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The Next Microscope (Collider Proposals)
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FIG. 3: Distributions of the observables in the e+e− → ZH → (!+!−)H analysis at
√
s = 250 GeV, from left to right: cos θ1,

cos θ2, and Φ. Points show simulated events and lines show projections of analytical distributions. Four scenarios are shown:
SM scalar (0+, red open circles), pseudoscalar (0−, blue diamonds), and two mixed states corresponding to fa3 = 0.5 with
φa3 = 0 (green squares) and π/2 (magenta points). In all cases we choose fa2 = 0.

IV. MEASUREMENTS OF HV V ANOMALOUS COUPLINGS

In this section we describe prospects for measuring the anomalous HV V couplings both at the LHC and at a
future e+e− collider. We consider all types of processes that allow such measurements, including gluon fusion at LHC
(SBF), weak boson fusion (WBF), and V H production. For the analysis of the Higgs boson decay H → V V , all
production mechanisms can be combined. The cleanest and most significant SM Higgs boson decay mode at the LHC
is H → ZZ∗ → 4! and we consider this mode in the following analysis [5, 6]. The decay H → WW ∗ → 2!2ν can also
be used for anomalous coupling measurements, as demonstrated in Ref. [8], but precision of spin-zero measurements
is lower. Inclusion of other decay modes will only improve estimated precision and we examine such examples as
well (H → γγ in VBF and H → bb̄ in V H production). At an e+e− collider, we consider the dominant decay mode
H → bb̄, but other final states could be considered as well.
We now discuss details of event simulation and selection. In this paper, signal events were simulated with the JHU

generator. Background events were generated with POWHEG [39] (qq̄ → ZZ(∗)/Zγ(∗) + jets) and MadGraph [40]
(qq̄ → ZZ(∗)/Zγ(∗)/γγ + 0 or 2 jets, e+e− → ZZ). When backgrounds from other processes are expected, their
effective contribution is included by rescaling the expected event yields of the aforementioned processes. The vector
boson fusion (VBF) and V H topology of the SM Higgs boson production has been tested against POWHEG, see Fig. 4,
as well as against VBF@NLO [41–43] and MadGraph simulation, respectively.
To properly simulate recoil of the final state particles caused by QCD radiation, we interface the JHU generator

with parton shower in Pythia [44], or, alternatively, simulate the decay of the Higgs boson with the JHU generator and
production of the Higgs boson through NLO QCD accuracy with POWHEG. We point out that this way of interfacing
POWHEG and JHU generator is exact for spin-zero particle production since no spin correlations connect initial and
final states. We note that quality of the approximation with Pythia parton showering is surprisingly high as can be
seen in Fig. 4 where we compare the transverse momentum distribution of a Standard Model Higgs boson obtained
within this framework with the NLO QCD computation of the same distribution as implemented in POWHEG. Effects
of beyond-the-standard-model (BSM) couplings in gluon fusion production on recoil of the final state particles caused
by the QCD radiation have been tested explicitly in the pp → H+2 jets process; we found that their impact on recoil
kinematics is negligible for the analysis of Higgs boson decays. We conclude that parton shower description of QCD
effects is sufficient at the current level of analysis but further refinements of such an approach, for example by means
of dedicated NLO QCD computations, are certainly possible, see e.g. Ref. [32].
In this paper, we employ a simplified detector simulation similar to our earlier studies [7, 8]. Lepton momenta are

smeared with an rms ∆p/p = 0.014 for 90% of events and a broader smearing for the remaining 10%. Hadronic jets
are smeared with an rms ∆p/p = 0.1. Events are selected in which leptons have |η| < 2.4, and transverse momentum
pT > 5GeV; jets, defined with anti-k⊥ algorithm, have ∆Rjj > 0.5, pT > 30GeV, and |ηj | < 4.7. The jet pT threshold
is raised to 50 GeV to study the effects of pileup when we consider the high luminosity LHC scenario. The invariant
mass of the di-lepton pairs from a Z(∗) decay is required to exceed 12 GeV. These selection criteria are chosen to be
as close as possible to existing LHC analyses [5, 6] and we assume that similar selection criteria will be also adopted
for a future e+e− collider. The estimated number of reconstructed events in Table I is scaled down from the number
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The Future of Particle Physics:  “Snowmass” planning
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Use the Higgs boson as a new tool for discovery 
Pursue the physics associated with neutrino mass
Identify the new physics of dark matter
Understand cosmic acceleration: dark energy and inflation 
Explore the unknown: new particles, interactions, and physical principles

US strategic planning (P5), advise NSF and DOE through HEPAP
(P5 = Particle Physics Project Prioritization Panel)

Decadal community planning process
1982 — concept of SSC…
2001 — flavor physics and future facilities (LHC) 
2013 — Higgs discovery and the next steps (see P5 below)
2022 — starting now…

…
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Higgs Potential and Stability of the Vacuum
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(a) qq̄ LO (b) qq̄ NLO QCD (c) gg LO box (d) gg LO triange

FIG. 4: ZH sample diagrams for leading order qq̄ and gg initial states, including higher order contributions.

B. O↵-shell simulation of the H boson in electroweak production and a second scalar resonance

Similar to the gluon fusion process, we extend our previous calculation of vector boson fusion qq ! qq + H(!
V V ! 4f) and associated production qq ! V +H(! V V ! 4f), and allow the full kinematic range for m4f . The
SM implementation in MCFM [8] includes the s- and t-channel H boson amplitudes, the continuum background
amplitudes, and their interference, as illustrated in Fig. 3. We supplement the necessary contributions for the most
general anomalous coupling structure. In particular, this a↵ects the H boson amplitudes but also the triple and
quartic gauge boson couplings. We also add amplitudes for the intermediate states ZZ/Z�⇤/�⇤�⇤ in place of ZZ
in both decay and production with the most general anomalous coupling structure, which are not present in the
original MCFM implementation. It is interesting to note that the o↵-shell VBF process qq ! qq+H(! 4f) includes
contributions of the qq̄ ! V H(! 4f) process for the case of hadronic decays of the V boson. As in the case of
gluon fusion, we also allow the study of a second H-like resonance X with mass mX , width �X , and the same set of
couplings and decay modes.

C. Higher-order contributions to VH production

We calculate the NLO QCD corrections to the associated H boson production process qq̄ ! V H where V = Z,W, �,
shown in Fig. 4. We use standard techniques and implement the results in JHUGen, relying on the COLLIER [101]
loop integral library. This improves the physics simulation of previous studies at LO and allows demonstrating the
robustness of previous matrix element method studies. We also calculate the loop-induced gluon fusion contribution
gg ! ZH, which is parameterically of next-to-next-to-leading order but receives an enhancement from the large
gluon flux, making it numerically relevant for studies at NLO precision. In contrast to the qq̄ ! V H process which
is sensitive to HV V couplings, the gg ! ZH process is additionally sensitive to the Yukawa-type Hqq̄ couplings. In
both cases we allow for the most general CP-even and CP-odd couplings. Strong destructive interference between
triangle and box amplitudes in the SM leads to interesting physics e↵ects that enhance sensitivity to anomalous Htt̄
couplings, as we demonstrate in Section VIII.

D. Multidimensional likelihoods and machine learning

We extend the multivariate maximum likelihood fitting framework to describe the data in an optimal way and
provide the multi-parameter results in both the EFT and the generic approaches. The main challenge in this analysis
is the fast growth of both the number of observable dimensions and the number of contributing components in the
likelihood description of a single process with the increasing number of parameters of interest. We present a practical
approach to accommodate both challenges, while keeping the approach generic enough for further extensions. This
approach relies on the MC simulation, reweighting tools, and optimal observables constructed from matrix element
calculations. We extend the matrix element approach by incorporating the machine learning procedure to account for
parton shower and detector e↵ects when these e↵ects become sizable. Some of these techniques are illustrated with
examples below.

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

Kinematic distributions of particles produced in association with the H boson or in its decay are sensitive to the
quantum numbers and anomalous couplings of the H boson. In the 1 ! 4 process of the H ! V V ! 4f decay,
six observables ⌦decay = {✓1, ✓2,�,m1,m2,m4f} fully characterize kinematics of the decay products, while two other
angles ⌦prod = {✓⇤,�1} orient the decay frame with respect to the production axis, as described in Ref. [1] and
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First steps to test Higgs potential V(φ)

— test  interactionHHH(H)
— need more data, new facilities…

Quantum corrections  metastable vacuum⇒
— assume SM up to very large M

Tc

H

V(φ) = μ2φ†φ + λ2(φ†φ)2

(or in virtual EFT effects)

+(φ†φ)3 . . ?
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Vision of the World by a Physicist

Gravity Electricity Magnetism
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We learn that there are fields…
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Quantum Field Theory =  

Quantum Mechanics (very small)
+ Special Relativity (very fast) 
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Origin of Space-Time (?)

Cosmology (SM) Particle Physics (SM)
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The Ultimate Theory (?)
Quantum Gravity

Unified Theory (?)

The Unified Vision: the Standard Model (SM)

— Dark matter? 
— Baryogenesis? (matter over antimatter)  

baryon number violation (p decay?)  
CP violation?  

— Dark energy?
— Higgs field and masses (hierarchy problems) 

— Inflation?

Problems:

understanding 
the vacuum 

understanding 
the matter 

— Are neurinos special? …

(vacuum stability)

Crisis of Standard Models of Particles Physics & Cosmology   

non-equilibrium?  
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Dark energy? Higgs field
?

vacuum

+ψiyijψjφ +h.c.
-V(φ)

+|Dμφ|2
…

?

?

..φ1..φ2..energy density of the vacuum = Λ/8πG 

Rμν - — gμνR-Λgμν=-8πGTμν

  has quantum numbers of the vacuum H0(125) JPC = 0++
many orders away from the Higgs field expectation 

 boson is an excitation of the Higgs field
                              completely new state of matter-energy
H0(125)

1
2

Inflaton?

??

Understanding the Vacuum

scalar field(s) may be at the core of solutions, Higgs field is the first “studied”
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Origin of Space-Time (?)
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Electro-WeakHiggs
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Electro-WeakHiggs
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Unified Theory (?)
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Electro-WeakHiggs
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Unified Theory (?)

“Optimistic” Scale in Particle Physics
Energy

v ∼ 246 GeV

“new physics”

LHC simulation at 13 TeV

Find new physics “bump”

∼ TeV

but none appeared so far…

M = ?

JHUGen

Beyond SMSM

top quark

We did find this “bump”
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Electro-WeakHiggs
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Unified Theory (?)

“Pessimistic” Scale in Particle Physics
Energy

v ∼ 246 GeV

vM ≫

Particle Physics (SM) is an Effective Field Theory (EFT) 

∼ ( v
M )

2

precise up to
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Effective Field Theory
Effective Field Theory (EFT)

— describes energies (of interest) below  M (underlying dynamics)

— no “new physics” up to M ≫ mH

H

x

point-like interaction 

g, γ(*), Z, W fH

ΔE Δt ∼ ℏ

mHc2 = 125 GeV

Heisenberg's uncertainty principle
ΔE = mxc2 ≫ mHc2

∼ ( v
M )

2

Look for deviations parameterized in EFT
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Electric Dipole Moment (EDM) of electron   de < 1.1 × 10−29 e cm

 Table-Top, “Low-Energy,”  LHC experiments

complementary to LHC in EFTH γ, Z, g

γ, g
dn < 3.0 × 10−26 e cm
dSM
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Heavy-Quark (“Low-Energy”) Experiments 

e+ e−B̄ η′ , ρ, ϕ, ψ, . . .

  CLEO, BABAR, BELLE(II), 
  CDF/D0, LHCb,…

(e+e−)
(pp̄, pp)

~ 5 GeV
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2 Flavor Physics and CP Violation Conference, Bled, 2007

where tan β is the ratio of vacuum expectation values
of the two Higgs doublets. Using theoretical calcula-
tions of fB from lattice QCD and experimental mea-
surements of |Vub| from semileptonic B decays, this
purely leptonic B-decay can be used to constrain the
parameters of theories beyond the SM. Or, assuming
that SM processes dominate and using the value of
|Vub| determined from semileptonic B-decays, purely
leptonic decays provide a clean experimental method
of measuring fB precisely.

The branching fractions for B+ → µ+ν and B+ →
e+ν are suppressed by factors of ∼ 5 × 10−3 and
∼ 10−7 with respect to B+ → τ+ντ . The SM es-
timate of the branching fraction for B+ → τ+ντ ,
using |Vub| = (4.31 ± 0.30) × 10−3 [6] and fB =
0.216 ± 0.022 GeV [7] in Eq. 1 is (1.6 ± 0.4) × 10−4.
However, a search for B+ → τ+ντ is experimen-
tally challenging due to the large missing momen-
tum from multiple neutrinos, which makes the signa-
ture less distinctive than in the other leptonic modes.
In a previously published analysis using a sample
of 223 × 106 Υ (4S) decays, the BABAR collabora-
tion set an upper limit of B(B+ → τ+ντ ) < 1.8 ×
10−4 at the 90% confidence level (CL) [8]. The Belle
Collaboration has reported evidence from a search for
this decay where the branching fraction was measured
to be B(B+ → τ+ντ ) = (1.79+0.56

−0.49(stat.)+0.46
−0.51(syst))×

10−4 [9].
A vector-vector B-meson decay, such as B → ϕK∗,

is characterized by three complex helicity amplitudes
A1λ which correspond to helicity states λ = −1, 0, +1
of the vector mesons. The A10 amplitude is ex-
pected to dominate [10] due to the (V − A) nature
of the weak interactions and helicity conservation in
the strong interactions, see Fig. 3. A large fraction of
transverse polarization observed by BABAR and con-
firmed by Belle, along with more recent measurements
of polarization in rare vector-vector B meson decays
B → φK∗ and ρK∗, indicate a significant departure
from the expected predominance of the longitudinal
amplitude [11–15]. The rate, polarization, and CP
measurements of B meson decays to particles with
nonzero spin are sensitive to both strong and weak
interaction dynamics and are discussed in a recent re-
view [6, 16].

The polarization anomaly in vector-vector B me-
son decays suggests other contributions to the decay
amplitude, previously neglected. This has motivated
a number of proposed contributions from physics be-
yond the standard model [17]. Depending on New
Physics model, hierarchy of decay amplitudes could
be modified, as shown in Fig. 4. In addition, there
are new mechanisms within the standard model which
have been proposed to address the anomaly, such as
annihilation penguin [18] or electroweak penguin, or
QCD rescattering [19],

In order to distinguish the models, the BABAR ex-
periment extended the study of the B0 → φK∗0 de-

FIG. 3: Feynman diagram describing the B → ϕK∗ decay.
Due to the (V −A) nature of the weak interactions, helic-
ity conservation in the strong interactions, and quark-spin
suppression shown in the diagram, we expect the hierarchy
A0 # A+1 # A−1.

FIG. 4: Feynman diagram describing the B → ϕK∗ decay.
Scalar interaction may modify the hierarchy to A+1 #
A0 # A−1, while supersymmetric interaction with (V +A)
couplings could produce A0 # A−1 # A+1.

cays with the tensor (JP = 2+), vector (JP = 1−),
and scalar (JP = 0+) K∗0 [15]. The vector-tensor
results are in agreement with quark spin-flip suppres-
sion [10] and A0 amplitude dominance, whereas the
vector-vector mode contains substantial A+1 ampli-
tude, corresponding to anomalously large transverse
polarization.

We now investigate the polarization puzzle with a
full amplitude analysis of the B± → ϕK∗(892)± de-
cay. In this paper, we report twelve independent pa-
rameters for the three B+ and three B− decay am-
plitudes, six of which are presented for the first time.
Moreover, we use the dependence on the Kπ invari-
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Quark and Neutrino “Flavor” Physics: CP Violation
The only known source of CP violation (difference matter-antimatter)
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2 Flavor Physics and CP Violation Conference, Bled, 2007

where tan β is the ratio of vacuum expectation values
of the two Higgs doublets. Using theoretical calcula-
tions of fB from lattice QCD and experimental mea-
surements of |Vub| from semileptonic B decays, this
purely leptonic B-decay can be used to constrain the
parameters of theories beyond the SM. Or, assuming
that SM processes dominate and using the value of
|Vub| determined from semileptonic B-decays, purely
leptonic decays provide a clean experimental method
of measuring fB precisely.

The branching fractions for B+ → µ+ν and B+ →
e+ν are suppressed by factors of ∼ 5 × 10−3 and
∼ 10−7 with respect to B+ → τ+ντ . The SM es-
timate of the branching fraction for B+ → τ+ντ ,
using |Vub| = (4.31 ± 0.30) × 10−3 [6] and fB =
0.216 ± 0.022 GeV [7] in Eq. 1 is (1.6 ± 0.4) × 10−4.
However, a search for B+ → τ+ντ is experimen-
tally challenging due to the large missing momen-
tum from multiple neutrinos, which makes the signa-
ture less distinctive than in the other leptonic modes.
In a previously published analysis using a sample
of 223 × 106 Υ (4S) decays, the BABAR collabora-
tion set an upper limit of B(B+ → τ+ντ ) < 1.8 ×
10−4 at the 90% confidence level (CL) [8]. The Belle
Collaboration has reported evidence from a search for
this decay where the branching fraction was measured
to be B(B+ → τ+ντ ) = (1.79+0.56

−0.49(stat.)+0.46
−0.51(syst))×

10−4 [9].
A vector-vector B-meson decay, such as B → ϕK∗,

is characterized by three complex helicity amplitudes
A1λ which correspond to helicity states λ = −1, 0, +1
of the vector mesons. The A10 amplitude is ex-
pected to dominate [10] due to the (V − A) nature
of the weak interactions and helicity conservation in
the strong interactions, see Fig. 3. A large fraction of
transverse polarization observed by BABAR and con-
firmed by Belle, along with more recent measurements
of polarization in rare vector-vector B meson decays
B → φK∗ and ρK∗, indicate a significant departure
from the expected predominance of the longitudinal
amplitude [11–15]. The rate, polarization, and CP
measurements of B meson decays to particles with
nonzero spin are sensitive to both strong and weak
interaction dynamics and are discussed in a recent re-
view [6, 16].

The polarization anomaly in vector-vector B me-
son decays suggests other contributions to the decay
amplitude, previously neglected. This has motivated
a number of proposed contributions from physics be-
yond the standard model [17]. Depending on New
Physics model, hierarchy of decay amplitudes could
be modified, as shown in Fig. 4. In addition, there
are new mechanisms within the standard model which
have been proposed to address the anomaly, such as
annihilation penguin [18] or electroweak penguin, or
QCD rescattering [19],

In order to distinguish the models, the BABAR ex-
periment extended the study of the B0 → φK∗0 de-

FIG. 3: Feynman diagram describing the B → ϕK∗ decay.
Due to the (V −A) nature of the weak interactions, helic-
ity conservation in the strong interactions, and quark-spin
suppression shown in the diagram, we expect the hierarchy
A0 # A+1 # A−1.

FIG. 4: Feynman diagram describing the B → ϕK∗ decay.
Scalar interaction may modify the hierarchy to A+1 #
A0 # A−1, while supersymmetric interaction with (V +A)
couplings could produce A0 # A−1 # A+1.

cays with the tensor (JP = 2+), vector (JP = 1−),
and scalar (JP = 0+) K∗0 [15]. The vector-tensor
results are in agreement with quark spin-flip suppres-
sion [10] and A0 amplitude dominance, whereas the
vector-vector mode contains substantial A+1 ampli-
tude, corresponding to anomalously large transverse
polarization.

We now investigate the polarization puzzle with a
full amplitude analysis of the B± → ϕK∗(892)± de-
cay. In this paper, we report twelve independent pa-
rameters for the three B+ and three B− decay am-
plitudes, six of which are presented for the first time.
Moreover, we use the dependence on the Kπ invari-
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purely leptonic B-decay can be used to constrain the
parameters of theories beyond the SM. Or, assuming
that SM processes dominate and using the value of
|Vub| determined from semileptonic B-decays, purely
leptonic decays provide a clean experimental method
of measuring fB precisely.

The branching fractions for B+ → µ+ν and B+ →
e+ν are suppressed by factors of ∼ 5 × 10−3 and
∼ 10−7 with respect to B+ → τ+ντ . The SM es-
timate of the branching fraction for B+ → τ+ντ ,
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B → φK∗ and ρK∗, indicate a significant departure
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annihilation penguin [18] or electroweak penguin, or
QCD rescattering [19],

In order to distinguish the models, the BABAR ex-
periment extended the study of the B0 → φK∗0 de-

FIG. 3: Feynman diagram describing the B → ϕK∗ decay.
Due to the (V −A) nature of the weak interactions, helic-
ity conservation in the strong interactions, and quark-spin
suppression shown in the diagram, we expect the hierarchy
A0 # A+1 # A−1.

FIG. 4: Feynman diagram describing the B → ϕK∗ decay.
Scalar interaction may modify the hierarchy to A+1 #
A0 # A−1, while supersymmetric interaction with (V +A)
couplings could produce A0 # A−1 # A+1.

cays with the tensor (JP = 2+), vector (JP = 1−),
and scalar (JP = 0+) K∗0 [15]. The vector-tensor
results are in agreement with quark spin-flip suppres-
sion [10] and A0 amplitude dominance, whereas the
vector-vector mode contains substantial A+1 ampli-
tude, corresponding to anomalously large transverse
polarization.

We now investigate the polarization puzzle with a
full amplitude analysis of the B± → ϕK∗(892)± de-
cay. In this paper, we report twelve independent pa-
rameters for the three B+ and three B− decay am-
plitudes, six of which are presented for the first time.
Moreover, we use the dependence on the Kπ invari-

fpcp07 111

?

— in the Quark sector (completion of the Standard Model in this sector)
— the Lepton (neutrino ) sector in active development (Nobel Prize 2015:  mass)ν ν
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H

Z (*)

g

Z

12

(a) qq̄ LO (b) qq̄ NLO QCD (c) gg LO box (d) gg LO triange

FIG. 4: ZH sample diagrams for leading order qq̄ and gg initial states, including higher order contributions.

B. O↵-shell simulation of the H boson in electroweak production and a second scalar resonance

Similar to the gluon fusion process, we extend our previous calculation of vector boson fusion qq ! qq + H(!
V V ! 4f) and associated production qq ! V +H(! V V ! 4f), and allow the full kinematic range for m4f . The
SM implementation in MCFM [8] includes the s- and t-channel H boson amplitudes, the continuum background
amplitudes, and their interference, as illustrated in Fig. 3. We supplement the necessary contributions for the most
general anomalous coupling structure. In particular, this a↵ects the H boson amplitudes but also the triple and
quartic gauge boson couplings. We also add amplitudes for the intermediate states ZZ/Z�⇤/�⇤�⇤ in place of ZZ
in both decay and production with the most general anomalous coupling structure, which are not present in the
original MCFM implementation. It is interesting to note that the o↵-shell VBF process qq ! qq+H(! 4f) includes
contributions of the qq̄ ! V H(! 4f) process for the case of hadronic decays of the V boson. As in the case of
gluon fusion, we also allow the study of a second H-like resonance X with mass mX , width �X , and the same set of
couplings and decay modes.

C. Higher-order contributions to VH production

We calculate the NLO QCD corrections to the associated H boson production process qq̄ ! V H where V = Z,W, �,
shown in Fig. 4. We use standard techniques and implement the results in JHUGen, relying on the COLLIER [101]
loop integral library. This improves the physics simulation of previous studies at LO and allows demonstrating the
robustness of previous matrix element method studies. We also calculate the loop-induced gluon fusion contribution
gg ! ZH, which is parameterically of next-to-next-to-leading order but receives an enhancement from the large
gluon flux, making it numerically relevant for studies at NLO precision. In contrast to the qq̄ ! V H process which
is sensitive to HV V couplings, the gg ! ZH process is additionally sensitive to the Yukawa-type Hqq̄ couplings. In
both cases we allow for the most general CP-even and CP-odd couplings. Strong destructive interference between
triangle and box amplitudes in the SM leads to interesting physics e↵ects that enhance sensitivity to anomalous Htt̄
couplings, as we demonstrate in Section VIII.

D. Multidimensional likelihoods and machine learning

We extend the multivariate maximum likelihood fitting framework to describe the data in an optimal way and
provide the multi-parameter results in both the EFT and the generic approaches. The main challenge in this analysis
is the fast growth of both the number of observable dimensions and the number of contributing components in the
likelihood description of a single process with the increasing number of parameters of interest. We present a practical
approach to accommodate both challenges, while keeping the approach generic enough for further extensions. This
approach relies on the MC simulation, reweighting tools, and optimal observables constructed from matrix element
calculations. We extend the matrix element approach by incorporating the machine learning procedure to account for
parton shower and detector e↵ects when these e↵ects become sizable. Some of these techniques are illustrated with
examples below.

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

Kinematic distributions of particles produced in association with the H boson or in its decay are sensitive to the
quantum numbers and anomalous couplings of the H boson. In the 1 ! 4 process of the H ! V V ! 4f decay,
six observables ⌦decay = {✓1, ✓2,�,m1,m2,m4f} fully characterize kinematics of the decay products, while two other
angles ⌦prod = {✓⇤,�1} orient the decay frame with respect to the production axis, as described in Ref. [1] and

g

g

H

~ 7000 GeV

exciting the vacuum (Higgs field φ)

e+

e−

μ+

μ−

mH = 125 GeV

mZ = 91 GeV

mZ* < 35 GeV
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The Higgs boson: 2012-2013 
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mH ∼ 125 GeV
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The Higgs boson eight years later…

coupling   ∝ mf

Quantum numbers?

Couples to matter-energy

  ∝ m2
V

2020!

 10−1 100 101 102

mass (GeV)

rates as ~ expected

expect   as vacuumJPC = 0++

Lifetime:
faster decay to new states?
to dark matter?…

New source of  violation?CP

Any hints of EFT effects ?…∼ ( v
M )

2 ~250 events
H → 4ℓ

H → μ+μ−

Mass:  quantum corrections

Higgs field(s) and potential?
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The Higgs boson eight years later…

Quantum numbers?

Couples to matter-energy
rates as ~ expected

expect   as vacuumJPC = 0++

Lifetime:
faster decay to new states?
to dark matter?…

New source of  violation?CP

Any hints of EFT effects ?…∼ ( v
M )

2

Mass:  quantum corrections

Higgs field(s) and potential?

+ψiyijψjφ +h.c.
-V(φ)

+|Dμφ|2
…

?

?

..φ1..φ2..

Higgs field 

Higgs potential  

Gauge boson iteraction   

Interaction 
with matter   

agrangian involving the Higgs field  ℒ
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Summary
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Use the Higgs boson as a new tool for discovery 

— may be our window to dark matter
— may relate to baryogenesis (CP) 

— interplay with inflation and dark energy: scalar fields in vacuum  
— Higgs field responsible for stability of the vacuum 

— may reach to new particles, interactions (EFT)  H

Active research program of Higgs physics 
— from discovery to detailed properties  
— Run-3 of LHC, to High-Luminosity LHC
— Higgs Factory on the horizon…
— synergy with table-top, dark-matter, low-energy experiments 

Crisis of Standard Models of Particles Physics & Cosmology   
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