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Why do we care about Higgs Boson self-interactions?

Introduction
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The Standard Model of Particle Physics

A theory of fundamental particles and how they interact
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https://www.symmetrymagazine.org/standard-model/

The Standard Model of Particle Physics

A theory of fundamental particles and how they interact
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The Higgs Boson and its Potential

~ Early Universe:

~ Today
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The Higgs Boson and its Potential

~ Early Universe:
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The Higgs Boson and its Potential

~ Early Universe:

V(@)

- Today V(h)~Avh3 + %}Lh"

What if the
Phase Transition potential looks a
little different?
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New Physics and the Higgs Potential
1
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New Physics and the Higgs Potential

Branchina et. al.
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https://link.springer.com/article/10.1007/JHEP09(2014)182

New Physics and the Higgs Potential
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How Do We Measure the Higgs Potential?

V(h)~Avh3 + %Ah“
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How Do We Measure the Higgs Potential?

V(h)~Avh3 + %/‘lh“
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Can constrain
coupling to within an
order of magnitude...

at 100 TeV Hadron
Collider!

PhysRevD.93.013007

\________’
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https://doi.org/10.1103/PhysRevD.98.093004
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.93.013007

How Can We Study the Higgs Potential at Colliders?

Higgs boson pair production (HH) “Kappa framework”
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https://arxiv.org/abs/1803.02463
https://arxiv.org/abs/1811.07906

How Can We Study the Higgs Potential at Colliders?

Higgs boson pair production (HH) HH production is a factor of ~1000x
— rarer than single-H production!
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https://arxiv.org/abs/1811.07906

Sensitivity to New Physics in the Self-Couplings

Contribution of ggF diagrams to di-Higgs
invariant mass spectrum (~energy)

VBF Di-Higgs invariant mass
spectrum (~energy) for various k-
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-007/

How do we measure Higgs Boson self-interactions?

The ATLAS Detector
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ATLAS and the Large Hadron Collider
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Transition radiation tracker

ATLAS
- General purpose detector

Today: Run 2 (2015-2018)
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https://cds.cern.ch/record/1095924/
https://cds.cern.ch/record/1095924/

The ATLAS Detector

Muon Spectrometer
Hadronic Calorimeter

Electromagnetic
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https://cds.cern.ch/record/2770815

The ATLAS Detector

Muon Spectrometer

Hadronic Calorimeter

Electromagnetic

Calorimeter

Tracking

Hadronic Calorimeter (TileCal)

Hardware & Software Trigger System

Detector High-Level
Trigger

Data Electromagnetic Calorimeter (Liquid Argon)

L-T:En%
rigger Analysis SolenoidMagnet

collisions

®=-

40,000,000 100,000 1,000
events/sec events/sec events/sec

Govorkova et. al.

Transition Radiation Tracker
racking

Pixel & Silicon-Strip Detectors

R Hm— EXPERIMENT

SL,-\Q, 7 Sept 2023 R. Hyneman - Physics Forum (Fermilab) 21


https://cds.cern.ch/record/2770815
https://www.nature.com/articles/s41597-022-01187-8

Whatis a Jet?

No single quarks 2
Spray of high-energy
particles

¢

EXOT-2018-06
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

|dentifying jets from b-quarks
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2018-08/

|dentifying jets from b-quarks
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2018-08/

A measurement probing Higgs Boson self-interactions

The ATLAS HH — bbbb Analysis

arxiv:2301.03212
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https://arxiv.org/abs/2301.03212

Di-Higgs Boson Decays

—~~— “Main” ATLAS Channels
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What Makes 4b a Challenging Final State?

ATLAS

EXPERIMENT
~2400 HH Events <~ 362619

Run:

(ATLAS Run 2) % — Event: 524614423

2018-10-03 08:06:34 CEST
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What Makes 4b a Challenging Final State?

ATLAS

EXPERIMENT
~2400 HH Events -« 362619

Run:

(ATLAS Run 2) - Event: 524614423

2018-10-03 08:06:34 CEST

e
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)

~800 HH — bbbb Events
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What Makes 4b a Challenging Final State?

ATLAS

EXPERIMENT
~2400 HH Events -« 362619

Run:

(ATLAS Run 2) — Event: 524614423

2018-10-03 08:06:34 CEST

e

5 /P,
)‘)/
]

~800 HH — bbbb Events

~500 HH — bbbb Events
(~20 VBF)
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What Makes 4b a Challenging Final State?

ATLAS

~2400 HHEvents ~L EXPERIMENT

(ATLAS Run 2) - Event: 524614423

2018-10-03 08:06:34 CEST

e
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What Makes 4b a Challenging Final State?

ATLAS

~2400 HHEvents ~L EXPERIMENT

(ATLAS Run 2) - Event: 524614423

2018-10-03 08:06:34 CEST

~500 HH — bbbb Events < | 1
(~20 VBF) = ) 1,000,000 '
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What Makes 4b a Challenging Final State?

ATLAS

v EXPERIMENT
~2400 HH Events < Run: 362619

" . Event: 524614423
(ATLAS Run 2) 2018-10-03 08:06:34 CEST

BR(HH — bbbb)~ - o= — [

QCD “Multijet” .
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What Makes 4b a Challenging Final State?

ATLAS

EXPERIMENT
Run: 362619
Event: 524614423
2018-10-03 08:06:34 CEST

~2400 HH Events -~

(ATLAS Run 2) -

_ 1
‘ BR(HH—>bbbb)~§

e
~800 HH — bbbb Events -

“The small signal cross section combined with the huge
QCD 4b background make it essentially impossible to
determine the Higgs boson self-coupling in pp — 4b.”

Y
.« ¥ =
]

[from “Examining the Higgs boson potential at lepton and hadron
colliders: a comparative analysis,” Baur et. al., CERN-TH/2003-069]
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https://cds.cern.ch/record/611237/files/0304015.pdf
https://indico.cern.ch/event/1001391/timetable/

What Makes 4b a Challenging Final State?

ATLAS

EXPERIMENT
Run: 362619
Event: 524614423
2018-10-03 08:06:34 CEST

~2400 HH Events
(ATLAS Run 2)

After Analysis Selection:
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Isolating HH — bbbb Events

VBF i | i ra g qp 108
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The “Mass-Plane”

g v OV g

Q“Y><v >

Require reconstructed
Higgs Boson candidate
masses ~ 125 GeV

= Define “Signal Region”
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Background Modeling Strategy
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2b background processes
~ 4b background processes

- use 2b data to estimate
backgrounds in the 4b region?
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Background Modeling Strategy
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Background Modeling Strategy

aly 2; v

- 4 < 4ph I

;-200 [P [ L L B Y N 900%1 ;20()?—[{ U e R N L 18%1
O] e = ] - o - =
g SR = 8 [ ATLAS SR 31 W3
o 180 TeV, 126 fo~! 800 < ¢ 18008 Vs =13 Tev, 126 b Sk GR1E 2
£ tion, Xw; > 1.5 S € | WBFselection Xw>15 e ...... . S
- ofion, Xw>15_ _——__ ... > e d By CRZ{ 14§
> E e ] 125
140 600 140[= "o ! -
;.I.Il i "‘ - 10
120 m B : : 3 8
100 - : - 6
L ]
80 - 1
60 u Em j 2
II 111 I\ 1 \I 11| Ll 11 1 11 1 11| _100 \:\ 1 I-I.\JJ_‘_l ll-J L1 ll L1 1 1 L1 _O
80 100 120 140 160 180 200 80 100 120 140 160 180 200
myy [GeV] myy [GeV]
1-Dimensional density ratio
w(x) = pap(x)/ P2p(x)
ol A . .
Ty — (N 7 Sept 2023 R. Hyneman - Physics Forum (Fermilab)

Events / 25 GeV

4b/2b

w
(82
o
o

3000

2500

2000

1500

1000

500

1.5

1.0

0.5

o P

4b

CR1 SR

E_ ATLAS [ ] Normalized 2b Data _E
= VS=13TeV,201857.7 fb~" N\ stat. Error E
— 9gF CR1 + 4bData =
= E
E | I | I | I | I T I | ! — L J e I =
[ | T 1T | T 1T | T 1T | T 1771 | T 17T | T 17T | T 17T | ]
- —— — + + + ! §
e —— A
: | | I | | | I | | | I | | | I | | | | | | | | | T | | :
300 400 500 600 700 800 900 1000

MyH [GeV]

39



Density Ratio Estimation with Histograms
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1-Dimensional Reweighting

= Prone to statistical fluctuations

- No correlation with other kinematics
(assumes similar domain pr ~p2b)
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Density Ratio Estimation with Histograms
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Density Ratio Estimation with Neural Networks

w(X) = pap(X)/ p2p (%)
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arxiv:1911.00405
Kanamori et. al. (JMLR)
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https://arxiv.org/abs/1911.00405
https://jmlr.org/papers/v10/kanamori09a.html

Background Modeling Strategy
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Background Modeling Strategy
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Background Modeling Strategy: Uncertainties

Uncertainty from limited training Uncertainty from domain transfer
statistics/network initialization
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Observed Data
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Observed Data in a VBF Category
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Results - k;

Constraining the HHH coupling
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Results - k.,

Constraining the HHVV coupling
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Results - k.,

Constraining the HHVV coupling
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https://arxiv.org/pdf/2001.05178.pdf

How Have We Been Improving HH Measurements?

More data

&
Better techniques to analyze data

Increasing dataset by factor
of x improves limits by x~0->

Results improving by factor
of ~ x—0.76
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How does this result fit into the broader ATLAS HH Program?

Combination and Future Prospects
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Combination: HH — bbbb, bbtt, bbyy

do | T
Ke Ka -7
g o H

200 300 400 500 600 700 800
Mun [GeV]

<— bbyy bbtt bbbb —> ~ Sensitive region by decay channel

s:_,é\'s 7 Sept 2023 R. Hyneman - Physics Forum (Fermilab) 52



Combination: HH — bbbb, bbtt, bbyy
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Looking to the Future: The High-Luminosity LHC

Data shown today ~ Run 2

CERN ‘ ‘LHC

, |—||L Future: HL-LHC
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https://hilumilhc.web.cern.ch/article/ls3-schedule-change

Ask me about the HiLurm ) Future: HL-LHC
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HH Prospects at the High-Luminosity LHC: k.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

How is CMS Doing?
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https://arxiv.org/pdf/2207.00043.pdf

How is CMS Doing?
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https://arxiv.org/pdf/2207.00043.pdf

Boosted X — bb Tagging in ATLAS

Jet Kinematics

/

DL1r

Subjet Kinematics,
Tracks, Vertices

~ b-tag subjets

si_F\'\?o 7 Sept 2023 R. Hyneman - Seminar (University of Notre Dame)

XbbTagger (DNN)
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Boosted X — bb Tagging in ATLAS

. “Large-Radius” Jet

Jet Kinematics, Tracks, Vertices

—

l

Tag /

\- / [ GN2X Tagger ]

(Transformer Neural Network)

ATL-PHYS-PUB-2023-021
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/

Boosted bb Tagging in ATL

AS Today

Background rejection

Top ratio

Multijet ratio
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H(bb) efficiency

Factor of ~2x Improvement in
GN2X compared to Xbb!

Significantly more correlations
accessible to GN2X

Enabled by new architectures
(GNNs/Transformers)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/

Conclusions

« Measuring HH production probes the Higgs boson potential, which could hold the
key to big question left unanswered by the Standard Model

* ...but,it’s hard to measure!
 Machine learning is enabling measurements in “impossible” channels, like bbbb

» Clever analysis strategies will allow us to make the best use of upcoming data

Thanks for listening!
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Additional Material
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Sensitivity to New Physics in the HHVV Coupling
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New physics 2 more signal!
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https://arxiv.org/pdf/2001.05178.pdf

b-Tagging in ATLAS

Improving ATLAS analyses through Machine Learning-based object identification

MV2C10: Boosted Decision Tree Light jet Rejection vs. eb_,et c-jet Rejectlon VS. Eb-Jet
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2019-005/
https://cds.cern.ch/record/2255226/files/ATL-PHYS-PUB-2017-003.pdf
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https://cds.cern.ch/record/2270366/files/ATL-PHYS-PUB-2017-011.pdf

he Evolution of Boosted bb Tagglng in ATLAS

Multijet Rejection
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Higgs Efficiency
Unlike subjet tagging, Xbb tagger
accounts for correlations between subjets
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Jet Inputs
(Kinematics)

Subjet Inputs
(Tracks + Vertices)

\

Low-Level Algorithms:

Utilize Impact Parameter,

Secondary Vertices,
Reconstructed B decay

\

High-Level Algorithms:
Utilize Outputs from
Low-Level Algorithms

v

Xbb Tagger (Neural Network)
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More ML!
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GN1 Architecture

Pooled graph
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Performance is not the End of the Story

~
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Xbb Tagger: Signal
€Simulation

- ATLAS Preliminary

- {s=13TeV, 139 fb”

— Large-R jet P, < 450 GeV: Z(— bb)y
Large-R jet p_> 450 GeV: Z(— bb) + jets
60% WP, R=1.0 LCTopo trimmed jets

0(30%) uncertainty on
the selection efficiency of
H — bb signal events by
the Xbb tagger

—e— Stat. uncertainty
B Stat. + syst. uncertainty

Precise calibration critical
for the future of GN2X!
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Trigger Efficiency for ggF HH — bbbb Events

Trigger efficiency

Ratio to Run 2
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Full Analysis Selection

(1)

Pass trigger class

Yes

\ 4

(2)

2 4 central jets

>4 b-tagged
central jets

Xwe = min <

(6)
(3pi)T < 65 GeV

Yes

2
mii_mW> +<

\

N
Yes

(7.VBF)
Xwt > 1.5

2
Mjjp — Mt

)| 2= |

my, — 124 GeV)z s (mHz —117 GeV)z
0. 1mH1

VBF Selection

(5)
VBF Jets
|Ang| > 3,

m;i > 1 TeV

Yes,[

Yes

\ 4

(4)
> 6 central or
forward jets

(7.ggF)
|AnHH| < 1.5

0. 1mH2

No
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—> VBF SR
Yes

o (8. VBF) o (9. VBF)
1 Xau<16 “| mun > 400 GeV
Yes Yes
S (8.g8F) S (9.g8F)
Xwt > 1.5 Xun < 1.6
Yes Yes

—> ggF SR

Yes

ggF Selection
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“Pairing” Higgs Bosons

Combinatorics: three possible pairings given four b-tagged jets

(290% for K,y far from 1) : “Subleading” Reconstructed Higgs Boson

. » “Leading” Reconstructed Higgs Boson
Pairing =70% accurate for VBF
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Categorization

Standard Model (k;, = Ky = 1)
K, =10 (rkpy = 1)
Koy = 0 (K = 1)

Isolate different physics (i, k) scenarios

Events /0.1

XHH |AnHH| |A77HH|
T | T T T T | ] 1—. - | T T T T | T T T —] — [T TTT | T | T | T | T | T | T | T | T | T T T1]
- ] 300x4bsm 19 ] 300x4bsMm 1 S 4F ] 1250x4b SM B
- ATLAS 1 » %9 ATLAS 1 o [ ATLAS -
25001 5 =13 TeV, 126 fb~! (] 30x4br=10 ] 8 ,0f VS-18TeV, 12600 []30x4br=10 | 83 vs-13Tev, 12610 [] 20x4br=10 E
- 99F Signal Region [ ] Predicted Background | & [ 99F Signal Region [ Predicted Background | W |- VBF Signal Region [ ] 20x4bka=0 E
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- ’ et 1 o5F =
O 7 1000 |— —|—I_|_ —] o .
1500 — — - i 20k ]
B i [ ‘ N 15E= -
1000— ’_I_I_r ~ 600_F‘—|_|_|__I_|—|_I_ ] - .
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served my Distributions in ggF Categories

e S e A A A AN R s AR RN
8 E Post-Fit Background
o 1B ATLAS NN Stat. + Syst. Eror 4
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ANy > 1.0, Xpn > 0.95
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Observed my, Distributions in VBF Categories

> _ I B I I I I > g0 £ I I R B L L R
8 50 f_ ATLAS [ ] Post-Fit Background_f 8 N g_ ATLAS [ ] Post-Fit Background_g
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Neural Networks for Density Estimation

(Lemnma) best discriminator between two classes:

Pa
Pa t DB

A=

~ (lis 2b”
or “is 4b"

Event

Features NNs classify data well 2 approximate A

pa A

pB 1_/1

= aclassification NN can approximate
the density ratio!

towardsdatascience.com
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https://towardsdatascience.com/why-are-neural-networks-so-powerful-bc308906696c

Neural Networks for Density Estimation

P2p (%) - W(X) = pyp(X)

Train NN with specific Loss function:
Event
Features

- arg min L(R(X)) =w(X)

“Event-level” reweighting!

towardsdatascience.com

arxiv:1911.00405
Kanamori et. al. JMLR)

o T — O 7 Sept 2023 R. Hyneman - Physics Forum (Fermilab) 76


https://towardsdatascience.com/why-are-neural-networks-so-powerful-bc308906696c
https://arxiv.org/abs/1911.00405
https://jmlr.org/papers/v10/kanamori09a.html

Reweighting Neural Network - Details

Architecture and Input Variables

gglF

VBF

3 Densely-
Connected
Hidden Layers
(50 Nodes Each)

(\V)

w

Single-Node

Output 6.

. log(py) of the 2" leading Higgs boson

candidate jet

. log(pr) of the 4th leading Higgs boson

candidate jet

. log(AR) between the closest two Higgs

boson candidate jets

. log(AR) between the other two Higgs

boson candidate jets

. Average absolute n value of the Higgs

boson candidate jets
log(pt) of the di-Higgs system

7. AR between the two Higgs boson candi-

9.

10.
11.
2%

dates

. A¢ between jets in the leading Higgs bo-

son candidate

A¢ between jets in the subleading Higgs
boson candidate

log (X yy)

Number of jets in the event

Trigger class index as one-hot encoder

el

. Maximum dijet mass from the possible

pairings of the four Higgs boson candi-

date jets
Minimum dijet mass from the possible

pairings of the four Higgs boson candi-

date jets

Energy of the leading Higgs boson can-
didate

Energy of the subleading Higgs boson

candidate

Second-smallest AR between the jets in
the leading Higgs boson candidate (from
the three possible pairings for the lead-
ing Higgs candidate)

Average absolute 7 value of the four
Higgs boson candidate jets

log(Xw¢)
Trigger class index as one-hot encoder

Year index as one-hot encoder (for years
inclusive training)

SLAL 7 Sept 2023
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3 Densely-
Connected
Hidden Layers
(20 Nodes Each)

Single-Node
Output
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Background Modeling - Uncertainties

Bootstrap Uncertainty - quantifying “noise” in the neural network training

Eventi

Ake—4

Pw' =k) = -

, =1

B
W, -
1

Eventi

H B
4 N

2

1 AL 7 Sept 2023

(A’

v HENEN - B
1 2 3 4 N

NN

Bootstrap / Average
O — — — — —
o O M A O © o N

o
»
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[ T T | T T T T T T | T T T | T T T I_
E A TL A S Single Bootstrapped Estimate E
— /s=13 TeV, 126 fb" Bootstrap Standard Deviation ]
— VBF Signal Region - Average ’
__ | | | | | | | | | | | | | | | | | | _|_
400 600 800 1000 1200
My [GeV]
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Background Modeling

“Shape” Uncertainty - quantifying variations across the mass plane
Alternative Training in CR2 for each SR “Quadrant”

‘-—-~

‘-—-~

- =

Myy
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Background Modeling

“Non-closure” Uncertainty - testing the background modeling in an orthogonal dataset

3bIF -="7==<( f\

\
’ CR1 o

si.F\'\% 7 Sept 2023 R. Hyneman - Physics Forum (Fermilab)



Other Background Modeling Checks

Further validating the procedure

“Reverse |Anyy|”

)
VBF Jets

(7.g8F)
|Anku| < 1.5

Simulated tt and
multiple-b-jet events
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Table of Event Yields

Both ggF (top) and VBF (bottom) signal regions

o1 AL
OGN

Category Data Expected ggF Signal VBF Signal
Background SM SM
ggF' signal region
IAng | < 0.5, Xgg <0.95 1940 1935(25) 7.0 0.038
IAngg| < 0.5, Xgg > 0.95 3602 3618(37) 6.5 0.036
0.5 < |Angg| < 1.0, Xgg <0.95 1924 1874(21) 5.1 0.037
0.5 < |Angg| < 1.0, Xy >0.95 3540 3492(35) 4.7 0.040
Ang gl > 1.0, Xy <0.95 1880 1739(22) 2.9 0.043
|Ang | > 1.0, Xgg > 0.95 3285 3212(37) 2.8 0.041
VBF signal region
Ang | < 1.5 116 125.3(44) 0.37 0.090
ANyl > 1.5 241 230.6(53) 0.06 0.21
7 Sept 2023 R. Hyneman - Physics Forum (Fermilab)
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More Results (Likelihood Scans)

—~ 10

—2AIn(L

K2
I|IIII|IIIIIIIIIIIIIIIIIIII|IIII|
B — Observed |
-~ ATLAS S ]
Vs =13TeV, 126 o~ xpected

Combined ggF and VBF Regions — 192G

Expected 20 constraints:
Ky €[-5.4, 11.4]
Observed 20 constraints:
Ky €[-3.5, 11.3]

Best fitk) = 6.2

2.5

5.0 7.5 10.0 12.5

K (ng=1 .0, Kv=1 O)
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35

_2AIn(L)

20

15

10

Kay
7IIII|IIII|IIIIIIIIIIIIIIIIIIII|IIII7
N — Observed ]
- ATLAS - ]
- V5=13TeV, 126 fo-! Expected "
— Combined ggF and VBF Regions — 420G

Expected 20 constraints:
Koy €[-0.1, 2.1]

Observed 20 constraints:
Koy €[-0.0, 2.1]
Best fit koy = 1.0

N\
l

7 ]

d —
T ool b
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Koy (K)\=1 .0, Kv=1 0)

2.5 3.

0
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More Results (2D Limits)

“95% CL” (2D in K, vs. K»y)

K

[ [ [ [
— Observed limit (95% CL)

“Log Likelihood Scan” (2D in k; vs. kzy)

------- Expected
+1o ]
+20

%  Standard Model

) Observed Expected

é 25 [T T T T T T T T T T T T T T T T I T T T T I T T T ] é 25 [T T T T T T T T T T T T T T T T I T T T T I T T T ]

_ 20 = ——|= Observed +20 20 - Expected 20 -

- Observed+1oc - Expectedt 10

15— === — 15— ]

= 7 ~~o *  SM Prediction - *  SM Prediction

ATLAS 10F Best Fit E 10 E
Vs =13TeV, 126 fb 5 — 5 —
Ky=1.0 C 7 C n
- o — o —

-2 0 2 4 5 = 5 =

Koy - g - g

-10— = -10— —

- ATLAS ] - ATLAS ]

I 513 Tev, 12610 e I Ss13Tev, 12610 I

- Combinet]i ggF and VBF Regions ] - Combinet]'l ggF and VBF Regions ]

_20 C 111 P e b b _20 C 111 P o b b

-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4

Koy Kav
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SM
BM1
BM2
BM3
BM4
BM5
BM6
BM7

HEFT and SMEFT Constraints

ggF only

ATLAS

; Observed i +1o
O  Expected +20
V8 =13TeV, 126 fb™' #  Theory Prediction
Obs. (Exp.)
+ 170 (230) —
290 (200) —
360 (250) —
110 (74) —
130 (130) —
110 (95) —
190 (180) —
88 (71) —
— ‘1(|)3
OggF, hH [fo]
ol AR
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jol I [ [ [ [ ] ]
© 25/ ATLAS —— Observed Limit (95% CL) |
Vs=13TeV, 126 e L R Expected Limit (95% CL)
20T cyo=0.0, c4=0.0, cpg=0.0 Expected Limit t10
15 Expected Limit +20
: % | SM Prediction
1.0— —
0.5 —
0.0 —
-0.5—
-1.0— —
_15L | | | | | |
~-40 -30 -20 -10 10 20 30
CH
g | | | | | |
O 50— ATLAS — Observed Limit (95% CL) —
\/E -13TeV. 126! = T Expected Limit (95% CL)
40— ¢=0.0, ¢ig=0.0, cpg=0.0 [ Expected Limit £10
Expected Limit +20
30— #  SM Prediction ~
20— —
10— —
or— —
-10— -
_20}— ]
| | | | | | |
30 -40 -30 -20 -10 10 20 30
CH
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Uncertainties

Dominant uncertainties:

Theoretical signal
modeling

Experimental
background modeling

Heer+ver (Upper limit on HH signal strength)

Source of Uncertainty A/
Theory uncertainties

Theory uncertainty in signal cross-section —9.0%
All other theory uncertainties —1.4%
Background modeling uncertainties
Bootstrap uncertainty —7.1%
CR to SR extrapolation uncertainty —7.5%
3b1f nonclosure uncertainty —2.0%

Uncertainties UegF+VBE
Statistical Only 6.0
+ Background Modeling /7.1
+ Theoretical 8.1

SLAG 7 Sept 2023
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Combination: HH — bbbb, bbtt, bbyy

ATLAS —— Observed limit "W -
.. TT YY
Vs=13TeV, 126—139fo-" .. (EXPeCtg?]"m'ih "
M. (HH)=32.7 b Hrr =5 NYPOINSSIS
Ogr + ver () I Expected limit 10
1 Expected limit £20
4.6%
Obs. Exp. 2.7% 0.39%
b5yy]1 { 4.2 5.7 7z 31% | 11% | 0.33%
pbr+Tt-H * 4.7 3.9 YY 0.26%
b5b51[ \ 54 8.1
Combined-  § 24 29 Combined upper-limit on
0||=||é||||1|0||||1|5||||2|0||||2|5||||30 SMHHCrOSS_SeCtlon:
95% CL upper limit on HH signal strength uyy
24 XOsm (29 EXp)
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HH Prospects at the High-Luminosity LHC: k;

Likelihood Scan vs. k;

:T fIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIITI >
T Lol ATLAS Preliminary an Full HL-LHC Dataset,
S Vs=14TeV, 300071 15 “Baseline” Uncertainty Scenario:
B HH - bbyy + bbt* 1t~ + bbbb :'E
16 i Projection from Run 2 data I N
Asimov data (k) = 1) 1S 0.0<k; <2.5
B —+— No syst. unc. y '8
i —e— Baseline |l .
12 __ Theoretical unc. halved __ 9 MOVG from prOblng 0(~1O)
- —+— Run 2 syst. unc, - effects to O(~1) effects
8 _
4__—_ _____________________________________________________________ 95%
i i v¢ “Log Likelihood Scan” limits
IR NP e R P T P T utilize different assumptions
L R R 1 2 3 4 5 6 7 8 (expected background includes
Ka SM HH signal)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

HH Prospects at the High-Luminosity LHC

SM Significance vs. Luminosit
1T

ATLAS Preliminary

~

—+— No syst. unc.

b1+ by 4 b+ T + biipp  BeIe
—bbyy+bbT" T + Theoretical unc. halved . ope e
5[~ Projection from Run 2 data —+— Run 2 syst. unc. ~ Observation sensitivity

Significance [0]
(*2]

[ Asimov data (k) = 1)

(3.40) to SM HH signal by

€60-¢¢0¢-9Nd-SAHd-11LV

I I I *I I I

e end of HL-LHC!

3_ / - If our understanding of

oF the Higgs potential is
- roughly correct, we should

T be able to see a “bump”

oL 1 | [ [ [

7000 1500 3000 5500 3000
Integrated Luminosity [fbo~]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

HH Prospects @ HL-LHC: Uncertainty Scenarios

Baseline Scenario

Other Scenarios:
Scale factors for

Systematic uncertainties HLLHC basel . e .
- aseline scenario .
[+ No Systematic
Theoretical uncertainty 0.5 : Uncertainties
I . .
b-jet tagging efliciency 0.5 I\_ES_Ea_t_IS_t_Isé I_(_)_n_IY)____ ’
c-jet tagging efficienc 0.5 I N
.J .gg © . y o Run 2 Systematic
Light-jet tagging efficiency 1.0 I .
. Uncertainties
Jet energy scale and resolution 1.0
Luminosity 0.6 .
 Run 2 Systematic
Background bootstrap uncertainty 0.5 Uncertainties, with
Background shape uncertainty 1.0 theoretical

uncertainties halved
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