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Abstract 

We calculate the QCD correction to the total cross section for the production 

of a Higgs boson in association with a W or 2 boson at the LHC/SSC. The 

QCD-corrected cross section is insensitive to the choice of factorization and 

renormalization scales. Setting these scales to the invariant mass of the VII 

final state, the QCD correction increases the lowest-order cross section by about 

17/15 percent in the DIS factorization scheme, and 12/10 percent in the m 

scheme, at the LHC/SSC. 
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The measurement of triple Higgs coupling is a key benchmark for the Large Hadron Collider (LHC) and
future colliders. It directly probes the Higgs potential and its fundamental properties in connection to new
physics beyond the Standard Model. There exist two phase space regions with an enhanced sensitivity to
the Higgs self-coupling, the Higgs pair production threshold, and an intermediate top pair threshold. We
show how the invariant mass distribution of the Higgs pair offers a systematic way to extract the Higgs self-
coupling, focusing on the leading channel pp → hhþ X → bb̄γγ þ X. We utilize new features of the
signal events at higher energies and estimate the potential of a high-energy upgrade of the LHC and a future
hadron collider with realistic simulations. We find that the high-energy upgrade of the LHC to 27 TeV
would reach a 5σ observation with an integrated luminosity of 2.5 ab−1. It would have the potential to reach
15% (30%) accuracy at the 68% (95%) confidence level to determine the Standard Model (SM) Higgs
boson self-coupling. A future 100 TeV collider could improve the self-coupling measurement to better than
5% (10%) at the 68% (95%) confidence level.

DOI: 10.1103/PhysRevD.97.113004

I. INTRODUCTION

The discovery of the Higgs boson [1,2] at the CERN
Large Hadron Collider (LHC) is of monumental sig-
nificance. The completion of the Standard Model (SM)
provides us with a consistent theory valid up to high
scales. As a perturbative gauge theory, it allows for
precision predictions for essentially all LHC observ-
ables. In parallel, experimental advances have turned
ATLAS and CMS into the first hadron collider precision
experiments in history. In combination, these devel-
opments open new avenues to tackle fundamental
physics questions at the LHC and future high-energy
facilities.
On the theory side, we are still lacking an understanding

of if and how the Higgs mass, the only dimensionful
parameter in the theory, is stabilized against a large new
physics scale. The Higgs potential responsible for the
electroweak symmetry breaking (EWSB) in the SM is
determined by the triple and quartic Higgs self-coupling

λSM ≈ 1=8. It is a true self-interaction in the sense that it is
not associated with any conserved charge after EWSB.
With our ignorance for new physics beyond the SM, the
shape of the Higgs potential is deeply linked to the
fundamental question of electroweak symmetry breaking
in the early universe, allowing for a slow second-order
phase transition in the SM or a strong first-order phase
transition with a modified Higgs potential. It has been
argued that a wide range of modified Higgs potentials,
which result in a strong first-order EW phase transition,
leads to order-one modifications of λSM [3]. All of this
points to the Higgs self-coupling λ as a benchmark
measurement for the coming LHC runs, as well as any
kind of planned colliders [4].
Higgs pair production pp → hh offers a direct path to

pin down λ at a hadron collider [5,6]. Previous studies show
that promising final states from the hh decays are bb̄γγ
[7,8], bb̄ττ [9,10], bb̄WW [11], bb̄bb̄ [12], and 4W [13].
Theoretical studies as well as current analyses point to the
bb̄γγ decay as the most promising signature at the LHC
[14]. Combinations with indirect measurements of the self-
coupling from quantum effects confirm that Higgs pair
production provides the most robust self-coupling meas-
urement [15]. For the high-luminosity LHC (HL-LHC),
ATLAS and CMS projections indicate a very modest
sensitivity to the Higgs self-coupling [16].

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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with CP-phases (⋆⋆)
at an e+e− collider (⋆ ⋆ ⋆)

1 global analysis

2 optimal observables

→ Now called ‘modern LHC physics’
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Abstract

We reexamine large CP-violating phases in the general Minimal Supersymmetric Standard Model,

as well as more restricted models. We perform a detailed scan over parameter space to find

solutions which satisfy the current experimental limits on the electric dipole moments of the

electron, neutron and 199Hg atom, exploring the allowed configurations of phases and masses, and

we attempt to quantify the level of tuning of the parameters necessary to populate the regions

of cancellations. We then consider the measurement of CP-violating phases at a future linear

collider. We find that measurements of chargino and neutralino masses and production cross-

sections allow for a determination of φ1(the phase of M1) to a precision of π/30, while the EDM

constraints require that θµ be too small to be measured. Using the EDM constraints we find that

the CP-even model parameters and the phase φ1 can be determined at a Linear Collider with

400 GeV c.m. energy. As long as some information on the size of |µ| is included in the observables,

a measurement of φ1 is guaranteed for φ1 > π/10. To unambiguously identify CP violation, we

construct CP-odd kinematical variables at a linear collider. However, the CP asymmetries are

rather small, typically about 0.1 − 1.5%, and it will be challenging to experimentally observe the

predicted asymmetries.

1Current address: Theoretical Physics Institute, School of Physics and Astronomy, University of Minnesota,
Minneapolis, MN 55455

2Current address: Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, PA 19104
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15 years later: fit → neural network

· approximate dσθ(x) ≈ dσ(x)

· learning ϕ ∈ θ

→ θ data representation
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15 years later: fit → neural network

· approximate dσθ(x) ≈ dσ(x)

· learning ϕ ∈ θ

→ θ data representation

Phase space probabilities

· regression x → Aθ(x)

· classification x → pθ(x)

· generation r ∼ N → x ∼ pθ(x)

· conditional generation r ∼ N → x ∼ pθ(x |y)

What to encode in θ?
1. known symmetries

2. uncertainties

3. explainable structures

→ New toy: physics representation learning
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· learned calibration w/ calibrated uncertainties

RNN(x)±∆RNN(x) ≈
Eobs(x)
Edep(x)

· systematics: noise
detector engineering
reality → clearly theorists’ job!
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NN-calorimeter calibration with uncertainties
· learned calibration w/ calibrated uncertainties

RNN(x)±∆RNN(x) ≈
Eobs(x)
Edep(x)

· systematics: noise
detector engineering
reality → clearly theorists’ job!

→ Understand ATLAS
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· ideas need to come true

→ Perfect: fun projects paying the bills

Former Madison people: accelerate event generators

· virtual NN-amplitudes with uncertainties

· real NN-amplitudes with uncertainties

· neural importance sampling

· learned channel weights

· conditional on FKS sectors
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· ideas need to come true

→ Perfect: fun projects paying the bills

Former Madison people: accelerate event generators

· virtual NN-amplitudes with uncertainties

· real NN-amplitudes with uncertainties

· neural importance sampling

· learned channel weights

· conditional on FKS sectors

→ How close to ‘NLO as fast as LO?’
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domain-specific standards
workflow acceleration

3– interacting with researchers
designed to support humans
tutors, trainers, advisors

→ Universities are not just research
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Agentic systems

1– autonomously solving problems, replacing researchers, producing knowledge, but...
...who will read that next paper?
...who cares about λHHH?

2– solving problems with domain tools
domain-specific standards
workflow acceleration

3– interacting with researchers
designed to support humans
tutors, trainers, advisors

→ Universities are not just research

Agents for users

1. install MadGraph-Pythia-Delphes-ROOT

2. train students

3. support experts

4. generate events autonomously
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· introduction
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· introduction

· improvements

· generate events

· compare events

→ Explained set of plots
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→ Explained set of plots

#4 Autonomous generation

· reproduce a dataset

→ Find better ways to spend your time...
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Thank you, Tao...

...for showing me how to enjoy physics and that...

...it is not about knowing answers

...it is not about solving problems

...it is about asking questions

...and working on them as a team

→ (Your) curiosity and excitement driving our field!
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