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I. Introduction: non-perturbative approach to ϕ4 theory

• In the usual perturbative λϕ4 theory, λ and so also the effective
potential Veff(ϕ), normalised to vanish at ϕ = v = 246GeV,
become negative again at ∼1010 GeV);

(cf. E. Gabrielli et al., PRD 89 (2014) 053012).

• Thereabove, Veff(ϕ) has a new minimum at ∼ 1031 GeV, well
beyond the Planck scale and much deeper than the EW vacuum;

(cf. V. Branchina, E. Messina PRL 111 (2013) 241801).

• It is unclear whether gravitational effects can become strong
enough to stabilise the potential, so most authors accept metasta-
bility as a possible scenario in a cosmological perspective, with a
tunnelling time much longer than the estimated lifetime of the
universe.

• Explaining why the theory remains trapped in our EW vacuum
would require to control the properties of matter in the extreme
conditions of the early universe.



• Alternatively, we can consider a non-perturbative approach to
λϕ4 theory, inspired by the seminal article “Radiative Corrections
as the Origin of Spontaneous Symmetry Breaking”, S Coleman,
E. Weinberg, PRD 7 (1973) 1888. In this paper, it is shown
that spontaneous symmetry breaking (SSB) can originate in the
zero-point energy (ZPE) (see Figure 1) of field fluctuations in the
classically scale-invariant limit V′′

eff(ϕ=0) → 0+.

• Note that in the perturbative CW approach, a first-order SSB
scenario could only work in the presence of gauge bosons, in order
to compensate for the large ZPE due to the ϕ field, provided that
λ ∼ O g4gauge.

• However, contrary to the Coleman-Weinberg (CW) mechanism
of perturbatively improving the simple one-loop potential for a
massless theory, our approach is based on non-perturbative ap-
proximations to the effective potential that are all consistent with
triviality.



• These approximations, in the framework of especially the one-loop
and Gaussian effective potentials, resum to all orders different
classes of diagrams yet being physically equivalent. This means
that they result in the same structure of the effective potential,
up to terms that vanish in the continuum limit.

• In such a non-perturbative picture, the ϕ4 interaction is not al-
ways repulsive. Besides the +λδ(3)(⃗r) tree-level repulsion in the
symmetric phase, there is also a −λ2 exp(−2mϕr)/r3 attraction
from the ultraviolet-finite part of the one-loop diagrams, with in-
creasing range in the mϕ → 0 limit;
(cf. M. Consoli, P. M. Stevenson, IJMPA 15 (2000) 133).

• To consistently include higher-order effects of opposite sign, one
should rearrange the perturbative expansion by symmetrically
renormalising both the contact repulsion and the long-range at-
traction. Thus, for a small enough mΦ > 0, the attractive tail
dominates and the lowest-energy state is not the trivial, empty
vacuum with ϕ = 0, but a state with ϕ ̸= 0 and a Bose conden-
sate of symmetric-phase quanta in the k⃗ = 0⃗ mode;
(cf. P. M. Stevenson, MPLA 24 (2009) 261).



Concretely, with M(ϕ)2 ≡ λϕ2/2 standing for the ZPE of
free-field fluctuations, the one-loop effective potential reads

V1-loop(ϕ) =
λϕ4

4!
−

M4(ϕ)

64π2
ln

Λ2√e

M2(ϕ)
, (1)

with Λ the ultraviolet cutoff. The Gaussian effective potential,
which resums all one-loop bubbles, preserves the same structure,
up to terms that vanish for Λ → ∞. Denoting by ϕv the
minimum of V1-loop(ϕ) and MH ≡ M(ϕv), we get

Veff(ϕv) = V1-loop(ϕv) = −
M4

H

128π2
, M2

H ∼ λϕ2
v ∼ Λ2e−1/λ.

(2)
Important: the vacuum energy is invariant under the renormalisation
group, so MH does not depend on the cutoff Λ. Thus, λ ∼ L−1,
with L ≡ ln(Λ/MH), vanishes in the continuum limit (‘triviality’).



This results in a very interesting pattern of scales:

λ ∼ L−1 , m2
h = V′′

eff(ϕv) ∼ v2 L−1 , M2
H ∼ Lm2

h = K2v2 ,
(3)

where K is a cutoff-independent constant and

ϕ2
v ≡ Zϕv

2 , with Zϕ = (MH/mh)
2 ∼ L . (4)

A possible first indication of the actual mass of such a heavy Higgs
boson may come from lattice calculations referred in

C. B. Lang, NATO Sci. Ser. C 449 (1994) 133 [hep-lat/9312004].

Found upper bound on the Higgs mass: Mmax
H = 670 (80) GeV.

Recommended further reading on non-perturbative ϕ4 theory:



Figure 1

An intuitive picture that illustrates the crucial role of the zero-point
energy in a first-order scenario of spontaneous symmetry breaking.
Differently from the standard second-order picture, it has to
compensate for a tree-level potential with no non-trivial minimum.



II. Indications from lattice simulations

• A first indication may come from lattice simulations of the four-
dimensional ferromagnetic Ising model, showing a weak first-order
phase transition for the internal energy and the magnetisation; see
S. Akiyama et al., Phys. Rev. D 100 (2019) 054510.

• Next we revisit detailed results of another lattice simulation, viz.
in the symmetric and the broken phase of 4D Φ4 theory, also in
the Ising limit and very close to the critical coupling κc; see
M. Consoli, L. Cosmai, IJMPA 35 (2020) 2050103 [2006.15378].

• Figure 2 shows data for the rescaled propagator G(p̂) (p̂2 +m2)
as a function of the lattice momentum squared p̂2, for κ close to
yet below κc. We see that the mass fitted from high momenta
perfectly describes the data down to p̂ = 0.

• Figures 3 and 4 show similar data, but now for κ just slightly
above κc. In Fig. 3 and the inset for low momenta, the data were
rescaled with a lattice mass MH obtained from a fit to all data
with p̂ > 0.1. Figure 4 displays data for very low momenta and
rescaled with the lattice mass mh for p̂ = 0.



Figure 2
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The lattice data from M. Consoli, L. Cosmai, Int. J. Mod. Phys. A
35 2050103 (2020) [2006.15378] for the rescaled propagator in the
symmetric phase at κ = 0.074, as a function of the lattice
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mlatt = 0.2141 (28), describes the data well, down to p̂ = 0.



Figure 3
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The propagator data from M. Consoli, L. Cosmai, Int. J. Mod.
Phys. A 35 2050103 (2020) [2006.15378], for κ = 0.0749, rescaled
with the lattice mass MH ≡ mlatt = 0.0933 (28) obtained from the
fit to all data with p̂2 > 0.1. The peak at p = 0 is
M2

H/m
2
h = 1.47 (9), as computed from the fitted MH and the

zero-momentum mass mh = 0.0769 (8).



Figure 4
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• Especially Fig. 3 suggests a weak first-order phase transition, like
in Phys. Rev. D 100 (2019) 054510, besides a more complicated
structure than just a single propagator pole for p̂ → 0.

• Thus, a two-mass propagator form was used to fit the data, i.e.,

G(p) =
1 − I(p)

2

Zh

p2 + m2
h

+
1 + I(p)

2

ZH

p2 + M2
H

, (5)

with I(p) an interpolating function depending on an intermediate
momentum scale p0 and tending to +1 for large p2 ≫ p20 and
to −1 when p2 → 0; see
M. Consoli, Acta Phys. Polon. B 52 (2021) 763.

• Fit to the quantities in Eqs. (3) and (4) (details in 0823.01429):

(MH)
Theor = 690 ± 10 (stat) ± 20 (sys) GeV . (6)

• Note that Eqs. (3) and (4) imply mh ≪ MH for very large Λ,
with MH independent of Λ. So for decreasing Λ, (mh)max →
MH, thus being compatible with the upper bound Mmax

H =
670 (80) GeV found for the single-Higgs lattice simulation in
C. B. Lang, NATO Sci. Ser. C 449 (1994) 133.



III. Experimental signals in ATLAS and CMS data

• Before we look at the data, we should clarify what kind of signals
we may expect for a heavy Higgs. Now, in the conventional
perturbative approach one would expect a width of several to
many hundreds of GeV for decays to e.g. W±W∓, ZZ, and hh,
resulting from a tree-level coupling λ0 = 3M2

H/v
2.

• However, since our MH is derived from the non-perturbative
MH effective potential and not from the quadratic shape of the
tree-level potential in the Lagrangian, the coupling is rescaled as

λ(v) =
3M2

H

ϕ2
v

=
3m2

h

v2
=

m2
h

M2
H

λ0 . (7)

For further discussion, see

0823.01429 and J. Bagger, C. Schmidt, PRD 41 (1990) 264.

• Therefore, we should expect partial decay widths of only a few
GeV for H → W± , ZZ , hh, in the case of a heavy Higgs with
a mass of about 700 GeV. Thus, the decay H → t̄t would be
dominant, with a width of several tens of GeV.



• First we look at the ATLAS 4-lepton data in Fig. 5. Now, an
accurate description of the ATLAS background can be obtained
in terms of a power law Nb(E) ∼ A × (710 GeV/E)ν , with
A ∼ 10.55 and ν ∼ 4.72. Then, by simple redefinitions, the
theoretical number of events can be expressed as

NTH(E) = Nb(E) +
P2 + 2P x(E)

√
Nb(E)

γ2
H + x2(E)

, (8)

where x(E) = (M2
H − E2)/M2

H, P ≡ γH
√
NR, and

NR = σR × A × 139 fb−1 denotes the extra events at the
resonance peak, for an acceptance A.

• In another ATLAS paper, the differential 4-lepton cross section
⟨dσ/dE⟩, with E = m(4l), is reported in the same energy re-
gion, showing the same type of excess-defect sequence as in
Table 2; see Fig. 6 and Table 4.



Figure 5

550 600 650 700 750 800

E [GeV]

0

10

20

30

40

50

N
E

X
P
(E

)

M
H

 = 706 GeV

Γ
H

 = 29 GeV

σ
R

(pp → H → 4l) = 0.23  fb

The values NEXP(E) in Table 2
for ATLAS [1] data vs. the cor-
responding NTH(E) in Eq. (8)
(solid red curve). The reso-
nance parameters are MH =
706 GeV, γH = 0.041, σR =
0.23 fb and the ATLAS back-
ground (dashed blue curve)
is approximated as Nb(E ) =
A × (710 GeV/E )ν , with A =
10.55 and ν = 4.72.

[1] Eur. Phys. J. C 81, 332 (2021)
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Table 2. For a luminosity of 139 fb−1, we report the observed ATLAS [52] ggF-low events NEXP(E) and the corresponding
estimated background NB(E) in the range of invariant mass m4l = E = 530÷ 830 GeV. In view of the considerable difference
in the energy resolution of the various types of four-lepton events, to avoid spurious migrations between neighbouring bins, we
have grouped the data into larger bins of 60 GeV, centred at 560, 620, 680, 740, and 800 GeV. These correspond to the 10
bins of 30 GeV, from 545 (15) GeV to 815 (15) GeV; see Ref. [52]. In this energy range, the uncertainties in the background are
below 5% and have been neglected. The statistical errors of NEXP(E) are not reported by ATLAS and will be assumed to be
given by

√
NEXP, as for a Poisson distribution.

E [GeV] NEXP(E) NB(E) NEXP(E)−NB(E)

560 (30) 38±6.16 32.0 6.00± 6.16
620 (30) 25±5.00 20.0 5.00± 5.00
680 (30) 26±5.10 13.04 12.96± 5.10
740 (30) 3±1.73 8.71 −5.71± 1.73
800 (30) 7±2.64 5.97 1.03± 2.64
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Fig. 5. The values NEXP(E) in Table 2 for ATLAS [52] data
vs. the corresponding NTH(E) in Eq. (45) (solid red curve).
The resonance parameters are MH = 706 GeV, γH = 0.041,
σR = 0.23 fb and the ATLAS background (dashed blue curve)
is approximated as Nb(E) = A × (710 GeV/E)ν , with A =
10.55 and ν = 4.72.

positive interference below the peak as suggested by the
data.

Now, an accurate description of the ATLAS background
can be obtained in terms of a power law Nb(E) ∼ A ×
(710 GeV/E)ν , with A ∼ 10.55 and ν ∼ 4.72. Then, by
simple redefinitions, the theoretical number of events can
be expressed as

NTH(E) = Nb(E) +
P 2 + 2P x(E)

√
Nb(E)

γ2H + x2(E)
, (45)

where x(E) = (M2
H − E2)/M2

H , P ≡ γH
√
NR, and NR =

σR×A×139 fb−1 denotes the extra events at the resonance
peak, for an acceptance A.

As for the acceptance, one can adopt a value A ∼ 0.38
by averaging the two extremes, viz. 0.30 and 0.46, for the
ggF-like category of events [52]. As a consequence, the
resonance parameters are affected by an additional uncer-

tainty. Nevertheless, to have a first check, in Refs. [18,19]
the experimental number of events given in Table 2 was fit-
ted with Eq. (45). The results were: MH = 706 (25) GeV,
γH = 0.041± 0.029 (corresponding to a total width ΓH =
29 ± 20 GeV), and P = 0.14 ± 0.07. From these num-
bers one obtains NR ∼ 12+15

−9 and σR ∼ 0.23+0.28
−0.17 fb. The

theoretical values are shown in Table 3 and a graphical
comparison in Fig. 5.

The quality of the fit is good, but error bars are large
and the test of our picture is not very stringent. Still, with
the partial width from Sec. 3, viz. Γ (H → ZZ) ∼ 1.6 GeV,
and fixing ΓH to its central value of 29 GeV, we find a
branching ratio B(H → ZZ) ∼ 0.055 that, for the central
value σggF(pp → H) ∼ 923 fb from Ref. [48] at MH =
700 GeV, would imply a theoretical peak cross section
(σR)

theor = 923×0.055×0.0045 ∼ 0.23 fb, which coincides
with the central value from our fit. Moreover, from the
central values ⟨σR⟩ = 0.23 fb and ⟨γH⟩ = 0.041, we find
⟨σR⟩ × ⟨γH⟩ ∼ 0.0093 fb, in accordance with Eq. (41).
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Fig. 6. The quantity ∆σ = (σEXP −σB) reported for each bin
in the last column of Table 4, for the ATLAS data of Ref. [53].

After having recalled this first comparison from Refs.
[18, 19], we will now illustrate the indications obtained
from the other ATLAS paper [53], in which the differen-
tial four-lepton cross section ⟨dσ/dE⟩, with E = m(4l),



Figure 6
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Table 3. The observed ATLAS [52] ggF-low events and our theoretical prediction in Eq. (45), for MH = 706 GeV, γH = 0.041,
P = 0.14.

E [GeV] NEXP(E) NTH(E) χ2

560 (30) 38±6.16 36.72 0.04
620 (30) 25±5 25.66 0.02
680 (30) 26±5.10 26.32 0.00
740 (30) 3±1.73 3.23 0.02
800 (30) 7±2.64 3.87 1.40

Table 4. The observed ATLAS [53] cross section and the estimated background in the range of four-lepton invariant mass
m(4l) ≡ E from 555 to 900 GeV. These values have been obtained by multiplying the bin size with the average differential
cross sections ⟨(dσ/dE)⟩, reported for each bin in the companion HEPData file. Besides the non-resonant gg → 4l process, the
background cross section σB contains the dominating contributions from qq̄ → 4l events (as well as from other sources).

.

Bin [GeV] σEXP [fb] σB [fb] (σEXP − σB) [fb]

555–585 0.252 ±0.056 0.272± 0.023 −0.020± 0.060
585–620 0.344± 0.070 0.259± 0.021 +0.085± 0.075
620–665 0.356± 0.075 0.254± 0.023 +0.102± 0.078
665–720 0.350± 0.073 0.214± 0.019 +0.136± 0.075
720–800 0.126± 0.047 0.206± 0.018 −0.080± 0.050
800–900 0.205± 0.052 0.152± 0.017 +0.053± 0.055

is reported in the same energy region. By inspection of
Fig. 5 of this Ref. [53], one finds the same type of excess-
defect sequence as in Table 2 and so additional support
for the idea of a new resonance. To make this clear, the
corresponding data are given in Table 4 and displayed in
Fig. 6.

Most notably, however, by comparing with Ref. [53]
we can also sharpen our analysis. The point is that the
background estimated by ATLAS, for the class of ggF-
low events considered above, contains more events than
those which in principle can interfere with our resonance.
In particular, it contains a large contribution from qq̄ → 4l
processes. Although the initial state is pp in all cases, our
H resonance would mainly be produced through gluon-
gluon fusion and therefore, strictly speaking, the inter-
ference should only be computed with the non-resonant
gg → 4l background.

Obtaining this refinement is now possible because, in
the HEPData file of Ref. [53], the individual contributions
to the expected background are reported separately. De-
noting by σgg

B the pure non-resonant gg → 4l background
cross section, we can thus consider a corresponding exper-
imental cross section σ̂EXP after subtracting preliminarily
the “non-ggF” background, i.e.,

σ̂EXP = σEXP − (σB − σgg
B ) . (46)

The corresponding values for these redefined cross sections
and background are given in Table 5.

We then compare the resulting experimental σ̂EXP with
the theoretical σT from Eq. (44), after the identification
σb = σgg

B . By parametrising the ATLAS differential back-
ground (dσgg

B /dE) ∼ A× (710 GeV/E)ν with A ∼ (2.42±
0.18) × 10−4 and ν ∼ 5.24 ± 0.45, and integrating the
various contributions to Eq. (44) within each energy bin,

a fit to the data results in MH = 677+30
−14 GeV, ΓH =

21+28
−16 GeV, and σR = 0.40+0.62

−0.34 fb. The comparison for
the optimal parameters is shown in Table 6.

As in the case of the ggF-low events, the quality of our
fit is good, but error bars are large. Still, by restricting
ourselves again to the central values, we find a good agree-
ment with our expectations. Indeed, by rescaling the par-
tial width obtained in Sec. 3, from Γ (H → ZZ) ∼ 1.6 GeV
down to 1.55 GeV (for a mass MH from 700 to 677 GeV),
and fixing ΓH at its central value of 21 GeV, we find
a branching ratio B(H → ZZ) ∼ 0.073. For the cen-
tral value σggF(pp → H) ∼ 1100 fb from Ref. [48] at
MH = 677 GeV, this would then imply a theoretical
peak cross section (σR)

Theor = 1100 × 0.073 × 0.0045 ∼
0.36 fb, which only differs by 10% from the central value
⟨σR⟩ = 0.40 fb of our fit. Also, from the central values
of the fit ⟨σR⟩ = 0.40 fb and ⟨γH⟩ = 0.031, we find
⟨σR⟩ × ⟨γH⟩ ∼ 0.012 fb, again in good agreement with
our Eq. (41).

Let us now summarise these results. By considering
the two ATLAS papers [52] and [53], we have found con-
sistent indications of a new resonance in our theoreti-
cal mass range (MH)Theor ∼ 690 (30) GeV. In particu-
lar, by comparing with the cross-section data of Ref. [53],
we have identified more precisely the non-resonant back-
ground gg → 4l, which can interfere with a second reso-
nance H produced mainly via gluon-gluon fusion. In this
sense, the determinations obtained with our Eq. (44) are
now more accurate, from a theoretical point of view. In
practice, there is not much difference with the previous
analysis [18, 19] based on the ggF-low events of Ref. [52].
Indeed, the two mass values (MH)EXP = 677+30

−14 GeV

vs. (MH)EXP = 706 (25) GeV [18, 19] and decay widths



• In Fig. 7 we now display 2-photon data, given in Table 5, for
a similar energy region as in Fig. 6 and from the same ATLAS
paper. The employed fit expression from the referred Eq. (44) in
0823.01429 is too complicated to be discussed here. For details,
see the e-print.

• Figure 8 shows three different fits to the above ATLAS 2-photon
data in Table 5, employing the same Eq. (44) from 0823.01429.
The three cases correspond to a width of the proposed heavy
Higgs of 15, 25, and 35 GeV.

• Figure 9 shows CMS data of the cross section for the process

σ(full) = σ(pp → X → hh → bb̄ + γγ) , (8)

in a search for new resonances decaying, through a pair of h =
h(125) scalars, into the particular final state made up of a bb̄ pair
and a γγ pair. For a spin-zero resonance, the 95% upper limit
σ(full) < 0.16 fb, for an invariant mass of 600 GeV, was found
to increase by about a factor of two, up to σ(full) < 0.30 fb,
on a plateau of 650÷ 700 GeV, and then to decrease for higher
energies.



Figure 7
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Table 5. The ATLAS [53] experimental cross section σ̂EXP from Eq. (46) for each energy bin. The two cross sections σEXP and
σB are given in Table 4. The other background cross section σgg

B only takes into account the non-resonant gg → 4l process and
was computed by multiplying the bin size with the average differential cross section (dσgg

B /dE) in each bin. The central value
of σ̂EXP in the second column of the 720–800 GeV bin is negative, because the expected background in Table 4, from qq̄ → 4l
events (as well as from other sources), is larger than the experimental value itself.

Bin [GeV] σ̂EXP [fb] σgg
B [fb] (σ̂EXP − σgg

B ) [fb]

555–585 0.003 ±0.060 0.023± 0.004 −0.020± 0.060
585–620 0.105± 0.073 0.020± 0.003 +0.085± 0.075
620–665 0.121± 0.078 0.019± 0.003 +0.102± 0.078
665–720 0.152± 0.075 0.016± 0.003 +0.136± 0.075
720–800 −0.067± 0.050 0.013± 0.002 −0.080± 0.050
800–900 0.062± 0.055 0.009± 0.002 +0.053± 0.055

Table 6. Comparing the ATLAS [53] cross section of Table 5 with the theoretical Eq. (44) for the optimal set of parameters
MH = 677 GeV, ΓH = 21 GeV, σR = 0.40 fb.

.

Bin [GeV] σ̂EXP [fb] σT [fb] χ2

555–585 0.003 ±0.060 0.048 0.56
585–620 0.105± 0.073 0.056 0.45
620–665 0.121± 0.078 0.123 0.00
665–720 0.152± 0.075 0.152 0.00
720–800 −0.067± 0.050 0.002 1.90
800–900 0.062± 0.055 0.004 1.11

ΓH = 21+28
−16 GeV vs. ΓH = 29 ± 20 GeV [18, 19], are

compatible within their rather large experimental uncer-
tainties. Most notably, our crucial correlation in Eq. (41)
is well reproduced by the central values of the fits to the
two date sets.

4.2 The ATLAS high-mass γγ events

Searching for other signals, in Refs. [18, 19] one consid-
ered the distribution of the inclusive diphoton produc-
tion by ATLAS [54] in the range of invariant mass 600÷
770 GeV. The corresponding entries in Table 7 were ex-
tracted from Fig. 3 of Ref. [54], because the numerical
values are not reported in the companion HEPData file.
By parametrising the background with a power-law form
σB(E) ∼ A × 685 (GeV/E)ν , doing a fit to the data in
Table 4 gives a good description of all data points with
the exception of a sizable excess at 684 GeV (estimated
by ATLAS to have a local significance of more than 3σ);
see Fig. 7. This illustrates how a relatively narrow res-
onance might remain hidden behind a large background
almost everywhere, the main signal being just a small in-
terference effect. For this reason, with the exception of the
mass MH = 696 (13) GeV, the resonance parameters are
determined only very poorly. As for the total width, one
finds ΓH = 15+30

−13 GeV, which is consistent with the other

loose determination ΓH = 21+28
−16 GeV from the four-lepton

data. In Fig. 8 we show three fits with Eq. (44), viz. for
ΓH = 15, 25, and 35 GeV. The widths vary substantially,
but the curves cross the background at the same point
MH = 696 GeV where the interference vanishes. Con-
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Fig. 7. The fit with Eq. (44) and σR = 0 to the ATLAS [53]
data in Table 5, converted to cross sections in fb. The chi-
squared value is χ2 = 14, with the background parameters
A = 1.35 fb and ν = 4.87.

cerning the peak cross section σR = σR(pp → H → γγ),
the fit produces σR = 0.025+0.055

−0.023 fb, with central value√
σR σB(684) ∼ 0.18 fb or about +26 events. To have an

idea, for MH ∼ 700 GeV, ΓH ∼ 29 GeV and σ(pp →



Figure 8
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Three fits with Eq. (44) to the
ATLAS [2] data in Table 5, con-
verted to cross sections in fb.
The χ2 values are 7.5, 8.8, and
10.2, for ΓH = 15, 25, and
35 GeV, respectively.

[2] JHEP 007, 005 (2021)



Figure 9

Expected and observed 95% upper limit for the cross section
σ(pp → X → h(125)h(125) → bb̄ + γγ) observed by the CMS
Collaboration in CERN Report no. CMS-PAS-HIG-21-011.



• In Fig. 10 we show data analogous to those in Fig. 9, but now
produced by ATLAS. Again, one finds a modest 1.2σ excess
at 650 (25) GeV, followed immediately by a 1.4σ defect, which
might indicate a negative above-peak (M2

H−s) interference effect
like that found in the ATLAS 4-lepton data. From the observed
value σ(pp → H → hh) < 150 fb, this gives B(H → hh) <
0.15, so compatible with CMS. As the 3-body decays H → hhh,
H → hW+W−, and H → hZZ should only give a modest
contribution to the total width, from our theoretical estimates
we would deduce ΓH < 38 GeV.

• Finally, the CMS and TOTEM collaborations have been searching
for high-mass photon pairs produced in pp diffractive scattering,
i.e., when both final protons are tagged and have large xF. In the
range of invariant masses 650 (40) GeV and for a statistics of
102.7 fb−1, the observed number of γγ events isNobs ∼ 76 (9),
to be compared with an estimated background NB ∼ 40 (9),
which is quoted as being the best estimate by CMS. In the most
conservative case, viz. NB = 49, this is a local 3σ effect and
the only significant excess in the plot, shown in Fig. 11.



Figure 10

Expected and observed 95% upper limit for the cross section
σ(pp → X → h(125)h(125)) extracted by ATLAS in Phys. Rev. D
106, 052001 (2022) from the final state (bb̄ + γγ).
The figure is taken from the talk given by Bill Balunas at “Higgs
2022” and is the same as Fig. 15 in the PRD paper.



Figure 11

The number of γγ events produced in pp diffractive scattering, as
reported by CMS in CERN Report nos. CMS-PAS-EXO-21-007,
TOTEM-NOTE-2022-005. In the range 650 (40) GeV, the
observed number was Nobs ∼ 76 (9), to be compared to an
estimated background NB ∼ 40 (9).



• Summarising all the presented experimental indications:

⇒ The ATLAS 4-lepton data shown and analysed in Tables 2,
4, and 5 show deviations from the background with a definite
excess-defect sequence, which could indicate the presence of
a resonance. From the last column of these Tables, the com-
bined statistical significance of the observed deviations can be
estimated at the 3σ level. A fit gives a good description of
the data for a resonance mass MH = 677+30

−14 GeV.

⇒ Observing the +3σ excess at 684 (16) GeV in the inclusive
ATLAS γγ events, a fit to these data was done in M. Consoli,
L. Cosmai, F. Fabbri, 2208.00920; Universe 9 (2023) 99.
The resulting mass was found to be MH = 696 (13) GeV.

⇒ An overall +2σ effect in the (bb̄ + γγ) channel is obtained
by combining the excess of ATLAS events at 650 (25) GeV
and the corresponding excess by CMS at 675 (25) GeV.

⇒ A +3σ excess at 650 (40) GeV is found in the distribution
of CMS-TOTEM γγ events from pp diffractive scattering.



IV. Unitary coupled-channel formalism for h(125)+H(700)

• In order to accurately study the resonance properties of a possible
additional Higgs boson H with a mass of about 700 GeV and an
estimated width of a few tens of GeV requires a unitary coupled-
channel formalism.

• The main reason is the inevitable mixing of H with the observed
light Higgs at 125 GeV (to be denoted by h) owing to their com-
mon decay channels, even if these are of a subthreshold nature
in the latter case. Preliminary results indicate that this mixing
may significantly reduce the H width.

• If we assume that the dominant decays are of the two-body type,
most importantly t̄t but also W±W∓, ZZ, and hh, then the
Resonance-Spectrum Expansion (RSE) comes to mind.

• The RSE approach was developed as a solvable multichannel
model for non-exotic meson spectroscopy, formulated in momen-
tum space, which treats all mesons as bound-state or resonance
poles in a coupled-channel S-matrix for meson-meson scattering.
It is diagrammatically represented by the upper figure in Fig. 12.



Figure 12
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Graphical depiction of RSE T -matrix for non-exotic two-meson
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Figure 13
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Graphical depiction of the RSE T -matrix for two Higgs-field mass
states h and H. The labels i , j , k and ī , j̄ , k̄ at the external legs
and the loop stand for (t/t̄,W±,Z , h) and (t̄/t,W∓,Z , h),
respectively.



• The bubble sums in Figs. 12 and 13 allows to solve algebraically
the fully off-shell multichannel T-matrix in the framework of a
relativistic Lippmann–Schwinger-type equation, due to the sepa-
rability of the effective interaction.

• In Fig. 12, the intermediate-state propagator stands for a tower of
bare qq̄ states with the same quantum numbers. This propagator
couples to the incoming and outgoing two-meson states via a
vertex representing qq̄ creation or annihilation. With a choice
for the vertex function based on the 3P0 model, the T-matrix
can be solved analytically as well and so also the S-matrix defined
as S ≡ 11 + 2 i T̂, where the hat stands for “fully on-shell”.

• Figure 13 depicts a similar situation, but now for bare h and H
coupling to t̄t, W±W∓, ZZ, and hh in the initial/final state.

• Contrary to the meson case, we do not know of any substructure
of h and H, so the loops in the bubble sum are in principal loga-
rithmically divergent. So we regularise the loops, in an effective
sense, by taking a convenient form factor for the vertex functions.
This will introduce a yet to-be-studied parameter dependence.



V. Summary and Conclusions

• In the foregoing, theoretical, lattice, and experimental indications
have been presented that all point to the existence of second
resonance of the Higgs field, with a mass close to 700 GeV.

• The non-perturbative approach to ϕ4 theory, based on different
yet equivalent forms of the effective potential, allows to avoid the
inconvenient occurrence of a second minimum of the effective
potential far beyond the Planck scale and much deeper than the
EW vacuum. It also provides for a more consistent reconciliation
with the assumed triviality of the continuum theory.

• Lattice simulations of ϕ4 theory in the Ising limit support our
interpretation of SSB as a weak first-order phase transition, while
also providing for an upper mass bound in the case of a single
Higgs boson that is compatible with our range of H masses.

• The combined local +3σ and +2σ signals in various ATLAS and
CMS data, indicating a resonance in the range 650–700 GeV,
have a significance of at least +5σ. This cannot be downgraded
by the “look elsewhere” effect, in view of our definite prediction.




