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Theoretical Summary



My only experience with theory summary talks at the Higgs Hunting was the talk by Guido Altarelli  in 2013.  
I don’t remember what he said at all but I do remember that the talk was brilliant and inspiring.



When, on July 4th  2012, R.D. Hoyer cried to the world “I think we have it”,  we all thought we finally got the 
elusive  Higgs boson.  In fact what we really got  was the full Standard Model as the theory of Nature since, 
once the  Higgs boson mass is fixed, the predictive power of the Standard Model becomes absolute.  This is 
both a  blessing and a curse.  
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Just this summer,  the superb ability of the Standard Model to describe Nature was  again on full display, with BMW 
collaboration showing us the way  out of  the twenty-year-long muon g-2 crises,  and the CMS collaboration 
measuring the W-mass in  a spectacular agreement with predictions of  the precision electroweak  fit. 

A. Gilbert (LLR)24/09/24

The CMS W mass result
• Measured with uncertainty of 9.9 MeV 

- Comparable to CDF precision, but consistent with SM 

• This talk: summarise the key ingredients to reach 
this precision 

• For a more detailed talk, recommend the  
CERN seminar of last week
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Combine this with null results from direct searches  and with overall across-the-board agreement of many measured 
cross sections with theoretical predictions, and you  certainly get  a  feeling that the Standard Model may indeed be  
the only game in town.



Even if the SM seems to be right at the moment, there are still important issues that it cannot address, at least not in 
a straightforward way.  Several of them are related to the physics of  Higgs field.

• unification of interactions


• nature of EW symmetry breaking


• origin of quark/lepton families


• masses and Yukawa couplings


• matter anti-matter asymmetry 


• nature  of dark matter 


• connection to gravity
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On the one hand, it makes the Standard Model, 
augmented with general relativity,  the first example of 
a complete (and correct!) theory of all known  
fundamental forces that does not require any 
ultraviolet completion.

The Higgs boson is a crucial element of the SM, it would not work without it.  Our fascination with the Higgs boson is 
related to two nearly exclusive features that this particle brings to the table. 

On the other hand, the Higgs mechanism in the SM is 
embarrassingly simple and sort of ad hoc, but  it 
seems to be doing what we want it to do.  We  keep 
coming to  this conclusion  over and again.
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Core elements of the SM — the gauge principle and the idea of spontaneous symmetry breaking by the ground 
state of the theory  — allow us to describe all fundamental interactions that we know about in a uniform way. 

We may not be too happy about the fact that the renormalizability of the SM — a direct consequence of the Higgs 
mechanism —  ensures that there is no indication of an energy scale where the Standard Model gives way to 
something else.    But it is quite obvious that the SM is a fantastic intellectual achievement of the 20th-century 
physics.  

The second point — a single Higgs field being  a trigger of electroweak symmetry breaking — begs the question of 
the reason for the apparent simplicity especially  because  additional complexity would make the SM a “better 
theory”.



1) additional Higgs fields can provide new (largely needed)  sources of CP violation  and  make  the electroweak 
phase transition stronger, allowing to generate the observed matter-anti-matter asymmetry.  

2) if the Higgs boson is a composite particle its self-interaction potential would generically be described by the 
fourth-degree polynomial as in the SM.  However, in contrast to the SM where his polynomial is the whole story,  in 
composite models,   these will be the first view terms in the expansion of a much more complex effective potential 
that we have not seen yet.   This is what happens in the Landau  theory of phase transitions where the analog of 
the vacuum value of the Higgs field is a generic  “order parameter” which always has a microscopic origin.   

3) new particles with masses below a TeV make the Higgs mass, as measured at the LHC, much more natural.  
Supersymmetry is  an example of a theory that can do this elegantly but, so far, Nature is not cooperating. 

For example:
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8 2. Introduction to the Two-Higgs-Doublet Model

not introduce any new physics when changing from the SM to the 2HDM and their explicit
form is not needed later, these terms will be kept implicit in the Lagrangian. For reference,
their explicit form can be found e.g. in [5, 52].

The third term of Eq. (2.6) introduces the 2HDM-specific scalar Lagrangian LS, which con-
tains the kinetic terms of the two Higgs doublets and the scalar potential V2HDM. Given its
rich vacuum structure and particle content, the scalar potential will be investigated separately
from the scalar Lagrangian in Sec. 2.4. The full scalar Lagrangian, as well as the mechanism
of electroweak symmetry breaking within the 2HDM, is discussed in Sec. 2.5.

In analogy to the SM, the interaction between the extended scalar sector of the 2HDM and
the fermionic fields is described within the Yukawa Lagrangian LYuk. In contrast to the SM,
however, the Yukawa theory of the 2HDM potentially gives rise to flavor-changing neutral
currents at tree level. Since FCNCs serve as a strict constraint for any BSM theory, as
discussed in the previous section, the procedure of isolating and eliminating FCNCs from the
2HDM will be discussed in Sec. 2.6.

Lastly, the quantization of the electroweak Lagrangian requires the introduction of a gauge-
fixing term LGF in order to isolate unphysical degrees of freedom, as well as the corresponding
Faddeev-Popov Lagrangian LFP which removes these redundant degrees of freedom from the
theory. Both Lagrangians will be discussed in Sec. 2.7.

2.4. The Scalar 2HDM Potential

The most general 2HDM potential is constructed out of all possible combinations of SU(2)L
invariants ((�†

1�1), (�
†
2�1), (�

†
2�2), ...) of the two complex SU(2)L doublets �i (i = 1, 2)

such that the potential is still renormalizable. In the most general form, such a potential
contains 14 free parameters, is explicitly CP-violating and exhibits minima that can be CP-
conserving, CP-violating or charge-violating [33]. While a CP-violating 2HDM potential gives
rise to a possible explanation for baryogenesis [53], as it was mentioned in Sec. 2.1, the phe-
nomenological analysis of this thesis restricts itself to a CP-conserving 2HDM. Additionally, a
discrete Z2 symmetry of the form �1 ! ��1 is imposed on the potential to suppress FCNCs
in the tree-level Yukawa couplings [32], as discussed in further detail in Sec. 2.6. With these
restrictions in mind, one way of parametrizing a general CP-conserving 2HDM potential is
given by [33]
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(2.7)

The potential contains five real-valued, dimensionless parameters �i (i = 1, ..., 5) and three
real-valued mass parameters m11, m22 and m12, so that the full CP-conserving 2HDM poten-
tial has eight free real-valued parameters [33]. For convenience, the parameters �3, �4 and
�5 are often combined to a single parameter

�345 := �3 + �4 + �5 . (2.8)

Although a discrete Z2 symmetry was imposed on the 2HDM potential to avoid FCNCs,
Eq. (2.7) still contains a term that explicitly breaks this symmetry. If m12 is non-vanishing,
the potential is not invariant under the transformation �1 ! ��1. But since m12 has mass-
dimension, this form of symmetry breaking is only soft. Therefore, the parameter may be
kept in the potential as long as phenomenologically its e↵ect on FCNC is limited [54].
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See talk of Wrishik Nascar for the implicatiions of 
the extended Higgs sector for multi-Higgs 
production at the LHC



Hence, there were, and still are, good reasons to believe that 
the Higgs sector of the SM is just a placeholder for something 
much more fundamental,  that we still have to discover. 

At the same time, the SM with its Higgs sector provides 
complete and calculable example of a fundamental theory of 
Nature which gave many of us an opportunity to discuss 
physics of the SM Higgs in great detail,  before its discovery.3.4 Intermediate Mass, Heavy, and Obese Higgs Bosons 163

Figure 3.32 Cross sections for ^0 production at the SSC deriving from
reactions (3.95), (3.96), and (3.97) we given as a function of the Higgs
mass for two extreme valnes of the top quark mass, mt — 40 and m* =
200 GeV. From ref. 173.

Figure 3.33 Cross sections for Higgs production via gg and W fusion at
the LHC, SSC, and Eloisatron (in order of increasing i/s and cross section),
computed as described in ref. 174.



The discovery of the Higgs boson was followed by a period, during which our knowledge about this particle was 
consolidated.  As the result of this,  we seem to be coming to a conclusion that none of the more exciting things that 
we came to  expect from the Higgs sector are being realised in Nature, at least not in grand style. 

This  (somewhat premature) conclusion has a somewhat negative connotation, but this is a very important scientific 
result that particle physicists, as a community, managed to achieve.   The path towards this result was not particularly 
srtaightforward.
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Very broad overview!
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GLUON FUSION - INCLUSIVE CROSS SECTION

▸ LHC predictions demand effects beyond pure EFT 

▸ Mass corrections & EWK effects

~88.2%
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Precise prediction of the Higgs boson production cross section at the LHC is the  important success story of particle 
theory.  Without computed higher order corrections, we would be discussing n O(1) discrepancies between predictions 
and measurements, instead of celebrating their agreement at a few percent level.
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Next, let us analyze the uncertainties quoted in our cross-section prediction. We

present our result in eq. (8.1) with two uncertainties which we describe in the following. The

first uncertainty in eq. (8.1) is the theory uncertainty related to missing corrections in the

perturbative description of the cross-section. Just like for the central value, it is interesting

to look at the breakdown of how the di↵erent e↵ects build up the final number. Collecting

all the uncertainties described in previous sections, we find the following components:

�(scale) �(trunc) �(PDF-TH) �(EW) �(t, b, c) �(1/mt)

+0.10 pb

�1.15 pb
±0.18 pb ±0.56 pb ±0.49 pb ±0.40 pb ±0.49 pb

+0.21%
�2.37% ±0.37% ±1.16% ±1% ±0.83% ±1%

In the previous table, �(scale) and �(trunc) denote the scale and truncation uncertainties

on the rEFT cross-section, and �(PDF-TH) denotes the uncertainty on the cross-section

prediction due to our ignorance of N3LO parton densities, cf. Section 3. �(EW), �(t, b, c)

and �(1/mt) denote the uncertainties on the cross-section due to missing quark-mass e↵ects

at NNLO and mixed QCD-EW corrections. The first uncertainty in eq. (8.1) is then

obtained by adding linearly all these e↵ects. The parametric uncertainty due to the mass

values of the top, bottom and charm quarks is at the per mille level, and hence completely

negligible. We note that including into our prediction resummation e↵ects in the schemes

that we have studied in Section 4 would lead to a very small scale variation, which we

believe unrealistic and which we do not expect to capture the uncertainty due to missing

higher-order corrections at N4LO and beyond. Based on this observation, as well as on the

fact that the definition of the resummation scheme may su↵er from large ambiguities, we

prefer a prudent approach and we adopt to adhere to fixed-order perturbation theory as

an estimator of remaining theoretical uncertainty from QCD.

The second uncertainty in eq. (8.1) is the PDF+↵s uncertainty due to the determina-

tion of the parton distribution functions and the strong coupling constant, following the

PDF4LHC recommendation. When studying the correlations with other uncertainties in

Monte-Carlo simulations, it is often necessary to separate the PDF and ↵s uncertainties:

�(PDF) �(↵s)

±0.90 pb +1.27pb
�1.25pb

±1.86% +2.61%
�2.58%

Since the �(↵s) error is asymmetric, in the combination presented in eq. (8.1) we conser-

vatively add in quadrature the largest of the two errors to the PDF error.

As pointed out in Section 7, the PDF4LHC uncertainty estimate quoted above does

not cover the cross-section value as predicted by the ABM12 set of parton distribution func-

tions. For comparison we quote here the corresponding cross-section value and PDF+↵s

– 39 –

8. Recommendation for the LHC

In previous sections we have considered various e↵ects that contribute to the gluon-fusion

Higgs production cross-section at higher orders. In this section we combine all these e↵ects,

and as a result we are able to present the most precise prediction for the gluon-fusion cross-

section available to date. In particular (for the Setup 1 of Tab. 1) for a Higgs boson with

a mass mH = 125 GeV, the cross-section at the LHC with a center-of-mass energy of 13

TeV is

� = 48.58 pb+2.22 pb (+4.56%)

�3.27 pb (�6.72%)
(theory)± 1.56 pb (3.20%) (PDF+↵s) . (8.1)

Equation (8.1) is one of the main results of our work. In the following, we will analyze it

in some detail.

Let us start by commenting on the central value of the prediction (8.1). Since eq. (8.1)

is the combination of all the e↵ects considered in previous sections, it is interesting to see

how the final prediction is built up from the di↵erent contributions. The breakdown of the

di↵erent e↵ects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)

+20.84 pb (+42.9%) (NLO, rEFT)

� 2.05 pb (�4.2%) ((t, b, c), exact NLO)

+ 9.56 pb (+19.7%) (NNLO, rEFT)

+ 0.34 pb (+0.2%) (NNLO, 1/mt)

+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(8.2)

where we denote by rEFT the contributions in the large-mt limit, rescaled by the ratio

RLO of the exact LO cross-section by the cross-section in the EFT (see Section 5). All the

numbers in eq. (8.2) have been obtained by setting the renormalization and factorization

scales equal to mH/2 and using the same set of parton densities at all perturbative orders.

Specifically, the first line, (LO, rEFT), is the cross-section at LO taking into account only

the top quark. The second line, (NLO, rEFT) are the NLO corrections to the LO cross-

section in the rescaled EFT, and the third line, ((t, b, c), exact NLO), is the correction

that needs to be added to the first two lines in order to obtain the exact QCD cross-section

through NLO, including the full dependence on top, bottom and charm quark masses.

The fourth and fifth lines contain the NNLO QCD corrections to the NLO cross-section

in the rescaled EFT: (NNLO, rEFT) denotes the NNLO corrections in the EFT rescaled

by RLO, and (NNLO, 1/mt) contains subleading corrections in the top mass at NNLO

computed as an expansion in 1/mt. The sixth line, (EW, QCD-EW), contains the two-

loop electroweak corrections, computed exactly, and three-loop mixed QCD-electroweak

corrections, computed in an e↵ective theory approach. The last line, (N3LO, rEFT), is

the main addition of our work and contains the N3LO corrections to the NNLO rEFT

cross-section, rescaled by RLO. Resummation e↵ects, within the resummation frameworks

studied in Section 4, contribute at the per mille level for our choice of the central scale,

µ = mH/2, and are therefore neglected.
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As the result, we currently have a picture of the HIggs boson that is very consistent with the Standard Model. However, 
some elements in this picture are missing, for very practical reasons.  Indeed, it was known since long that the 
exploration of some of the Higgs boson properties at a hadron collider is extremely difficult…
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck’s constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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expectation value of the Higgs field. Figure 5 shows the results for two 
scenarios: one with the coupling to c quarks constrained by κc = κt in 
order to cope with the low sensitivity to this coupling; and the other 
with κc left as a free parameter in the fit. All measured coupling strength 
modifiers are found to be compatible with their standard model predic-
tion. When the coupling strength modifier κc is left unconstrained in 
the fit, an upper limit of κc < 5.7 (7.6) times the standard model predic-
tion is observed (expected) at 95% CL and the uncertainty in each of 
the other parameters increases because of the resulting weaker con-
straint on the total decay width. This improves the current observed 
(expected) limit of κc < 8.5 (12.4) at 95% CL from the individual measure-
ment of H cc→  decays41 despite the relaxed assumptions on other cou-
pling strength modifiers, through constraints coming from the 
parameterization of the total Higgs boson decay width that impacts 
all measurements.

The third class of models in the κ framework closely follows the previ-
ous one, but allows for the presence of non-standard model particles 
in the loop-induced processes. These processes are parameterized 
by the effective coupling strength modifiers κg, κγ and κZγ instead of 
propagating modifications of the standard model particle couplings 
through the loop calculations. It is also assumed that any potential 
effect beyond the standard model does not substantially affect the 
kinematic properties of the Higgs boson decay products. The fit results 
for the scenario in which invisible or undetected non-standard model 
Higgs boson decays are assumed not to contribute to the total Higgs 
decay width, that is, Binv. = Bu. = 0, are shown in Fig. 6 together with the 

results for the scenario allowing such decays. To avoid degenerate 
solutions, the latter constrains Bu. ≥ 0 and imposes the additional con-
straint κV ≤ 1 that naturally arises in various scenarios of physics beyond 
the standard model54,55. All measured coupling strength modifiers are 
compatible with their standard model predictions.

When allowing invisible or undetected non-standard model Higgs 
boson decays to contribute to the total Higgs boson decay width, the 
previously measured coupling strength modifiers do not change sig-
nificantly, and upper limits of Bu. < 0.12 (expected 0.21) and Binv. < 0.13 
(expected 0.08) are set at 95% CL on the corresponding branching 
fraction. The latter improves on the current best limit of Binv. < 0.145 
(expected 0.103) from direct ATLAS searches42.

In all tested scenarios, the statistical and the systematic uncer-
tainty contribute almost equally to the total uncertainty in most of 
the κ parameter measurements. The exceptions are the κµ, κZγ, κc and 
Bu. measurements, for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the inter-
nal structure of its couplings are studied in the framework of sim-
plified template cross-sections44,56–58. The framework partitions the 
phase space of standard model Higgs boson production processes 
into a set of regions defined by the specific kinematic properties of 
the Higgs boson and, where relevant, of the associated jets, W bosons, 
or Z bosons, as described in Methods. The regions are defined so as 
to provide experimental sensitivity to deviations from the standard 
model predictions, to avoid large theory uncertainties in these predic-
tions, and to minimize the model-dependence of their extrapolations 
to the experimentally accessible signal regions. Signal cross-sections 
measured in each of the introduced kinematic regions are compared 
with those predicted when assuming that the branching fractions 
and kinematic properties of the Higgs boson decay are described by 
the standard model.

The results of the simultaneous measurement in 36 kinematic regions 
are presented in Fig. 7. Compared to previous results with a smaller 
dataset22, a much larger number of regions are probed, particularly 
at high Higgs boson transverse momenta, where in many cases the 
sensitivity to new phenomena beyond the standard model is expected 
to be enhanced. All measurements are consistent with the standard 
model predictions.

Conclusion
In summary, the production and decay rates of the Higgs boson were 
measured using the dataset collected by the ATLAS experiment during 
Run 2 of the LHC from 2015 to 2018. The measurement results were 
found to be in excellent agreement with the predictions of the standard 
model. In different scenarios, the couplings to the three heaviest fer-
mions, the top quark, the b quark and the τ lepton, were measured with 
uncertainties ranging from about 7% to 12% and the couplings to the 
weak bosons (Z and W) were measured with uncertainties of about 5%.  
In addition, indications are emerging of the presence of very rare Higgs 
boson decays into second-generation fermions and into a Z boson 
and a photon. Finally, a comprehensive study of Higgs boson produc-
tion kinematics was performed and the results were also found to be 
compatible with standard model predictions. In the ten years since its 
discovery, the Higgs boson has undergone many experimental tests 
that have demonstrated that, so far, its nature is remarkably consistent 
with the predictions of the standard model. However, some of its key 
properties—such as the coupling of the Higgs boson to itself—remain 
to be measured. In addition, some of its rare decay modes have not yet 
been observed and there is ample room for new phenomena beyond the 
standard model to be discovered. Substantial progress on these fronts 
is expected in the future, given that detector upgrades are planned 
for the coming years, that systematic uncertainties are expected to 
be reduced considerably59, and that the size of the LHC’s dataset is 
projected to increase by a factor of 20.
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particle type with effective photon, Zγ and gluon couplings. The horizontal 
bars on each point denote the 68% confidence interval. The scenario in which 
Binv. = Bu. = 0 is assumed is shown as solid lines with circle markers. The p value 
for compatibility with the standard model (SM) prediction is 61% in this case. 
The scenario in which Binv. and Bu. are allowed to contribute to the total Higgs 
boson decay width while assuming that κV ≤ 1 and Bu. ≥ 0 is shown as dashed lines 
with square markers. The lower panel shows the 95% CL upper limits on Binv. and Bu.. 
Data are from ATLAS Run 2.
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These expectations  turned out to be  too pessimistic  and as of now 


the bottom Yukawa coupling is measured to about 20 percent;


the Higgs boson width is measure to about 70 percent;


there are plenty of ideas on how to constrain  the  charm Yukawa coupling, so that we will  certainly see this happening 
at the HL-LHC;


and there will be significant improvements in what is known about Higgs trilinear coupling by the end of HL-LHC. 

Before the start of the LHC, the general perception was that  


• the measurement of the Higgs coupling to  bottom and  charm quarks are  either very difficult or plain impossible;


•  the measurement of the Higgs self-coupling  will only give us an and order of magnitude estimates


•  the measurement of the Higgs decay width with a precision that is better than a factor O(200)  cannot happen at the 
LHC. 



The key behind this progress was, amusingly,  Quantum Mechanics.  Quantum Information at High Energies
45

Initially measured near threshold where it is easier! 
CMS went beyond  with:


- At production threshold in  eventstt̄ → bℓνbℓν

Very important elements (space-like) to go beyond entanglement 
towards the violation of Bell Inequalities! (With higher sensitivity)
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At the threshold,  top quarks in a color-singlet 
channel will have the  zero-spin wave function 
which means that spins of top and anti-top are 
fully correlated. 

Recently the correctness  of Quantum Mechanics was confirmed in top quark pair production by the LHC 
collaborations, so we are going to use it with confidence. 



A key feature of Quantum Mechnics is the interference of probability amplitudes.  If an interesting final state can be 
reached from the initial state in two different ways, there must be an interference of quantum amplitudes.  If the 
two amplitudes have drastically different magnitude, then the interferences is significantly larger than the square of 
the small amplitude. 
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Some ideas about measuring the charm Yukawa, and  the Higgs width 
are based on the observation  that the interference with a large quantum 
amplitude  can lift up a tiny signal that otherwise would be impossible to 
observe. 

Baron Münchhausen pulls himself and the horse he sits 
on from the swap by the hair.
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FIG. 1: Sample Feynman diagrams contributing to the interference of gg → H → γγ with the

continuum background. Only one diagram is shown at each loop order, for each amplitude. The

blob contains W and t loops, and small contributions from lighter charged fermions.

level. A potential worry, addressed in this letter, is the interference between the resonant

Higgs amplitude gg → H → γγ, and the continuum gg → γγ scattering process induced

by light quark loops. Higgs resonance-continuum interference has been studied previously

in gg → H → tt̄ at a hadron collider [15], and in γγ → H → W+W− and ZZ at a

photon collider [16]. These studies assumed that the Higgs boson is heavy enough to have a

GeV-scale width. In the case of a light (mH < 2min(mW , mt)), narrow-width Higgs boson,

the interference in gg → H → γγ was considered [8], but the dominant contribution in

the SM was not identified. Resonance-continuum interference effects are usually tiny for a

narrow resonance, and for mH < 150 GeV the width ΓH is less than 17 MeV. However, the

gg → H → γγ resonance is also rather weak. As shown in fig. 1, it consists of a one-loop

production amplitude followed by a one-loop decay amplitude. Thus a one-loop (or even

two-loop) continuum amplitude can partially compete with it.

In the SM, the production amplitude gg → H is dominated by a top quark in the loop.

The decay H → γγ is dominated by the W boson, with some t quark contribution as well.

For mH < 160 GeV, the Higgs is below the tt̄ and WW thresholds, so the resonant amplitude

is mainly real, apart from the relativistic Breit-Wigner factor. The full gg → γγ amplitude

is a sum of resonance and continuum terms,

Agg→γγ =
−Agg→HAH→γγ

ŝ − m2
H + imHΓH

+ Acont , (1)

where ŝ is the gluon-gluon invariant mass. The interference term in the partonic cross section

3

The estimate is way too naive. It turns out that all relevant one-loop amplitudes are real  (equal helicity photons can 
not annihilate to massless fermions) and, for this reason, the interference does not occur at one-loop.  At two-loops 
the interference is present, but it  only affects Higgs production cross-section at a few percent level.
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Dixon and Siu

A well-known example of the interference arises in the main discovery channel:  Higgs production in gluon fusion 
followed by the Higgs decay to two photons. In this case, the amplitude is two-loop and the signal is one-loop, 
therefore the signal-background interference might be enhanced by a loop factor! 

g

g

t, b
H

γ

γ

W, t
b, c, τ · · ·

b, c, . . . u, c, d, s, b · · ·

∗

FIG. 1: Sample Feynman diagrams contributing to the interference of gg → H → γγ with the

continuum background. Only one diagram is shown at each loop order, for each amplitude. The

blob contains W and t loops, and small contributions from lighter charged fermions.
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photon collider [16]. These studies assumed that the Higgs boson is heavy enough to have a

GeV-scale width. In the case of a light (mH < 2min(mW , mt)), narrow-width Higgs boson,

the interference in gg → H → γγ was considered [8], but the dominant contribution in

the SM was not identified. Resonance-continuum interference effects are usually tiny for a

narrow resonance, and for mH < 150 GeV the width ΓH is less than 17 MeV. However, the

gg → H → γγ resonance is also rather weak. As shown in fig. 1, it consists of a one-loop

production amplitude followed by a one-loop decay amplitude. Thus a one-loop (or even

two-loop) continuum amplitude can partially compete with it.

In the SM, the production amplitude gg → H is dominated by a top quark in the loop.

The decay H → γγ is dominated by the W boson, with some t quark contribution as well.

For mH < 160 GeV, the Higgs is below the tt̄ and WW thresholds, so the resonant amplitude

is mainly real, apart from the relativistic Breit-Wigner factor. The full gg → γγ amplitude

is a sum of resonance and continuum terms,

Agg→γγ =
−Agg→HAH→γγ

ŝ − m2
H + imHΓH
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where ŝ is the gluon-gluon invariant mass. The interference term in the partonic cross section
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See the  talk byFederico Bunccioni about the role of the interference in Higgs decays to  Z-gamma.



First Precision Measurement at the LHC!

• Measurement done exclusively in the 
diphoton and 4-leptons channel.


• Systematics dominated by experimental 
uncertainties.


• Reached at Run 1 a precision of 0.2%.

• Precision reached 0.09% (below permil!)

Higgs boson mass measurement

Similar precision by CMSPrecision foreseen at HL-LHC 10-20 MeV
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FIG. 4: The shift in the diphoton invariant
mass distribution due to interference with the
continuum background, using the measure of
eqs. (17)-(19), for various assumed values of the
mass resolution Gaussian width σMR.

positive (negative) tail at lower (higher) Mγγ . This is shown in Figure 4, where ∆Mγγ is given

as a function of δ, for various values of the Gaussian mass resolution σMR. Because a Gaussian

mass resolution is assumed here for simplicity, one finds 〈Mγγ〉δ, no interference = MH to very

high precision, but 〈Mγγ〉δ, total is increasingly smaller as δ is increased. If one takes a value like

δ = 4 GeV as indicative, since this is large enough to include most of the signal events, then from

Figure 4 the shift is about −185 MeV, with not much sensitivity to the assumed mass resolution.

However, even a moderately larger value of δ = 5 GeV would increase the typical shift to about

−240 MeV.

The results so far are based on total cross-sections, but experimental cuts and efficiencies favor

scattering into the central regions of the detectors. In the CM frame, the non-interference part of

the signal is isotropic, but the interference is peaked at large |z| = | cos θCM|, as can be seen from

eqs. (8), (9), (12), (14) and graphed in the left panel of Figure 5. The way this angular distribution

would translate into the effects of a cut on η = − ln[tan(θlab/2)] is shown in the right panel of

Figure 5. Here I show the ratio of acceptances R = (σint
cut/σ

int
total)/(σ

H
cut/σ

H
total) as a function of ηmax,

where “int” refers to the Higgs-continuum interference part from eq. (12) and “H” to the Higgs

contribution without interference from eq. (11), and “cut” means |η| < ηmax for both photons, while

“total” means no cut on η. A simple cut on η does not translate into experimental reality, as the

ATLAS Higgs analysis is sensitive to |η| < 2.37 except for 1.37 < |η| < 1.52, and CMS to |η| < 2.5

except for 1.44 < |η| < 1.57, but with efficiencies that vary over those ranges. Both experiments

also have cuts on the photon pT ’s, but the effect of this cannot be treated well by the present

leading-order analysis. Furthermore, higher order corrections that have been neglected here could

enhance or suppress the interference part relative to the non-interference part. To illustrate the

possible effects of these considerations, Figure 6 depicts the impact on the shift ∆Mγγ of a relative

suppression of the interference part of the cross-section by a factor of r. This shows that the effect

of such a suppression is to decrease the shift in the Mγγ peak by approximately the same factor r.

For r = 0.8, the shift ∆Mγγ found for δ = 4 GeV would be reduced to about 150 MeV, although

larger values are possible if the signal-background fitting procedure effectively corresponds to larger

δ.

Dixon and Siu

Although not very important for the total cross section, this interference introduces a process-dependent shift  in the 
measured value of the Higgs boson mass. The shift is bigger in the di-photon channel than in the four-lepton one.
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Requiring that the signal cross section remains what it is, one can relate the mass shift to the width of the Higgs boson. 

<latexit sha1_base64="2RAs1K25eH8e/jPNx4LaID/Hj48="></latexit>

�mH ⇠ 100 MeV ⇥

s
�H

�SM
H

<latexit sha1_base64="5Q4XxU33F1D51QYWK13IMN0dXNk=">AAAB9XicbVDLTgIxFO3gC/GFmrhx00hMXJEZIwzsEDe6gyiPBEbSKQUaOp1J29GQCf/hxoXGuDP+hF/gzo3fYhkI8XWSm5ycc2/uvccNGJXKND+MxMLi0vJKcjW1tr6xuZXe3qlLPxSY1LDPfNF0kSSMclJTVDHSDARBnstIwx2eTfzGDRGS+vxKjQLieKjPaY9ipLR0fQHbknrwtFPWddlJZ8ysGQP+JdaMZEp71U/6Un6rdNLv7a6PQ49whRmSsmWZgXIiJBTFjIxT7VCSAOEh6pOWphx5RDpRfPUYHmqlC3u+0MUVjNXvExHypBx5ru70kBrI395E/M9rhapXcCLKg1ARjqeLeiGDyoeTCGCXCoIVG2mCsKD6VogHSCCsdFCpOIRi3rYL9vxlHUKxkMtZJ3Olfpy18tlcVadRBlMkwT44AEfAAjYogXNQATWAgQB34AE8GrfGvfFkPE9bE8ZsZhf8gPH6BXNilRo=</latexit>

I ⇠ ABAS

<latexit sha1_base64="b0TAk+QircdiRmUI6C9GrZAweGU=">AAACAnicbVDLSgMxFM3UV62vqiCIm2ARXJUZsZ12V+rGZQv2Ae1QMmnahiaZIckIZShu/BU3goq4dekXuHPjt5g+KL4OXDiccy/33uOHjCpt2x9WYml5ZXUtuZ7a2Nza3knv7tVVEElMajhggWz6SBFGBalpqhlphpIg7jPS8IcXE79xTaSigbjSo5B4HPUF7VGMtJE66cO2on2OOjY0hMO4LTnEgVB63Eln7Kw9BfxLnDnJlA6qn/Sh/FbppN/b3QBHnAiNGVKq5dih9mIkNcWMjFPtSJEQ4SHqk5ahAnGivHj6whieGKULe4E0JTScqt8nYsSVGnHfdHKkB+q3NxH/81qR7hW8mIow0kTg2aJexKAO4CQP2KWSYM1GhiAsqbkV4gGSCGuTWmoaQjHvugV38bIJoVjI5ZzzhVI/yzr5bK5q0iiDGZLgCByDU+AAF5TAJaiAGsDgBtyBR/Bk3Vr31rP1MmtNWPOZffAD1usXvvea8Q==</latexit>

�0 ⇠ const <latexit sha1_base64="jqmC8WlUa1yE+htgoslIXOlMM1Y=">AAAB83icbVDLSsNAFJ3UV42vqks3g0VwVRKxTbsQi25cVrEPaEKZTKft0MkkzEyUEvobblwo6tbvcO9G/BunaSm+Dlw4nHMv997jR4xKZVmfRmZhcWl5Jbtqrq1vbG7ltncaMowFJnUcslC0fCQJo5zUFVWMtCJBUOAz0vSH5xO/eUOEpCG/VqOIeAHqc9qjGCktue4V7Q8UEiK8hZ1c3ipYKeBfYs9I/vTNPImeP8xaJ/fudkMcB4QrzJCUbduKlJcgoShmZGy6sSQRwkPUJ21NOQqI9JL05jE80EoX9kKhiyuYqt8nEhRIOQp83RkgNZC/vYn4n9eOVa/sJZRHsSIcTxf1YgZVCCcBwC4VBCs20gRhQfWtEA+QQFjpmMw0hErJccrO/GUdQqVcLNrHc6VxVLBLheKlla+egSmyYA/sg0NgAwdUwQWogTrAIAJ34AE8GrFxbzwZL9PWjDGb2QU/YLx+AW4RlSg=</latexit>)

Taking the current mass differences in diphoton and four-lepton channels at the face value, we estimate 
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The measurement of the Higgs width uses off-shell production and interference — Quantum Mechanics  at its  best!
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There are estimates that the HL-LHC should  be able to extract  the 
Higgs width with O(25) percent precision!
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�H = 4± 1 MeV [HL-LHC goal]
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Figure 3: Top-quark-only contributions to the ZZ invari-
ant mass distribution in pp collisions. The absolute value
of the two-loop virtual correction is shown separately in the
qT , Catani-Seymour (CS), and Catani (C) schemes. The
dashed curve represents an approximate NLO result obtained
by rescaling the massive Born amplitude with the massless
K-factor.

mainders in the Catani scheme were previously shown to
be more sensitive to kinematic expansions of the two-loop
expressions than in the qT scheme [31], and may thus
be interpreted as representing more directly the genuine
two-loop e↵ects. Choosing a scheme for which the virtual
contributions are numerically small can be of practical
importance in situations where their exact evaluation is
possible but computationally expensive, since one can re-
duce the number of phase-space points for the numerical
integration in this way. Nevertheless, in the present work,
we were able to obtain su�cient statistics that the virtual
could be reliably obtained in each subtraction scheme, as
shown.

We also compare our results to an approximation,
NLOAh

approx
similar to [19], obtained using exact ingredi-

ents except for the massive two-loop virtual amplitudes.
In this approximation, the massive two-loop virtual am-
plitude is replaced by the top-quark only Born amplitude
rescaled by the ratio 1

2
V

(2)/V
(1) computed using only the

massless quark amplitudes. This rescaling is performed
fully di↵erentially at the level of individual phase-space
points. We find that the approximation describes the
exact results well in most of the phase-space for the un-
polarized distributions, particularly in the high energy
region.

In figure 4, we show the invariant mass distribution
for ZZ production in the gluon channel for the LHC
with

p
s = 13.6 TeV, taking into account all massless

and massive contributions, including those mediated by
a Higgs boson. As above, the shaded bands indicate the
scale uncertainty. We find that the complete NLO correc-
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Figure 4: Diboson invariant mass distribution for gluon-
initiated ZZ production at the LHC. The Solid curves repre-
sent the LO and NLO results with complete massless and mas-
sive contributions, including Higgs-mediated diagrams. The
dashed curve represents an approximate NLO result obtained
as described in the text.

tions are large, ranging from 1.8 near the ZZ production
threshold and dropping to around 1.4 at 1 TeV invariant
mass.

For the dashed curve, NLOapprox, we again employ the
approximation in which the two-loop massive virtual am-
plitude is replaced by the rescaled top-quark only Born
amplitude, as described above. At low invariant mass,
the cross-section is dominated by diagrams containing
loops of massless quarks and, to a lesser extent, their in-
terference with the Higgs-mediated contribution, both of
which are included exactly in the approximation. Con-
versely, at high invariant mass, where the massive con-
tribution is more important, the massive amplitudes are
approximated well. As a result, we observe that the ap-
proximation works well across the entire invariant mass
range for the full unpolarized NLO correction.

For the full NLO cross-section in the gluon channel at
p

s = 13.6 TeV with exact dependence on the top-quark
mass, we obtain

�LO = 1316+23.0%
�18.0% fb , (16)

�NLO = 2275(12)+14.0%
�12.0% fb . (17)

Here, the number in parenthesis indicates the statistical
Monte-Carlo error, while the percentages specify the un-
certainty stemming from simultaneous variation of the
renormalization and factorization scales by a factor of
2. The complete NLO corrections to the gluon channel
are large, increasing the contribution by a factor of 1.7
compared to the leading order and beyond the naive scale
uncertainty estimate. The corrections approximately half
the scale uncertainty. The impact of including the direct

Agarwal, Jones, Kerner, von Manteuffel (2024)

To reach O(25)  percent precision on the extracted width,   significant theoretical progress is required.  Just to for the 
calibration — note that the NLO (top quark loop) background computation was  completed only recently because 
(two and more) massive loops is a problem.  However, one will have to go one order higher (N3LO) and include 
electroweak effects.  This is a hard problem but it is well defined, and it  isn’t a science fiction on the scale of a few 
years.
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Another famous interference example is the story of the charm Yukawa measurement.  It started as an  interference of 
two ways to produce a J/psi and a photon in Higgs decays but evolved towards different ways to produce a Higgs in 
collisions of gluons.
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Bodwin, Stoynev, Petriello, Velasco

Table 6: Observed and expected allowed ranges at 95% CL of modifications of the 1- and 2-quark Yukawa couplings
to the Higgs boson, ^1 and ^2 . The limits on a given ^ parameter are computed while fixing the other one to its
SM value (^ = 1). The table shows the confidence intervals for ^1 and ^2 using shape-only and using shape and
normalisation variations of the SM expectation.

Fit set-up ^ Observed 95% CL Expected 95% CL

Shape-only
^2 [�12.6, 18.3] [�10.1, 17.3]
^1 [�3.5, 10.3] [�2.5, 8.1]

Shape+normalisation (with
branching ratio variations)

^2 [�2.5, 2.3] [�3.0, 3.1]
^1 [�1.1,�0.8] [ [0.8, 1.1] [�1.2,�0.9] [ [0.8, 1.2]

(a) (b)

Figure 16: The observed fiducial di�erential cross-section times branching ratio for ?WWT compared with the predictions
for di�erent values of (a) ^1 and (b) ^2 corresponding to the upper (in green) and lower (in orange) limits at 95% CL
for the shape-only fitting strategy. The SM prediction is shown as a blue line with the theoretical uncertainties of the
SM prediction as a filled area. The bottom panels show the ratios of the data and the di�erent predictions to the SM
prediction.
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c 2 [�8, 11]                         assuming a 5 percent (1 sigma)  
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c 2 [�19, 24] @95CL

More details about this and other rare decays are  in the talk 
by David d’Enterria



Interestingly, measuring the Higgs width to 25 percent at the LHC can also help to constrain the charm Higgs 
Yukawa coupling.  
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�c = 3 ⇥ 10�2�SM 2
c

With the current constraint on the width, one gets a similar constraint on the charm Yukawa coupling that 
what is expected to be achieved  at the HL-LHC                   . 

If the HL width measurement constraint is reached,  the limit on charm Yukawa becomes even stronger          
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An important question about the symmetry breaking caused by the Higgs field is whether its self-interaction is as 
predicted by the Standard Model (which we said looks very simplistic).  At the LHC this question can be studied in the 
process where two Higgs bosons are produced.  

These two amplitudes interfere destructively, so that they exactly cancel 
at the threshold, in the infinite top quark limit. As the result, limits on Higgs 
tri-linear coupling are asymmetric; it  easier to exclude negative ones.
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Partial combination in ATLAS

Expected

Observed
ATLAS

HH Production and Higgs Self coupling

−1.24 < κλ < 6.49CMS
Expected interval similar

Partial combination in CMS

and isolate the dependence on m2
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where ellipses indicate h-independent terms. Since Tr[T aT b] = �abTR and
TR = 1/2, we find
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This interaction can be described with the point-like interaction in the La-
grangian

L =
↵s
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G
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✓
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v

◆
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It is relatively straightforward to compute radiative corrections to H ! gg
amplitude in the approximation mt � mh. If this is done, the result increases
by almost 60 percent, calling for calculations even in higher orders. An NNLO
contribution further increases the Higgs boson production cross section by
about 20 percent and N3LO contirbiution – by about 4 percent. To claim the
percent precision one needs to account for various e↵ects that go beyond the
point-like approximation, i.e. account for m2

h
/m

2

t
e↵ects, electroweak correc-

tions, contributions of lighter quarks, determine parton distribution functions,
etc. Many of these calculations were completed in recent years; so that the
theoretical predictions for gg ! H have an uncertainty of just a few percent.
The measurement of Higgs production at the LHC, where Higgs boson is
observed from the decay H ! Xf then gives

�H ⇠ �gg!H
�f
�
. (8.9)

Note that the Higgs boson production in gluon fusion is well described by
the point-like interaction between Higgs and gluons. From our calculation we
know that the top quark was in the loop but how can we make sure that it
indeed is the case?

55

<latexit sha1_base64="edmsDzxgIuLf9k6meqsL3kssAH8="></latexit>

�3i
m2

H

v
�

<latexit sha1_base64="pTfeXFlI96mZOpwdDJZtXvX7wVo="></latexit>

Mgg!H = M(0)
gg!H

✓
1 + �c1

3m2
H

(4⇡)2v

◆
⇡ M(0)

gg!H

�
1 + 5�c1 ⇥ 10�3

�

Talk by Ramona Groeber

   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 21

                                                                                          New POWHEG implementation
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[Bagnaschi, Degrassi, RG ’23]
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virtuals with expansion technique analytically

reals with MadLoop [Hirschi et al.  ’11]

New flexible Madgraph 
implementation



At the  HL-LHC the Higgs self-coupling will be measured to about 50 percent and many other couplings to a few 
percent.  Or, much more dramatic things can happen — see talk by Yevgeny Kats. 
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TH Uncertainties dominant 
(assumed to be 1/2 of Run 2)

Ultimate DetectorsTowards a Measurement of the Higgs Self Coupling
At HL-LHC

0.5 < � < 1.5
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Current estimates yield an observation of an HH signal at 4σ

50% level constraints on the Higgs boson self coupling!

Already impressive!
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Where do we stand in the exclusion of the 
secondary minimum in the likelihood? 

Single channel and experiment


Outstanding 
goal of Run 3 
to improve on 
this and reach 
possible 
intermediate 
milesone1


Extrapolation based on partial Run 2, already significantly!


Naive comb. ATLAS-CMS sensitivity with Run 3 close 2.5  
with improvements (and as much data as possible) aim at 3  

σ
σ

Is it possible to have models where Higgs 
self-coupling is very different from the SM 
but all other couplings are close to it? What should one do with this precision? 



.  

At future lepton colliders collecting 5 ab�1 at 3TeV or 10 ab�1 at 10TeV, the

reach of single production estimated in the same way is comparable to that of the

HL-LHC in the range of parameters shown in Figure 3. On the other hand, pair

production can be expected to probe masses close to half of the centre-of-mass energy.

�h3/�V V ratio

In summary, we have considered a model that is custodially symmetric up to small

corrections, renormalisable, and generates only O6 at tree level and dimension-6. It

thus evades constraints on the bT parameter. Single-Higgs couplings are moreover

only modified at one-loop and dimension-6, or at tree-level and dimension-8. The

model also provides an opportunity to examine the �h3/�V V ratio quantitatively, since

both corrections are calculable. Putting aside vacuum stability considerations and

including the sole �̂H3 quartic potential term, we find
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which is remarkably similar to the estimate of eq. (2.6). The structure of this explicit

model is indeed such that it respects the power counting introduced in section 2.

The coupling of the quadruplet to the Higgs is a scalar quartic interaction, thus of

coupling dimension 2, which is invariant under the � ! ��, (�, e�) ! �(�, e�) parity
transformation. Thus, after integrating out the heavy quadruplet, the coupling can

only enter in the low energy EFT as  = �
2, which has coupling dimension 4. On the

one hand, this model demonstrates that UV completions with this power counting

can exist and that we should thus be cautious about applying theory priors related

to specific models in weighing the importance of future Higgs physics measurements.

On the other hand, the custodial quadruplet model seems to be the only working

example at tree-level and is thus relatively unique.

The introduction of an additional |�̂|2|H|2 quartic potential term to ensure vac-

uum stability extends the power counting discussed in section 2. In particular, it

allows for the presence of a |H|8 operator at tree level in the EFT. The perturbativ-

ity of such |H|8 contribution needed for vacuum stability at small field values is less

constraining than that of multi-boson scattering. For perturbativity up to scales of

the order of 6TeV, the latter allows self-coupling modifications of order |�h3 | ⇡ 5.

Although our study of the �h3/�V V ratio does not include the potential terms required

for vacuum stability, one would expect that �V V constraints would be dominant in

determining the range of allowed self-couplings. Values of about �h3 ⇡ �400% should

still be consistent with HL-LHC prospects on �V V , but an EFT treatment including

only operators of lowest dimension starts breaking down in this regime. At foresee-

able future colliders, direct searches would push the quadruplet mass into the TeV

region and self-coupling measurements would still probe untouched parameter space.
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Figure 3. Parameter space of the custodial quadruplet model. Top left: Single-Higgs

coupling and self-coupling deviations. In the grey region, vacuum stability requires sizeable

contributions from potential terms not included in our analysis. They would a↵ect both

�h3 and �V V coupling modifications by order-one factors, although their ratio may be

relatively stable. Top right: Regions probed, at the two-sigma level, by di↵erent types of

future measurements at the LHC and FCC. Some prospects are only qualitatively estimated

rather than robustly established. Bottom left: Same, but assuming a 3TeV lepton collider

as future project. Bottom right: Same, but assuming a 10TeV muon collider as future

project.

would remain true until the end of the HL-LHC programme. ATLAS obtains similar

constraints in the fully leptonic WZ channel by training an artificial neural network

on eight variables including mjj,��jj, ⌘V , HT , E
miss

T
to define signal and background

regions before performing a likelihood fit on mWZ [70, 71]. A simple estimate for

the sensitivity at FCC-hh can be obtained by using, as background, the SM vector-

boson-fusion production ofWZ pairs formWZ above the probed charged scalar mass,

assuming an overall e�ciency factor of 1% (including leptonic branching ratios) for

both signal and background. Such a procedure reproduces the actual LHC sensitivity

and, for the FCC-hh, indicates that the reach of single production is similar to that

of pair production, in the region not already probed by Higgs coupling measurements

at FCC-ee.
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Durieux, McCullough, Salvioni

It is possible to have extensions of the SM where BSM effects in the Higgs trilinear couplings are much larger than in the 
other ones.  Hence, even if couplings of H to vector bosons etc. are strongly constrained,  it is still worth investigating if 
Higgs trilinear coupling is properly described by the SM. 

Custodial quadruplet model
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Lectures by Marumi Kado at Maria Laach Summer School, 2024.

What is the right framework to extract maximal informations from the planned studies of the HIggs boson?  



A common answer these days is to use effective field theory parametrization  of the BSM physics.  


The central idea of EFTs is that unknown physics at high energy scales is parametrized by an infinite number of local 
operators in the low-energy Lagrangian; the only requirement that we impose on this Lagrangian is that it is invariant 
under symmetries of our choosing (e.g. the SM gauge group). 

EFTs give up on the renormalizability of the SM.  This is a direct consequence of saying that the SM is incomplete 
theory, there is nothing modern or not-so-modern in this step.  I suppose that at the end of the day the fundamental 
theory that we are after has to be either finite or renormalizable or it cannot be reconstructed. 
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Talks by Tevong You and John Gargalionis

Interest in EFTs stems from the fact that  current and even future LHC precision in Higgs physics allows us to probe 
“reasonable” deviations from the SM using this framework.. 

For an on-shell perspective on EFTs, see a talk by Lance Dixon
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Precision measurements can be used to constrain possible BSM contributions and the scale of New  Physics. To see how 
this works let us add one operator to the Standard Model (not motivated but easy to understand what is going on.)

However, we can add another operator and it will also modify the HZZ 
interaction strength.  

The two operators can be disentangled by considering Higgs boson decay to ZZ and the associated production. The 
art of EFT studies is to find ways to  do this for as many operators as possible in a consistent way.
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The scattering amplitudes of the processes giving rise to Higgs boson 
pair production through ggH (Fig. 1k,l) are similar in magnitude, but 
have opposite signs and interfere destructively. This makes the overall 
Higgs boson pair production rate small, rendering its experimental 
observation challenging. The SM Higgs boson pair production 
cross-section is calculated for mH = 125 GeV to be 32.76 fb−6.83

+1.95   
(refs. 54–56), three orders of magnitude smaller than the single Higgs 
boson cross-section.

The search for Higgs boson pair production is performed by 
combining Higgs boson candidates reconstructed from different 
final states57–62. All final states analysed are defined to be mutually 
exclusive so that they could be combined as statistically independent  
observations.

Measurement of the properties of the Higgs boson
At the time of the Higgs boson discovery2,3, the combination of CMS 
data gave an observed (obs.) statistical significance of 5.0 standard 
deviation (s.d.) with an expected (exp.) significance of 5.8 s.d. Indi-
vidually, the most sensitive channels, H → γγ and H → ZZ → 4ℓ, yielded 
4.1 s.d. obs. (2.8 s.d exp.) and 3.2 s.d. obs. (3.8 s.d. exp.), respectively.

Using all the Run 1 data, it was possible to observe separately the 
bosonic decay channels with significances of 6.5 s.d for H → ZZ → 4ℓ, 
5.6 s.d. for H → γγ, 4.7 s.d. for H → WW and 3.8 s.d. for the fermionic 
decay channel H → ττ (ref. 35). Earlier, the first results of the Higgs boson 
decay into fermions were presented in ref. 63, reaching a significance 
of 3.8 s.d by combining the H → ττ and H → bb decay modes. The mass 
was measured to a precision of about 0.2% (ref. 35). Using the angular 
distributions of the leptons in the bosonic decay channels, the spin ( J) 

and parity (P, a parity transformation that effectively turns a phenom-
enon into its mirror image) were also found to be compatible with the 
SM prediction ( JP = 0+) with a large number of alternative spin–parity 
hypotheses ruled out at the >99.9% confidence level (CL)64,65. The total 
cross-section, combining all of the different decay channels, was meas-
ured to be in agreement with the SM, with an uncertainty of 14% (ref. 35). 
Each of the VBF, VH and ttH production modes was measured at a level 
of 3 s.d. (ref. 35).

With the Run 2 data, CMS has observed the Higgs boson decaying 
into a pair of τ leptons with a significance of 5.9 s.d. (ref. 66), a pair of 
bottom quarks with a significance of 5.6 s.d. (ref. 48) and the ttH pro-
duction mode at 5.2 s.d. (ref. 67). The Higgs boson has also been seen 
in its decays into muons with a significance of 3 s.d. (ref. 52). The mass 
of the Higgs boson has been measured to be 125.38 ± 0.14 GeV using 
the decay channels H → γγ and ℓH → ZZ → 4  (ref. 41). The natural width 
of the Higgs boson has been extracted and is found to be Γ = 3.2 MeVH −1.7

+2.4  
by using off-mass-shell and on-mass-shell Higgs boson production68. 
On-mass-shell refers to a particle with its physical mass, and off-mass- 
shell refers to a virtual particle.

The µ framework for signal strengths
The agreement between the observed signal yields and the SM expec-
tations can be quantified by fitting the data with a model that introduces 
signal-strength parameters. These are generically labelled µ, and scale 
the observed yields with respect to those predicted by the SM, without 
altering the shape of the distributions. The specific meaning of µ var-
ies depending on the analysis. For given initial (i) and final (f) states, 
i → H → f, the signal strengths for individual production channels, µi, 
and decay modes, µf, are defined as µi = σi/(σi)SM and µ = /( )f f f
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Fig. 4 | Coupling modifier measurements and their evolution in time. Left: 
coupling modifiers resulting from the fit. The P value with respect to the SM 
prediction is 28%. Right: observed and projected values resulting from the fit in 
the κ framework in different datasets: at the time of the Higgs boson discovery, 

using the full data from LHC Run 1, in the dataset used in this paper and the 
expected 1-s.d. uncertainty at the HL-LHC for L = 3, 000 fb−1. The H → µµ and  
κt measurements were not available for earlier datasets owing to the lack of 
sensitivity.
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The precision improvement 
at the HL -LHC will lead to 
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SMEFT global fit

Experimental constraints on SMEFT from LEP electroweak observables and LHC measurements: 

2012.02779 Ellis, Madigan, Mimasu, Sanz, TY

Tevong You

See also other recent global fits, e.g. 
2311.00020 Allwicher, Cornella, Isidori, 
Stefanek
2311.04963 Bartocci, Biekotter, Hurth
2404.12809 SMEFiT collaboration

Marginalised (all operators allowed to vary simultaneously) 95% CL bounds.

Slide from  Tevong You’s talk

Given that one has to deal with O(50) operators at once, this becomes a very complex endeavour that cannot be solved 
without global fits.  However, even the results of global fits at this point do not look very enlightening.



Measurements of Higgs production at high transverse momentum are very interesting from the BSM/EFT viewpoint.  
Such measurements are still statistically limited but we do not see very large deviations which tells us that the Higgs is 
indeed produced through a top quark loop,  without substantial ultra-short-range component. 

6

includes events with generated muon pT greater than 52 GeV, or generated muon pT between
28 and 52 GeV and pmiss

T above 30 GeV. The second set includes events with generated electron
pT greater than 115 GeV, or between 38 and 115 GeV and pmiss

T above 30 GeV. In both sets, the
other lepton must have generated pT above 10 GeV. In all channels, the generated pH

T should
be above 250 GeV.

To derive the differential cross section, the signal is split into four bins depending on the
value of the generated (gen) pH

T or the leading jet pT (pj1
T). The definitions of the signal- and

background-dominated regions are identical to those used in the inclusive analysis. The same
binning is used at reconstructed-level (reco-level) to categorize events. The gen- and reco-level
observable values are not perfectly aligned because of the limited resolution, and events from
one gen-level bin can enter another reco-level bin. The contributions from the four gen-level
bins are left floating independently from each other. By performing one simultaneous fit over
all reco-level bin histograms, the signal strength modifiers of the gen-level observable bins can
be determined exploiting the full statistical power of the data set. This is equivalent to extract-
ing the signal in the reco-level bins and performing an unfolding to gen-level bins. This method
is also better than doing a-posteriori unfolding to the gen-level bins, since the uncertainties are
correctly propagated through the covariance matrix of the fit. The procedure follows the strat-
egy adopted in Ref. [13]. Differential fiducial cross sections measured as a function of pH

T and
pj1

T are shown in Fig. 2.
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Figure 2: Observed and expected differential fiducial cross sections in bins of pH
T (left) and pj1

T
(right). The last bins include the overflow. The uncertainty bands in the theoretical predic-
tions include uncertainties from the following sources: PDF, renormalization and factorization
scales, underlying event and parton showering, and B(H ! tt).

The inclusive fiducial cross section is measured from the pH
T distributions used in the differ-

ential analysis, by reformulating the parameters of interest such that one modifies the total
inclusive fiducial cross section. Its best-fit value is 1.96+0.86

�0.69 fb, which is consistent with the SM
prediction of 1.20 ± 0.20 fb.

In summary, the first measurement of the cross section of highly Lorentz-boosted standard
model Higgs boson decaying to a pair of t leptons has been performed using 138 fb�1 of
proton-proton collision data collected by the CMS experiment at a center-of-mass energy of
13 TeV. A dedicated reconstruction algorithm has been used to resolve the overlap of con-
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Anomalous Couplings with Top Mass Dependence

HJ production known to NLO including mt
Kudashkin, (Lindert),  Melnikov, Wever 17, (18); SPJ, Kerner, Luisoni 18, 21; Neumann 18; 
Bonciani, Del Duca, Frellesvig, Hidding, Hirschi, Moriello, Salvatori, Somogyi, Tramontano 22; 

Recent study of impact of anomalous top-Yukawa ( ) 
and Higgs-gluon contact interactions ( ) in HEFT

ct
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ℒ ⊃ ctmt
H
v

tt + αs

8π
cg

H
v

Ga
μνGa,μν

the pT,H distribution with the top quark mass renormalised in the MS scheme falls o↵

faster than in the on-shell (OS) scheme as pT,H increases. However, the ratio OS/MS

in the pT,H spectrum stays rather constant for pT,H values between 600GeVand 1TeV,

while the BSM e↵ects grow much more rapidly with pT,H .

Similar considerations hold for the QCD corrections beyond NLO. In Ref. [20] the NLO

K-factors have been shown to be rather uniform over the whole pT,H spectrum, both in

the full SM as well as for the HTL. For the case of the HTL, the ratio between NNLO

and NLO also turned out to be rather flat, NNLO increasing the NLO corrections by

about 25% for 400GeV  pT,H  1TeV. Thus, a distinctive feature of the anomalous

couplings consists in the rapid growth of the shape distortion compared to the SM as

pT,H increases.
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Figure 6: Higgs boson transverse momentum distribution for two HEFT benchmark

points, (ct, cg) = (0.9, 1/15) and (ct, cg) = (1.1, �1/15), compared to the SM case and

to the heavy top limit. The bands denote 3-point scale variations around the central

scale µ0 = HT /2.
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Campillo Aveleira, Heinrich, Kerner, Kunz 24

Found scenarios where BSM 
effects only exceed scale 
uncertainty for boosted Higgs 

 

NLO K-factor ~1.7 in SM, varies 
by  as  changed 

Use of HTL can hide new physics

pT > 600 GeV

#(30%) (ct, cg)

t
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Although  EFT arguments and the current, as well as expected,  precision of the coupling measurements still allows for 
BSM physics in the TeV range which will be accessible at the LHC through new generation of precision measurement, it 
is probably important to think about the SM narrative if these expectations do not bear out. 
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THE STANDARD MODEL HIGGS POTENTIAL
EXTENDED TO HIGHER ENERGIES:

2

the Higgs potential can be written as

V (h) ⇡ �
�

4
h
4
. (1)

We can approximate � ⇡ 0.01 for our purposes. Note that
the (field-dependent) Higgs mass in this regime is tachy-
onic:

m
2
e↵(h) = Vhh = �3�h2

⇡ �(0.17h)2 < 0 . (2)

The inflaton potential is

V� =
3

8⇡
H

2
M

2
P
, (3)

where MP is the Planck scale, and H is the Hubble scale
during inflation, which we take to be constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [1–8]. For small
Higgs field values, the dynamics is dominated by quantum
fluctuations of size ⇠

H

2⇡ induced by inflation, resulting
in random coherent “jumps” of the Higgs field within en-
tire Hubble patches. Quantum fluctuations remain domi-
nant until the Higgs reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H, at
which point classical evolution driven by the Higgs poten-
tial takes over. Beyond this, the equation of motion of the
Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve this classical evolution equation with initial
conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (exit from slow roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘

✓
3

2⇡�

◆1/4p
HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <

h < hI , that particle production becomes important.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolv-
ing Higgs field in the regime hsr < h < hI . It is
well known that particle production during inflation re-
quires non-adiabatic evolution. Beyond the Higgs slow-
roll regime h & 17.3H, the Higgs mass indeed changes
non-adiabatically, ṁe↵/m

2
e↵ ⇠ 1, as can be verified nu-

merically using Eq. 2 and the numerical solution for Eq. 4.
This non-adiabatic change of the Higgs mass can therefore
excite Higgs particles out of the vacuum.
The standard approach to calculate the number density

of particles produced from a non-adiabatically changing
background is via the computation of Bogoliubov coe�-
cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
tions of the Bogoliubov coe�cients. In general, for a par-
ticle with a non-adiabatically evolving mass, modes with
momenta k . |me↵| get populated with occupation num-
ber nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�cient.

When the mass is tachyonic, the coe�cient gets expo-
nentially enhanced via the tachyonic instability for modes
k < |me↵| as � ⇠ e

�i!t = e
|!|t, where !2 = m

2
e↵ + k

2. The
energy density in Higgs particles as a function of the Higgs
field value can therefore be estimated as 1

⇢P (h) =

Z
meff

H

d
3
k

(2⇡)3
|!(h, k)|nk =

1

2⇡2

Z
meff

H

k
2
dk|!(h, k)|nk

(7)
where !

2 (h, k) = m
2
e↵(h) + k

2
, and the mode occupation

number is evaluated as

nk = |�k|
2
⇡ e

2
R
|!(h,k)|dt

, (8)

where the integrals are taken over all tachyonic regimes,
i.e. over all k and t where !

2
< 0 holds.

For particle production during inflation, two additional
considerations must be taken into account:

• Inflation redshifts momenta and dilutes number den-
sities exponentially fast: k ! k/a ⇡ ke

�Ht, and
nk ! nke

�3Ht.

• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.
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The Standard Model Higgs becomes tachyonic at high scales according to current measurements.
This unstable regime of the Higgs potential can be realized in the early Universe during high scale
inflation, potentially with catastrophic consequences. This letter studies a crucial inherent feature
of such configurations: during inflation, the rapidly evolving Higgs field can excite particles out of
vacuum, and this particle abundance gets exponentially enhanced due to the tachyonic instability.
Such explosive particle production can rapidly drain energy away from the Higgs field, sustaining
a large density of Higgs particles even during inflation. Consequently, such regions exit inflation
into a preheated state with positive vacuum energy rather than into collapsing anti-de Sitter space.
The Standard Model Higgs could therefore initiate a qualitatively di↵erent form of preheating in
parts of the post-inflationary Universe, and possibly, without any nonminimal modifications, cure
the catastrophic aspects of its instability. The results here could carry important theoretical and
observational implications for high scale inflation, post-inflationary preheating, observable signals
in the cosmic microwave background and gravitational waves, as well as deeper concepts ranging
from eternal inflation to the metastability of the electroweak vacuum.

I. MOTIVATION

Current measurements indicate that the Standard
Model (SM) Higgs potential is unstable at high scales,
and the electroweak vacuum that our Universe exists in is
metastable, albeit with a decay lifetime significantly longer
than the current age of the Universe. However, the Higgs
could have existed in this unstable regime in the early Uni-
verse due to quantum fluctuations during a period of high
scale inflation. Such configurations have been extensively
studied in the literature [1–8], and the consequences are
believed to be catastrophic: the Higgs rapidly evolves to
regions of negative potential energy that can terminate in-
flation, resulting in anti-de Sitter (AdS) space that grows
to engulf all of spacetime, rendering the existence of a Uni-
verse such as ours impossible. This fate can be avoided in
the presence of nonminimal modifications of the Higgs po-
tential that stabilize it before reaching such regimes (see
e.g. [4, 5, 9, 10] [add more references]). However, in the ab-
sence of such stabilizing corrections, the Standard Model
Higgs appears to be incompatible with high scale inflation.

In this paper, we study the e↵ects of Higgs particle pro-
duction in the tachyonic regime during inflation. It is
well known that the tachyonic instability triggers an ex-
pontential growth of particle number [11, 12]. Some pre-
vious papers [8, 13, 14] that studied particle production
and tachyonic growth of inhomogeneities in this regime
during inflation found such e↵ects to be negligible; how-
ever, these papers only considered Hubble-induced fluc-
tuations or particle production, i.e. those sourced by the
inflationary background. In this paper, we focus on parti-
cle production induced by the dynamics of the Higgs field
itself. It is well known that a non-adiabatically chang-
ing background field can produce particles out of vacuum;
this phenomenon is familiar, for instance, in the context of
the Schwinger mechanism, Hawking radiation from black
holes, or gravitational particle production. Although the
energy density in the Higgs field is subdominant to the in-
flaton energy density in our regime of interest, which might

have led previous studies to ignore this e↵ect, we will see
that particle production induced by the Higgs is an impor-
tant e↵ect, due to the fact that the Higgs can reach field
values significantly larger than Hubble during inflation.

A substantial population of Higgs particles produced out
of the Higgs field during inflation can have several impor-
tant consequences. It can draw energy out of the Higgs
field, slowing its evolution towards catastrophic values, as
well as produce stabilizing thermal corrections to the Higgs
potential. It can terminate inflation locally once its energy
density becomes comparable to the inflaton energy density,
resulting in emergence out of inflation into a preheated
state, much as in warm inflation scenarios [15], rather than
into catastrophic anti-de Sitter space. Such considerations
reopen the possibility of restoring the electroweak vacuum
after reheating, and therefore making high scale inflation
compatible with the Higgs instability. The presence of
a large density of particles in some Hubble patches also
raises the prospects of observables signals of such inhomo-
geneities, such as imprints in the cosmic microwave back-
ground (CMB) [16–18], gravitational waves [19, 20], and
primordial black holes [14, 18].

Section II describes the framework for our study. Sec-
tion III presents the calculation of particle production from
Higgs evolution and tachyonic instability during inflation.
Backreaction e↵ects of particle production are addressed in
Section IV, followed by discussions of the post-inflationary
evolution of such regions (Section V) and observable sig-
nals of such configurations (Section VI). Section VII is de-
voted to a discussion of open questions and broader impli-
cations.

II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values. Beyond this scale, 2

the Higgs potential can be written as

V (h) ⇡ �
�

4
h
4
. (1)

We can approximate � ⇡ 0.01 for our purposes. Note that
the (field-dependent) Higgs mass in this regime is tachy-
onic:

m
2
e↵(h) = Vhh = �3�h2

⇡ �(0.17h)2 < 0 . (2)

The inflaton potential is
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3
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H

2
M

2
P
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where MP is the Planck scale, and H is the Hubble scale
during inflation, which we take to be constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [1–8]. For small
Higgs field values, the dynamics is dominated by quantum
fluctuations of size ⇠

H

2⇡ induced by inflation, resulting
in random coherent “jumps” of the Higgs field within en-
tire Hubble patches. Quantum fluctuations remain domi-
nant until the Higgs reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H, at
which point classical evolution driven by the Higgs poten-
tial takes over. Beyond this, the equation of motion of the
Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve this classical evolution equation with initial
conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (exit from slow roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘
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HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <

h < hI , that particle production becomes important.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolv-
ing Higgs field in the regime hsr < h < hI . It is
well known that particle production during inflation re-
quires non-adiabatic evolution. Beyond the Higgs slow-
roll regime h & 17.3H, the Higgs mass indeed changes
non-adiabatically, ṁe↵/m

2
e↵ ⇠ 1, as can be verified nu-

merically using Eq. 2 and the numerical solution for Eq. 4.
This non-adiabatic change of the Higgs mass can therefore
excite Higgs particles out of the vacuum.
The standard approach to calculate the number density

of particles produced from a non-adiabatically changing
background is via the computation of Bogoliubov coe�-
cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
tions of the Bogoliubov coe�cients. In general, for a par-
ticle with a non-adiabatically evolving mass, modes with
momenta k . |me↵| get populated with occupation num-
ber nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�cient.

When the mass is tachyonic, the coe�cient gets expo-
nentially enhanced via the tachyonic instability for modes
k < |me↵| as � ⇠ e

�i!t = e
|!|t, where !2 = m

2
e↵ + k

2. The
energy density in Higgs particles as a function of the Higgs
field value can therefore be estimated as 1

⇢P (h) =

Z
meff

H

d
3
k

(2⇡)3
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where !
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, and the mode occupation

number is evaluated as

nk = |�k|
2
⇡ e

2
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|!(h,k)|dt

, (8)

where the integrals are taken over all tachyonic regimes,
i.e. over all k and t where !

2
< 0 holds.

For particle production during inflation, two additional
considerations must be taken into account:

• Inflation redshifts momenta and dilutes number den-
sities exponentially fast: k ! k/a ⇡ ke

�Ht, and
nk ! nke

�3Ht.

• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.

at high scales A deeper true minimum somewhere

SM Lagrangian extended to high-field values shows signs of a strange behaviour because values of low-energy 
parameters put the SM on the boarder of stable and meta-stable phases. 
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Masses of the Higgs boson, the top quark and the strong coupling constant are extremely important for reaching a 
definite conclusion about the ultimate fate of the Universe.  What this would imply  is an open question. 
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There is an old idea that one can  reduce theoretical uncertainties by considering ratios of cross sections and other 
observables.  Ratios may be attractive if  common  uncertainties  in cross section/observables  cancel out.   The usual 
problem with ratios is to what extent the good things keep happening in fiducial regions.  However, computations for 
fiducial, realistic cross sections have come a long way, so probably one should take advantage of this. 

<latexit sha1_base64="QczJS0e4FpexM9df8XeV5xhsr08="></latexit>

�(gg ! H ! ��)

�(gg ! H ! ZZ⇤ ! 4l)
=

�(H ! ��)

�(H ! ZZ⇤ ! 4l)

These widths are affected by QCD and EW radiative corrections.   QCD corrections are tiny and are known to very high 
orders.  It would be interesting to “observe” (highly-nontrivial)  electroweak corrections to be in agreement with the SM.

In the ggH process, the theory uncertainty (strong coupling constant and PDFs) and un-calculated higher-orders is 
probably 4 percent; they fully cancel in the ratio below:
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�(H ! ��)

�(H ! ZZ⇤ ! 4l)
⇡ RLO (1 + 0.02QCD � 0.04EW)
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�0.04EW) POI Scenario �tot/�SM �stat/�SM �exp/�SM �sig/�SM �bkg/�SM

�ZZ
ggF HL-LHC S1 +0.044

�0.044
+0.016
�0.016

+0.031
�0.034

+0.019
�0.017

+0.018
�0.016

HL-LHC S2 +0.034
�0.034

+0.016
�0.016

+0.027
�0.027

+0.010
�0.009

+0.010
�0.009

�VBF/�ggF HL-LHC S1 +0.065
�0.062

+0.026
�0.026

+0.031
�0.029

+0.044
�0.043

+0.025
�0.023

HL-LHC S2 +0.050
�0.048

+0.026
�0.026

+0.026
�0.024

+0.026
�0.025

+0.022
�0.020

�WH/�ggF HL-LHC S1 +0.102
�0.097

+0.054
�0.052

+0.047
�0.044

+0.054
�0.049

+0.050
�0.048

HL-LHC S2 +0.090
�0.086

+0.054
�0.052

+0.042
�0.040

+0.037
�0.034

+0.046
�0.045

�ZH/�ggF HL-LHC S1 +0.106
�0.097

+0.051
�0.049

+0.043
�0.040

+0.051
�0.047

+0.064
�0.057

HL-LHC S2 +0.090
�0.084

+0.051
�0.049

+0.038
�0.036

+0.034
�0.032

+0.054
�0.049

�tt̄H/�ggF HL-LHC S1 +0.067
�0.064

+0.026
�0.026

+0.038
�0.037

+0.036
�0.034

+0.031
�0.030

HL-LHC S2 +0.055
�0.053

+0.026
�0.026

+0.036
�0.034

+0.023
�0.022

+0.022
�0.021

B��/BZZ HL-LHC S1 +0.061
�0.057

+0.020
�0.019

+0.053
�0.049

+0.018
�0.017

+0.016
�0.014

HL-LHC S2 +0.045
�0.042

+0.020
�0.019

+0.037
�0.035

+0.011
�0.011

+0.010
�0.009

BWW/BZZ HL-LHC S1 +0.065
�0.061

+0.019
�0.018

+0.042
�0.038

+0.036
�0.034

+0.028
�0.027

HL-LHC S2 +0.049
�0.047

+0.019
�0.018

+0.036
�0.034

+0.020
�0.018

+0.019
�0.018

B⌧⌧/BZZ HL-LHC S1 +0.066
�0.062

+0.024
�0.024

+0.043
�0.038

+0.033
�0.033

+0.029
�0.026

HL-LHC S2 +0.053
�0.050

+0.024
�0.024

+0.037
�0.035

+0.023
�0.022

+0.019
�0.017

Bbb/BZZ HL-LHC S1 +0.118
�0.105

+0.038
�0.037

+0.053
�0.048

+0.058
�0.052

+0.080
�0.069

HL-LHC S2 +0.092
�0.084

+0.038
�0.037

+0.046
�0.043

+0.036
�0.032

+0.061
�0.054

Table 14: Expected uncertainties on the measurements of �ZZ
ggF, of the ratios of production cross sections normalised

to �ggF and of the ratios of branching fractions normalised to BZZ for both systematic scenarios S1 and S2. All
measurements are normalised to their SM predictions. The total uncertainties are decomposed into statistical
uncertainties (stat), experimental systematic uncertainties (exp), and theory uncertainties in the modeling of the
signal (sig) and background (bkg) processes.
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POI Scenario �tot/�SM �stat/�SM �exp/�SM �sig/�SM �bkg/�SM

�ZZ
ggF HL-LHC S1 +0.044

�0.044
+0.016
�0.016

+0.031
�0.034

+0.019
�0.017

+0.018
�0.016

HL-LHC S2 +0.034
�0.034

+0.016
�0.016

+0.027
�0.027

+0.010
�0.009

+0.010
�0.009

�VBF/�ggF HL-LHC S1 +0.065
�0.062

+0.026
�0.026

+0.031
�0.029

+0.044
�0.043

+0.025
�0.023

HL-LHC S2 +0.050
�0.048

+0.026
�0.026

+0.026
�0.024

+0.026
�0.025

+0.022
�0.020

�WH/�ggF HL-LHC S1 +0.102
�0.097

+0.054
�0.052

+0.047
�0.044

+0.054
�0.049

+0.050
�0.048

HL-LHC S2 +0.090
�0.086

+0.054
�0.052

+0.042
�0.040

+0.037
�0.034

+0.046
�0.045

�ZH/�ggF HL-LHC S1 +0.106
�0.097

+0.051
�0.049

+0.043
�0.040

+0.051
�0.047

+0.064
�0.057

HL-LHC S2 +0.090
�0.084

+0.051
�0.049

+0.038
�0.036

+0.034
�0.032

+0.054
�0.049

�tt̄H/�ggF HL-LHC S1 +0.067
�0.064

+0.026
�0.026

+0.038
�0.037

+0.036
�0.034

+0.031
�0.030

HL-LHC S2 +0.055
�0.053

+0.026
�0.026

+0.036
�0.034

+0.023
�0.022

+0.022
�0.021

B��/BZZ HL-LHC S1 +0.061
�0.057

+0.020
�0.019

+0.053
�0.049

+0.018
�0.017

+0.016
�0.014

HL-LHC S2 +0.045
�0.042

+0.020
�0.019

+0.037
�0.035

+0.011
�0.011

+0.010
�0.009

BWW/BZZ HL-LHC S1 +0.065
�0.061

+0.019
�0.018

+0.042
�0.038

+0.036
�0.034

+0.028
�0.027

HL-LHC S2 +0.049
�0.047

+0.019
�0.018

+0.036
�0.034

+0.020
�0.018

+0.019
�0.018

B⌧⌧/BZZ HL-LHC S1 +0.066
�0.062

+0.024
�0.024

+0.043
�0.038

+0.033
�0.033

+0.029
�0.026

HL-LHC S2 +0.053
�0.050

+0.024
�0.024

+0.037
�0.035

+0.023
�0.022

+0.019
�0.017

Bbb/BZZ HL-LHC S1 +0.118
�0.105

+0.038
�0.037

+0.053
�0.048

+0.058
�0.052

+0.080
�0.069

HL-LHC S2 +0.092
�0.084

+0.038
�0.037

+0.046
�0.043

+0.036
�0.032

+0.061
�0.054

Table 14: Expected uncertainties on the measurements of �ZZ
ggF, of the ratios of production cross sections normalised

to �ggF and of the ratios of branching fractions normalised to BZZ for both systematic scenarios S1 and S2. All
measurements are normalised to their SM predictions. The total uncertainties are decomposed into statistical
uncertainties (stat), experimental systematic uncertainties (exp), and theory uncertainties in the modeling of the
signal (sig) and background (bkg) processes.
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ATLAS HL projections on branchings

-4

-2

0

2

4

100 110 120 130 140 150

total EW

leptons

light quarks

3rd gen. quarks

YM

mt
2

mH [GeV]

 δ [ % ]

EW Corrections to Γ(H → γγ)

Figure 5: Various contributions to δEW as a function of the Higgs mass. Lepton (summed over
three families) and light quark contributions (u, d, c, s) are the two central curves. Purely bosonic
(YM) and third generation quarks are the top and the bottom curves respectively. The large
top-mass approximation (m2

t ), which is a subset of the third generation contribution, is also
shown (dotted line).

From our expansions it is easy to extract the leading term in Gµm2
t , which was calculated in

Refs. [15]. We find

lim
mt→∞

F2l
t = −

α

4πs2
NcQ

2
t
m2

t

m2
W

(

367

96
+

11

16
h4w +

19

56
h24w +

29

140
h34w +O(h44w)

)

. (24)

The contribution from this (gauge invariant) class of electroweak corrections is also shown in
Fig. 5. The first important observation is that indeed the leading term in Gµm2

t approximates
quite well the contribution from the third generation quarks in the whole range of Higgs masses
between 100 GeV and 150 GeV. However, as shown in Fig. 5, this contribution is never the
dominant one. The fact that it approximately reproduces the total electroweak corrections for
Higgs masses around 120 GeV is due to a fortuitous cancellation between the purely bosonic
and the light quark and lepton terms. In fact, for Higgs masses above 140 GeV, the Gµm2

t

contribution is mostly canceled by the purely bosonic one and therefore it is much larger than
the total electroweak correction.

Finally, it is interesting to compare and combine the total electroweak correction with the
QCD one. As a check of our techniques we have recomputed it as an expansion in terms of h4t,

11

Degrassi, Maltoni

EW YM
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Improving Precision

+ Parton Shower 
+ Resummation 
+ Hadronisation 
+ Underlying Event

With , expect: NLO ~ 10% correction, NNLO ~ 1% correction 
Higgs channels are important exceptions, receive much larger corrections! 

αs ∼ 0.1

Parton Distribution 
Functions (PDFs)

Hard Scattering 
Matrix Element

d� =

Z
dxadxbf(xa)f(xb)d�̂ab(xa, xb)FJ +O ((⇤/Q)m)

<latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit>

Non-perturbative 
effects ~ few %

a b

Diphotons in association with an hadronic tau

Crivellin, Ashanujjaman, Banik, Coloretti, Maharathy, Mellado, arXiv:2404.14492

SM
Higgs X?

Anomalies in Higgs-related final states

Diphotons in association with an hadronic tau

Crivellin, Ashanujjaman, Banik, Coloretti, Maharathy, Mellado, arXiv:2404.14492

SM
Higgs X?

Anomalies in Higgs-related final states

Will w
e have another “I t

hink we have it” m
oment? 


