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The Higgs boson in the Standard Model

DRAFT Exploring the Quantum Universe: Pathways to Innovation and Discovery in Particle Physics DRAFT Report of the 2023 Particle Physics Project Prioritization Panel

Given the unique nature of the Higgs boson and its crucial role in holding together 
the atoms of the universe, the hunt for it was intense and extensive, beginning in 1964 
with both theoretical and experimental efforts. To great fanfare, the Higgs boson was 
discovered in 2012 by an international effort at the LHC at CERN in Switzerland, with 
crucial contributions from the US community.

Major questions remain about the nature of the Higgs boson. We do not know if the 
Higgs field is a fundamental field, or if it is actually a composite field made from other 
constituents. We do not know if there is only one Higgs boson, or if there is a richer sec-
tor containing related particles with new dynamics. We do not know why the Higgs mass 
should be as low as it is in the absence of additional particles with similar masses that 
would stabilize it, or why the mass is not zero in the first place. We do not know if the 
Higgs boson can decay to non-Standard Model particles. The interactions of the Higgs 
boson with the matter particles—the generation of fermion masses and mixings—involve 
the largest number of experimentally measured Standard Model parameters whose val-
ues and pattern are not predicted by any theory. Understanding this pattern may shed 
light on important questions such as the matter-antimatter asymmetry and the origin of 
neutrino masses. 

The properties of the Higgs field play a fundamental role in the evolution of the universe 
and the attributes of the other Standard Model particles. The Higgs field is unique in that 
it is the only known fundamental field that has a non-zero value in the vacuum state. In 
the early universe, all the Standard Model particles were massless and the fundamental 
forces behaved differently than they do today. As the universe cooled, the Higgs field 
acquired its current non-zero value. This “electroweak” phase transition, in turn, led to 
a universe in which the Standard Model particles acquired their current masses and the 
fundamental forces assumed their current form.

The characteristics of the electroweak phase transition are determined by the inter-
actions of the Higgs field with itself (“Higgs self-coupling”) which determines the potential 
energy of the Higgs field (“Higgs potential”). How this transition happened and which of 
the puzzling phenomena in our understanding of the universe are related to this phase 
transition remain central questions in particle physics. Modifications to the potential and 
related phase transition, beyond the Standard Model predictions, could provide explana-
tions for the dominance of matter over antimatter in the universe.

The fate of the universe depends on the properties of the Higgs sector. Extrapolations 
of the currently understood Higgs potential to extremely high energy, using the Standard 
Model, indicate that the current vacuum state of the Higgs field is not only “metastable”—
not eternally stable—but that the universe is very close to the crossover point between 
stability and metastability. Further information about the potential will help interpret the 
meaning of this result. The Higgs boson may even be related to the field that drove the 
cosmological inflation, called the inflaton field, or to the mysterious dark energy that drives 
the current accelerated expansion of the universe, both of which require fields of zero spin.

The fact that the properties of the Higgs field are connected to so many of the funda-
mental questions in particle physics highlights the central role of the Higgs boson and the 
importance of understanding all aspects of the Higgs field. The quest to reveal the true 

3.2

Reveal the Secrets of  
the Higgs Boson
3.2.1 – Science Overview

 
The Higgs boson is an extraordinary and unique particle that is connected to the most 
puzzling questions of particle physics, including the origin of flavor, the matter-antimatter 
asymmetry, dark matter and dark energy, and inflation. The Higgs boson differs from 
other particles in that it is “frozen” in the universe. And once frozen, it is called the Higgs 
field because it permeates the universe. The field disturbs and slows down the motion of 
every elementary particle. The Higgs boson slows electrons in atoms so that they stay 
within the atom instead of flying off into space. Without the Higgs boson, or field, every 
electron in every atom would move at the speed of light and everything, including us, 
would evaporate in a nanosecond. 

The Higgs boson is the only known fundamental particle that has no spin angular 
momentum, which permits it to have unique behavior: it can interact with all known matter 
particles and give them mass, depending on the strength of the interaction. The Higgs 
boson also provides a novel and distinct gateway to as yet unknown particles, such as 
dark matter.

3: Decipher the Quantum Realm 413: Decipher the Quantum Realm 40

Experimental verification

of its shape is a high 


priority goal for HL-LHC!

 Higgs is central in the SM
→

DRAFT Report of the 2023 Particle Physics Project Prioritization Panel

Particle physics studies the smallest constituents of our vast and 
complex universe. At such small scales, the fundamental principles 
of quantum physics prevail. Remarkably, the entire observable uni-
verse, now billions of light years across, was once small enough to 
be quantum in nature. Its quantum history is imprinted on its large-
scale structure. 

Past successes in particle physics have revolutionized our understanding of the universe 
and prompted a new set of questions. Collectively, these questions have spurred the 
construction of state-of-the-art facilities, from particle accelerators to telescopes, that 
will illuminate the profound connections between the very small and the very large. We 
stand on the threshold of harnessing their full potential.

The 2023 Particle Physics Project Prioritization Panel (P5) was charged with devel-
oping a 10-year strategic plan for US particle physics, in the context of a 20-year global 
strategy and two constrained budget scenarios. An essential source of input was the 
2021 Snowmass Community Planning Exercise organized by the Division of Particles and 
Fields of the American Physical Society. The panel received additional input from several 
channels, including town hall meetings, laboratory visits, and individual communications. 
We found this input aligned with three overarching science themes. Within each theme we 
identified two focus areas, or science drivers, that represent the most promising avenues 
of investigation for the next 10 to 20 years:

Decipher  
the  
Quantum  
Realm

Elucidate the Mysteries  
of Neutrinos

Reveal the Secrets of  
the Higgs Boson

Explore  
New  
Paradigms  
in Physics

Search for Direct Evidence 
of New Particles

Pursue Quantum Imprints  
of New Phenomena

Illuminate  
the  
Hidden  
Universe

Determine the Nature  
of Dark Matter

Understand What Drives 
Cosmic Evolution

Exectuvie Summary ix

DRAFT Exploring the Quantum Universe: Pathways to Innovation and Discovery in Particle Physics

BSM physics can imply

first order phase transition in 

early universe  baryogenesis→

Higgs potential drives the 
generation of mass
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Producing HH

1.1. Overview of production modes 7

gg → HH (NNLOFTapprox)

VBF (N3LO)
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Figure 1.2: Total production cross sections for Higgs pairs within the SM via gluon fusion,
vector-boson fusion, double Higgs-strahlung and double Higgs bremsstrahlung off top quarks.
PDF4LHC15 parton densities have been used with the scale choices according to Table 1.1. The size
of the bands shows the total uncertainties originating from the scale dependence and the PDF+Æs
uncertainties.
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Figure 1.3: Higgs pair invariant mass distribution at leading order for the different contributions to
the gluon fusion production mechanism and their interference.
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Focus: the ATLAS Run 2 search 

for non-resonant HH production 


in the  final state bb̄γγ

arXiv:2310.12301

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/
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 in ATLASHH → bb̄γγ
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Photons

 in ATLASHH → bb̄γγ

arXiv:2308.07216

Excellent pT( ), m  resolutionγ γγ

 spectrumH → γγ
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b-tagged jets (DL1r 77% eff)
6Measuring the Higgs potential at the LHCBrendon Bullard 7

Bottom quark jets (b-jet)

23Z.ZHENG

arXiv:2211.16345

Jet flavor tagging

 in ATLASHH → bb̄γγ



Measuring the Higgs potential at the LHCBrendon Bullard 7

Backgrounds

✦ Key variable: 

• Define signal region


✦ Very small signal!


✦ Single Higgs 
production is a 
background 🤯!

mγγ

*plot from previous publication
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Kinematic information
✦ Single Higgs backgrounds are important


• Primarily from gluon-gluon fusion (ggF) and ttH

ggF +  backgroundbb̄HH signal

Exploit kinematics to reduce backgrounds
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Event categorization

✦ Train boosted decision trees to 
combine kinematic info

• Form analysis regions with varying S/B!


✦ B-jet information key for single 
Higgs!
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Fit strategy

Fit data to exponential function in 

sidebands, interpolate into SR

Fit in all categories simultaneously
Ev

en
ts Truth Bkg.

Fitted Bkg.
Fitted signal

mγγ

Possibility that background estimate

is incorrect  spurious signal→
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Results

Excluded

Wide range of BSM scenarios still possible!
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Next steps
Can we do anything besides take more data?

B-tagging dramatically improved with graph neural networks

 apply GNN to the task of b-jet pT regression→

Steady Progress…
4x improvement in background rejection since DL1

41

GN1 Architecture

13
  

Deep Sets 
Architecture Graph Neural Network, 

with multihead attention

Auxiliary Task Heads

Layers 3

Num nodes 128

Attention heads 2

Layers 3

Num nodes 64

Details in backupCrucial integration work with 
ATLAS Software from Nilotpal 
Kakati and Dan Guest
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Pathways to Innovation 
and Discovery  
in Particle Physics

Draft for Approval 1 December 2023

Particle Physics Project Prioritization Panel
High Energy Physics Advisory Panel
December 7, 2023

Exploring
the
Quantum
Universe

Thanks for your attention!



Backup
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The Higgs self-coupling

 How to measure the shape?→

V(h) = −
1
2

m2
hh2

−
m2

h

2v2⏟
vh3 +

m2
h

8v2⏟
h4

λhhh λhhhh

 Measure the trilinear 
     Higgs self-coupling
→

(mass)

V(ϕ) = − μϕ2 + λϕ4

In vacuum, :ϕ = v + h
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Baryogenesis
If universe began with equal matter/antimatter,  

three basic conditions are required
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Baryogenesis

arXiv:2203.05010

If universe began with equal matter/antimatter,  
three basic conditions are required

https://arxiv.org/abs/2203.05010
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Baryogenesis

arXiv:2203.05010

If universe began with equal matter/antimatter,  
three basic conditions are required

Violates B+L, 

conserves B-L

https://arxiv.org/abs/2203.05010
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Baryogenesis

arXiv:2203.05010

If universe began with equal matter/antimatter,  
three basic conditions are required

Violates B+L, 

conserves B-L

https://arxiv.org/abs/2203.05010
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Baryogenesis

arXiv:2203.05010

If universe began with equal matter/antimatter,  
three basic conditions are required

Violates B+L, 

conserves B-L

First order phase transition 

(EW phase transition is 2nd order, needs new physics)

https://arxiv.org/abs/2203.05010
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Baryogenesis

arXiv:2203.05010

If universe began with equal matter/antimatter,  
three basic conditions are required

Violates B+L, 

conserves B-L

First order phase transition 

(EW phase transition is 2nd order, needs new physics)

CP violation in CKM matrix,

not enough - needs new physics

https://arxiv.org/abs/2203.05010
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New light scalars

CDS

Higgs boson too massive for 

1st order phase transition!

https://cds.cern.ch/record/471776/plots
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HH projections

Baseline  
scenario

Observation of HH production will be challenging
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Primary channels

Branching fractions

of the the two Higgs
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Primary channels

Branching fractions

of the the two Higgs

bb̄γγ bb̄ττ bb̄bb̄
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Primary channels

Branching fractions

of the the two Higgs

Larger branching fraction

Smaller S/B

bb̄γγ bb̄ττ bb̄bb̄
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Primary channels

Branching fractions

of the the two Higgs

1

2

3Larger branching fraction

Smaller S/B

bb̄γγ bb̄ττ bb̄bb̄
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Primary channels

Branching fractions

of the the two Higgs

1

2

3Larger branching fraction

Smaller S/B

bb̄γγ bb̄ττ bb̄bb̄
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 in ATLASHH → bb̄γγ

Veto events with e/µ or >5 jets
Minimize single Higgs background tt̄H(γγ)
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BDT Categorization

4

321

Define analysis categories based on BDT scores

Train on

Kinematics
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High luminosity LHC

Inner system of the ATLAS

Tracker upgrade being 


built @ SLAC!

Need more data!

Is it the SM Higgs?

22

LHC (now)

(If you like this way of presenting Higgs self-coupling precision, please feel free 
to use it! The inspiration came from conversations with R. Petrossian-Byrne.) 

23

Is it the SM Higgs?

ILC (1 TeV)

HL-LHC

N. Craig

ATLAS Inner Tracker Upgrade for HL-LHC

Inner Tracker (ITk)
● Fully silicon tracking detector for ATLAS in HL-LHC era

● 9 total layers: 5 pixels and 4 strips
● Pixels: 13m2, 9000 modules, 5⨉109 pixel channels

● Crucial for resolving and understanding more complex events

Pixel Inner System (IS)
● Innermost two layers of pixels - for both the barrel and the endcap regions

● r = 33mm and 10cm, spans ±2.6m in z
● Complex & challenging due to proximity to beams, radiation hardness, heat, multiple module and support flavors, etc.

○ First layer: L0 and R0 with “triplet” modules

○ Second layer: L1 and R1 with “quad” modules

● Assembled and tested at SLAC ATLAS!
● Then shipped to CERN for ATLAS installation

Detector modules,

local supports,

electrical services,

etc.

● HL-LHC will produce better-focused proton beams

with 5x nominal LHC luminosity

● Physics run expected to start in 2029

● More pp collisions, more physics opportunities!

Impact on ATLAS

● More particles to detect per event, more events total

● Major upgrade needed, with improvements in
resolution, radiation hardness, DAQ, and more!

● Needed by 2026

High-Luminosity LHC (HL-LHC)

Inner Tracker (ITk) Upgrade @ SLAC

SLAC Group Activities for Pixel Inner System
sanha@stanford.edu, catev@stanford.edu

We’re here now!

Upgrade

Tracks @ Current LHC Tracks @ HL-LHC

●
●
● Prototypes loaded with RD53A Modules using SE 4445 (thermal gel)

● Various glue patterns & loading strategies explored and practiced

○ Most recent change: glue on modules

● Developed loading tools and jigs

● Positions verified with CMM after loading

● Successfully loaded all flavors of modules and local supports
(coupled ring & 2 staves)

Loading Modules onto Local Supports

… and many more

● Inspect and verify individual components

● Modules + local supports + services

● System-level tests

● Integrate into quarter shell

● Loaded modules are individually tested to verify

performance and assess any damages during loading

○ All test results are comparable pre- and post-loading
● R0/1 coupled ring has also been tested with full chain of

electrical services
○ Feedback provided for service design updates

● L1 stave has been tested through  extensive thermal cycles
○ 100 cycles from -55℃ to 20℃ at LBL

○ No performance degradation

Testing Loaded Local Supports

● performance and assess any damages during loading

○ All test results are comparable pre- and post-loading

● Complex large assemblies for both barrel and endcaps

● Currently in the mock-up stage

● Mock-ups are being assembled to validate the integration sequence and data transmission

Integration


