o03F Low mass region

() C

Bozsz—

s ¢ Data

3] C

S 0.2F

L -

3 E
0.051 =g ]

HH ggF, x,=10 [
Single H l__
vy+jets ]

0 01 02 03 04 05 06 07 08 09 1

BDT Score

Fraction of events / 0.04

After pre-selection, split
into high-mass and
low-mass selections

0.7F
C V{s=13TeV, 139 fb™
0.6F
o.5f

- 1o

ATLAS

High mass region

HH ggF, «,=1
HH ggF, «,=10
Single H
vy+jets

) Data

06 07 08 09 1
BDT Score

BDT trained in each region:
select low- and high-purity

with BDT

Fit m,, in 4 SR’s

simultaneously
to extract signal
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bbyy Background Estimate o~

| | | | | | | | | | | | | | | | | | | | | | | | |
¢ Data ATLAS -

Vs =13 TeV, 139 fb™' _
HH—bbyy ]
Total Background High mass BDT tight _

----------------- Continuum Background

Events/ 2.5 GeV

® ® & ¢ | @ ® ¢ o

N
C T T T J 1
: /

L1 L1 I R IS Tl Rt SR R R
110 120 130 140 150 160
m,, [GeV]
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A))

bbyy Background Estimate o~

et L L
¢ Data ATLAS
Vs =13 TeV, 139 fb
HH—bbyy
Total Background High mass BDT tight

----------------- Continuum Background

Events/ 2.5 GeV

L1 L1 I R IS Tl Rt SR R R
110 120 130 140 150 160
m,, [GeV]

N
C T T T J 1
: /

Background estimate formed on fit

to /m,,, in different signal regions
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bbyy Background Estimate o~

> [ | | | | | | | | | | | | | | | | | | | | |
o ol ¢ Data ATLAS -
B - 4 —
CLil). [ Continuum Background EH;1b%JfV, 139 1o }
E, 6 Total Background High mass BDT tight _
o | -
Lﬁ i i
4 _
2;\\ ® ® ]
- ] ]
Y ® ¢ ¢ e | @ ® ¢ o —
_I | | | | | | | | | | | | | | | | | | | | | | | | | | 2
110 120 130 140 150 160
m,, [GeV]
Background estimate formed on fit Shape of background from MC,
to m,,, in different signal regions  normalization determined from data

Yy
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@ ~ ATLAS
8 101 Vs=13 TeV, 139 fb™
a | HH—bbyy
Ny - my =350 GeV
2, 8~  BDT Tight
C
) |
] i
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4

—Q@ ]

110 120
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¢ Data
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Single Higgs
My
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" yy +other jets
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bbyy Results

> T T T il Look for a peak
8 10— ATLAS 4 ¢ Data I P
o - Je=13TeV, 13907 B HH (SW) 1 in the m,, spectrum
- - —DDYY : : -
AN x Single Higgs .
I L 350 GeV - B near the Higgs
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%’ B " yy +other jets 7
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— DataDriven jj —
4 _
—Q@ [ ) ® —
010 120 130 140 150 160
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> | ' | ' |
3 - ATLAS .
8 10 Vs-13Tev, 139 fb°
N | HH—Dbbyy
N - m; >350GeV
2, 8~  BDT Tight
C
O u
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¢ Data
B HH (SM)
Single Higgs
My
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" yy +other jets
B DataDriven yj
DataDriven jj

150 160
m,, [GeV]

Look for a peak
in the m,, spectrum

near the Higgs

No obvious signs
of new physics
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DataDriven jj
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Look for a peak
in the m,, spectrum

near the Higgs

No obvious signs
of new physics

Similar results for
other signal
categories
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|

 Separate into 7,75, and 7,7, channels|

Trigger on di-z, € + T,
| orsingleZ |



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

Trigger on di-z, € + T,
| orsingleZ |

Require | or 2 ‘loose’ T:

2220910910


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

Trigger on di-7, £ + 1,
’ Wor single 2|

Reqwre | or 2 ‘loose’ T

Req uire 2 | b-tagged ’ |ets

(€ = 77%) | \‘



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

Trigger on di-T, f -+ T,
| or singlef o

' Reqmre | or2 loose’ T e
’ m,>60GeV — uu | Balanced S|gnature Th allows for i

_good bkgd suppression  ji

Req uire 2 | b-taggedjets

(€ —77%) 7 “
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bbrT Background Estimate o~
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bbrT Background Estimate o~
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2
-

7
)
© 10
LL

ATLAS o Data
5 - 13 ToV. 139 5" — SM HH at exp. limit

5 Top-quark
10" E™ ThadTha Jet — t__, fakes (MJ)
; Signal Region Z — tt + (bb,bc,cc)
10 I Jet — 1, _, fakes (tt)
B Other
SM Higgs

Uncertainty
----- Pre-fit background

15 [ [ [ [ [ [ [ [

O — I -
) - =
Q\t 1Fe o 0. @ . g @ @ \\\\‘\\\\*\\\\\\\\\\\\\\Q*\\ﬁgg
© - * o ‘ } ]
(U 05__ | | | | | | | | | | | | | —
- 1 2 3 4 5 6 7 8 9 10 11 12 13 14

BDT score bin

Fits to BDT/NN
distribution used for
final analysis

Data agrees well with
background prediction

T1,,4Thaq Nas strongest
sensitivity, but Tlep
channels also contribute

M. Swiatlowski (TRIUMF)

March 31,2023



\HH — bbbb

arXiv



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29

HH

arXiv2301.03212

| Combination of 6 b-jet riggers!



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29

arXiv2301.03212

4 b-tagged jets

(€ =77 %,py > 40 GeV)
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HH

arXiv:2301.03212

| Combination of 6 b-jet triggers|
4 b-tagged jets
 Pair “closest jets” to form

' Higgs candidates
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HH

| Extremely challenging signature: P ———
arXiv:2301.03212

Large signal, but large backgrounds,

b-tagged jets

~— (€ =77%.py > 40 GeV)

 Pair “closest jets” to form
’ Higgs candidates
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A))

Triggering on b-jets e~

Multi-jet background rates are huge:

Utilize b-tagging in the trigger
to manage the rates!

ATLAS

EXPERIMENT
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A))

Triggering on b-jets e~
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Fast b-tagging is enormously

complicated: huge optimization

Utilize b-tagging in the trigger
&&IN& &S game for speed and performance
to manage the rates! | |

Multi-jet background rates are huge:

ATLAS

EXPERIMENT
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Enables efficient recording of 4 jets with pr > 45 GeV,
and only 2 b-tags online
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Reconstruct Higgs candidates, form “mass plane”
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bbbb Analysis Strategy  €(o
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Center is signal-like; outer regions used for background
and background validation
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bbbb Background

Step 0: form “mass planes”
with leading/subleading Higgs,
for 2b and 4b events
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Many usual types of uncertainties (alternate regions, etc.)
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But statistical uncertainties play an important role as well:
bkgd estimate NN very sensitive to fluctuations in training
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Let’s put it all together:
can we see HH?
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Limits on the SM

ATLAS — Observed limit Let’s put it all together:
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Limits on the SM
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Obs. Exp.
B 0| be fOI" us to be
Hvv - 4.2 5.7 . .
oowy } sure we didn’t see it”
bbt*T | * 4.7 3.9
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bbbb} 5.4 8.1 .
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Combined|- + 2.4 2.9
L1 | I Y RN TN A T T TN T NS AT N YT Y NN AN N NN T N
0 5 10 15 20 25 30 ngether, set

95% CL upper limit on HH signal strength iy limit at 2.4x SM
L
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K

Here, show likelihood vs K,
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Here, show likelihood vs K,

Minimum here is the
“best fit”

M. Swiatlowski (TRIUMF)

March 31,2023



A))

Measuring the Potential ¢

< 1 O I | | | | | | | | I | | | | I l _I |
— I ATLAS —— bbbb il
a | Vs =13 TeV, 126—139 fb! —— bbTtT |
| 8 HH-bbT* T~ +bbyy+ bbbb —— bbyy -
= Combined: |
6 68%: Kk € [1.0,5.0] —
] 95%: kj € [-0.6, 6.6] |
a- NN oy 95% —
2 [ —
NN oSS S 68% __|
O i | | I | | | |
10 15
K

Here, show likelihood vs K,

Minimum here is the
“best fit”

95% C.L. range
is the “limit”
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Here, show likelihood vs K,

Minimum here is the
“best fit”

95% C.L. range
is the “limit”

Each of the three
analyses contributes
to the combination
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Measuring the Potential ¢

Here, show likelihood vs K,

I I | l _I |
S b ATLAS — bbbh - . |
~ | VS-13TeV, [26—130 fb- —— bbTtT ] Minimum here is the
| 8 HH-bbt " tI + bbyy+ bbbb —— bbyy - ‘“best fit”’
- Observed —— Combined |
i Combined: ] 95% C.L. range
o 68%: Ky € [1.0,5.0] = , (e e
I 95%: Kk € [0.6,6.6] ] is the “limit
4, - S A" - 2% = Each of the three
] ] analyses contributes
ok \\ — to the combination
I IO S S ] 68%__|
0_ | | | | | i \\/'/1 | | | | | | | | _0‘6 S Kﬂ < 6'6 is
-5 0 9 10 15

the allowed range:
starting to probe EVWBG!
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Beyond k,

Focused discussion on K, but

a whole host of additional BSM
physics is accessible
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ATLAS

Vs=13TeV, 126 fb!
Combined ggF and VBF Regions

Focused discussion on K, but

a whole host of additional BSM
physics is accessible

-
o
[

T \HHHl [T TTTT

—_
o
N

95% CL Limit on OVBF HH [fb]

_l
=

Observed: koy €[-0.03, 2.11
Expected: koy €[-0.05, 2.12]

— Observed Limit
=== Expected Limit
[ Expected Limit 10

Expected Limit +20

= Theory Prediction
Y SM Prediction

\V] HHHl T \HHHl
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CHO

Focused discussion on K, but

a whole host of additional BSM
physics is accessible
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Focused discussion on K, but

a whole host of additional BSM
physics is accessible

0 I I I I I I
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20— —
10— —]
0— _|
10— _|
20— —
sl | | | | | | |
-40 -30 -20 -10 0 10 20 30
CH

M. Swiatlowski (TRIUMF)

95% CL Limit on OVBF HH [fb]
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Focused discussion on K, but

a whole host of additional BSM
physics is accessible

Critical to understand degeneracies

with K,:are we actually measuring
the Higgs potential, or other BSM?

0 I I I I I I
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30— % SM Prediction o
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What Now!

Analysis of run2 data isn’t
even complete!
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What Now!

Analysis of run2 data isn’t
even complete!

With additional channels,
can push limit to ~2x SM
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What Now!

Analysis of run2 data isn’t
even complete!

ATLAS —e— Observed

With additional channels, C BotoTev, 275 sept o e o
can push limit to ~2x SM L oS (pp— HH) =335 1 Expected =20
B Obs. Exp. Exp.stat. |
No golden channel:needas "™ ™| BB
much signal as possible HH-> bBD | 29 2 8

HH— bbyy 20.3 26 26

HH— W'WW*'W 160 120 77

HH— W'Wyy 230 170 160

HH— bbW*W’ 305 305 240

Combined +. 6.9 10 8.8
L L Ll Lol L Lol L L
10 10° 10°* o’
95% CL upper limit on Oyqr (pp — HH) normalised to O
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What Now!

Analysis of run2 data isn’t
even complete!

. o o ATLAS —e— Observed
With additional channels, L aTov. ZEeget T Expeciec ]

[0 Expected = 10

can PUSh limit to ~2x SM . oM (pp — HH) =335 1b Expected =20 |

ggF
Obs. Exp. Exp.stat. |
12.5 15 12

No golden channel:needas "™ ™|
much signal as possible HH-~ B505

HH— bbyy

12.9 21 18
20.3 26 26
HH— W'WW*'W

And combination with CMS data  w-wwy,
will get us even better!

160 120 77
230 170 160
HH— bbW*W
Combined +. 6.9 10 8.8
More data from Run3 will 10 107 10" 10°
. v . 95% CL upper limit on Oyqr (pp — HH) normalised to GSMF
bring us tantalizingly close

to evidence of HH
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What's Comin

Background rejection
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C-jets ratio
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What's Coming in Run3 &

tagger: outperformed
O BDT’s by a factor of 2
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4x less background per b-jet, with just algorithmic improvements!
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§ Vs =13 TeV, PFlow jets —— GN1 7
© 4 tt,20<pr <250 GeV —— GN2 _;
B DLIr was ATLAS’s run2
o 1¢° E
g L : tagger: outperformed
S 407 T E
@ T ] BDT’s by a factor of 2

10'F — Light-jets S

of == C-jets

.% .
2 Now, GNN-based algorithms
5 outperform DLIr(d)
o by another factor of 2!
o
&

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
b-jet efficiency

4x less background per b-jet, with just algorithmic improvements!

And we can run it in the trigger, too!
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What's Coming in Run3 &

Triggers have also been
re-optimized, especially

for bbbb and bbtt
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What’s Coming in Run3

1.2

1.0

0.8

Trigger efficiency

0.6

0.4

0.2

0.0 =

Ratio to Run 2

1.0

Run 3 main + delayed streams: e(HH—4b) =59%
<> Run 3 main stream: e(HH—4b) =53%
<> Run 2 main stream: e(HH—4b) =41%

I

Q
>

|
|
|

ATLAS
—>— Preliminary Simulation
V/§=13,13.6 TeV

;
¢

g
| |
| <} |

s

20—

A))

\C\Z

Triggers have also been
re-optimized, especially

for bbbb and bbtt
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What's Coming in Run3  ¢i2

Triggers have also been
re-optimized, especially

for bbbb and bbtt

Improved b-tagging, jet
reconstruction, calibration,
pr selections, bandwidth
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What's Coming in Run3  ¢i2

Triggers have also been
re-optimized, especially

for bbbb and bbtt

Improved b-tagging, jet
reconstruction, calibration,
pr selections, bandwidth

Nearly 100% more signal

at low m,, for bbbb
final state!
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The HL-LRC

Huge upgrades on the way to
collider and detectors to take
data even faster
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The HL-LRC

Huge upgrades on the way to
collider and detectors to take
data even faster

Measurements are statistically
limited: more data is critical
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The HL-LHC

Huge upgrades on the way to
collider and detectors to take
data even faster

Measurements are statistically
limited: more data is critical

Projections to the full dataset
show K, sensitivity to 50%
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The HL-LHC

Huge upgrades on the way to
collider and detectors to take
data even faster

Measurements are statistically
limited: more data is critical

Projections to the full dataset
show K, sensitivity to 50%

LHC (now)
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The HL-LHC

Huge upgrades on the way to = fl |\ h7LAb Prefiminary :
collider and detectors to take T ek s- 14 FRNCEg i
data even faster N R
5 bbgt T ]
Measurements are statistically = | g
. . . o o 10 _ -
limited: more data is critical! g Cofines —
7.5
N 5 .
Projections to the full dataset BN [ -
show K, sensitivity to 50% i N ----- oo

N. Craig and R. Petrossian-Byrne

LHC (now) HL-LHC
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Beyond the HL-LHC? 2

<10 % precision is the holy grail:
Essentially discover or rule out EVVSB
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Beyond the HL-LHC?

<10 % precision is the holy grail:
Essentially discover or rule out EVVSB

N. Craig and R. Petrossian-Byrne
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Beyond the HL-LHC? &2

<10 % precision is the holy grail:
Essentially discover or rule out EVVSB

N. Craig and R. Petrossian-Byrne

Need higher energy machines! /
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<10 % precision is the holy grail:
Essentially discover or rule out EVVSB

N. Craig and R. Petrossian-Byrne

Need higher energy machines!
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<10 % precision is the holy grail:
Essentially discover or rule out EVVSB

Need higher energy machines!
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<10 % precision is the holy grail:
Essentially discover or rule out EVVSB

N. Craig and R. Petrossian-Byrne

Need higher energy machines!
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Measuring its potential is the h n
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The Higgs is the center of the SM: ‘I |°
Measuring its potential is the h ﬂ

next frontier at the LHC
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The Higgs is the center of the SM:
Measuring its potential is the
next frontier at the LHC

The rare signature takes advantage of
the huge LHC datasets

Measuring the Higgs potential
can help answer where the universe’s
anti-matter has disappeared
via electroweak baryogenesis,
and can give clues to vacuum stability

M. Swiatlowski (TRIUMF)
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The Higgs is the center of the SM: P e
Measuring its potential is the 8 ASEETEET
next frontier at the LHC

4

The rare signature takes advantage of
the huge LHC datasets

Measuring the Higgs potential
can help answer where the universe’s
anti-matter has disappeared
via electroweak baryogenesis,
and can give clues to vacuum stability

Our experimental program at ATLAS
is working to overcome the challenges
of the signature, to discover Higgs pair
production, and to measure the
Higgs potential

M. Swiatlowski (TRIUMF) March 31,2023



More in:

Phys. Rev. D 106 (2022) 052001
arXiv:2209.10910
arXiv:2301.03212
arXiv:2211.01216

M. Swiatlowski (TRIUMF) March 31,2023


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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(1)

Pass trigger class

Yes l

(2)

>4 central jets

VBF Selection

Yes l

(3)
> 4 b-tagged
central jets

Yes

(8. VBF)

Xuu < 1.6
Yes
(8.ggF)
XWt >1.5
Yes

(6)
(ZDJ)T <65Gev Yes\
(7.VBF) 3
Yes Xwt > 1.5 Ves
(5) No
VBF Jets
|Ang| > 3,
m;i > 1 TeV
No
YesT
(7. ggF) S
|AnnH| < 1.5
(4) Yes
> 6 central or No
forward jets
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(9. VBF)
muH > 400 GeV

—> VBFSR

Yes

(9.ggF)
Xuu < 1.6

—> ggF SR
Yes

ggF Selection
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Resonant Searches




If we want to see BSM effects in the potential,
can also look for BSM directly

g 0990999990099 ~ H
A > --- ~
X
g 9909999999999 ~ \H
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If we want to see BSM effects in the potential,
can also look for BSM directly

g 0990999990099 ~ H
A > ---- ~
X
g 9909999999999 ~ \H

Depending on mass of X, H can have low or hish momentum

M. Swiatlowski (TRIUMF) March 31,2023



If we want to see BSM effects in the potential,
can also look for BSM directly

g 9009909999099 ~ H
A > ---- ~
X AN
g 9009000000009 - H

Low momentum:
High separation in

H decay products

Reconstruct resolved decay products
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If we want to see BSM effects in the potential,
can also look for BSM directly

g 9009909999099 ~ H
A > ---- ~
X AN
g 9009000000009 - H

Low momentum:
High separation in

High momentum:
Low separation in

H decay products H decay products

Reconstruct resolved decay products Use boost to reconstruct single H object

M. Swiatlowski (TRIUMF) March 31,2023



arXiv:2301.03212


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29

arXiv:2301.03212


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29

arXiv:2301.03212

4 btagged jets|

(€ =77%.pr > 40 GeV) ]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29

arXiv:2301.03212

4 btagged jets|

(€ =77%.pr > 40 GeV) ]

Boosted Decision Tree used to pair jets|
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arX(v:2301.03212

4 b-tagged jets

(€ =77%.pr > 40 GeV) ]

Boosted Decision Tree used to pair jets|
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 Two large-R jets
| (=107 > 450 (250 GeV) |

4 b-tagged jets |

(€ =77%.pr > 40 GeV) ]

Boosted Decision Tree used to pair jets|
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Boosted

arX(v:2301.03212
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 Two large-R jets
| (=107 > 450 (250 GeV) |
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j 2’ 3, or 4 b-tagS (via track-jets, € = 77 %

Boosted Decision Tree used to pair jets|
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A))

bbbb Analysis Strategy  €(o

Reconstruct Higgs candidates, form “mass plane”
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Reconstruct Higgs candidates, form “mass plane”
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bbbb Analysis Strategy ?z\)/
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Reconstruct Higgs candidates, form “mass plane”
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bbbb Analysis Strategy ?z\)/
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Reconstruct Higgs candidates, form “mass plane”

Center is signal-like; outer regions used for background
and background validation
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bbbb Analysis Strategy ?z\)/
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Events / (5 GeV)?
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m(H;) [GeV] m(H4) [GeV]

Reconstruct Higgs candidates, form “mass plane”

Center is signal-like; outer regions used for background
and background validation

Fit myy in signal region for final analysis
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bbbb Resolved Background e 2

Step 0: form “mass planes”
with leading/subleading Higgs,

for 2b and 4b events

M. Swiatlowski (TRIUMF) March 31,2023



bbbb Resolved Background e 2

2 b-tag events

subleading Higgs mass

Step 0: form “mass planes”
with leading/subleading Higgs,
for 2b and 4b events

leading Higgs mass

subleading Higgs mass

4 b-tag events

leading Higgs mass
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bbbb Resolved Background e 2

Step 0: form “mass planes”
2 b-tag events with leading/subleading Higgs,

for 2b and 4b events

4 b-tag events

2
£
88

Step l:use CR to
train neural network to
reweight data from 2b to 4b

subleading Higgs mass
subleading |

leading Higgs mass leading Higgs mass
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bbbb Resolved Background e 2
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bbbb Resolved Background e 2
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bbbb Resolved Background e 2
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bbbb Resolved Background e 2
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Why Neural Networks?! &
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4b Data - Pred

Here, apply NN to 2b data in VR

that wasn’t used in training!
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Works well, even on data
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bbbb Results
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bbbb Results
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background prediction
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background prediction
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Boosted analysis is similar:

Data agrees well with . . S
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background prediction
No excess either (also in 3b and 2b SR)
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Here, show results
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Here, show results
from all three analyses

bbyy and bbtT have

similar resonant-
optimized searches
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* For bbyy: photon kinematics, b-jet kinematics, bb-system
kinematics, missing energy, total energy, “top-ness”

* For bbr7: mHH, mbb, mtT, DR(b,b), DR(T,T), DPt(lep,T), MET,
DPhi(lepT, bb)...

- log(py) of the selected jet with the 2"%-highest pr,
¢ FO r bbbb: log(py) of the selected jet with the 4™-highest pr,
log(AR) between the two selected jets with the smallest AR,
log(AR) between the other two selected jets,
the average || of selected jets,
log(py) of the HH system,
AR between the two H candidates,

A¢ between the jets making up H,,

o ® N kA whDo=

A¢ between the jets making up H,,

p—
e

log(min(Xy,)), and

[E—
[E—

. the number of jets in the event with py > 40GeV and |n| < 2.5, including jets that are not selected.
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Background estimate formed on fit

to 11, in different signal regions
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