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ABSTRACT: Extended scalar sectors with additional degrees of freedom appear in many
scenarios beyond the Standard Model. Heavy scalar resonances that interact with the
neutral current could be discovered via broad resonances in the tails of the four-lepton
invariant mass spectrum, where the Standard Model background is small and well under-
stood. In this article we consider a recent ATLAS measurement of four-lepton final states,
where the data is in excess over the background for invariant masses above 500 GeV. We
discuss the possibility that this excess could be interpreted as a “double peak” from the
two extra heavy neutral scalars of a CP violating Two Higgs Doublet Model, both coupling
to the Z boson. We apply an iterative fitting procedure to find viable model parameters
that can match the excess, resulting in a benchmark point where the observed four-lepton
invariant mass spectrum can be explained by two scalar particles Ho and Hs, with masses
of 544 GeV and 629 GeV, respectively, being admixtures of the CP eigenstates. Our expla-
nation predicts additional production processes for tt, WTW =, 4b and ~~, some of which
have cross sections close to the current experimental limits. Our results further imply that
the electric dipole moment of the electron should be close to the present bounds.
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1 Introduction

The discovery of the scalar resonance with a mass of about 125 GeV, compatible with the
predicted Higgs boson [1], completes the Standard Model (SM).

The ATLAS and CMS collaborations are now performing precision studies of SM pro-
cesses, such as the production cross sections of top quark pairs [2, 3], and they continuously
search for physics beyond the SM (BSM), for instance in final states with four b quarks [4],
two tau leptons [5, 6], and two photons [7]. In addition, there are exotic searches for
resonances, for instance in semileptonic final states [8].

While currently most searches for physics beyond the SM do not point at BSM physics,
excesses in final states with leptons [11-13] and di-photons [14-17] indicate the possible
existence of additional scalar degrees of freedom. The four-lepton final states are often
referred to as the ‘golden channel’ when searching for heavy scalar resonances, due to
small and controllable SM backgrounds. The four-lepton analyses from ATLAS [11] and
CMS [18, 19] show enhanced event rates in final states with high invariant mass. These
analyses were combined in ref. [10] wherein the compatibility of the data with a broad
resonance structure around 700 GeV has been claimed. This is compatible with a very
recent interpretation of ATLAS data as a second Higgs excitation at 680 GeV [20].

Searches for heavy scalars above 600 GeV in v, Z~, ZZ — 44, top quarks, pairs of
Higgs and W bosons were reviewed and discussed in ref. [9], supporting the claim made
in ref. [10] of a resonance in ZZ around 700 GeV. This possible resonant enhancement is
visible both in gluon and vector boson fusion channels as reported by ATLAS in ref. [11].
The more recent analysis of four-lepton final states by the ATLAS collaboration also shows
an enhancement of event rates with invariant masses above about 500 GeV [21]. This ob-
servation was considered in ref. [22] to corroborate the possible resonance around 700 GeV.



The theoretical framework was the Georgi-Machacek model and a cross section for the
heavy resonance was found to be ~ 160 fb. It is interesting to note that a broader enhance-
ment of the bbbb final state with invariant mass above 500 GeV is visible, which might be
compatible with the observed 4/ excess from ref. [4]. On the other hand, a recent analysis
searching for heavy diboson resonances in semi-leptonic final states is compatible with the
SM prediction [8], however here the backgrounds are at a much higher level and might
cover up a possible enhancement.

In this article we consider an explanation of the four-lepton excess at invariant masses
above 500GeV by a “double peak” from the two extra heavy neutral scalars of a CP
violating Two Higgs Doublet Model (THDM), where the latter extends the scalar sector of
the SM by an additional scalar SU(2);, doublet field [23]. Due to the violation of CP the
two extra heavy neutral scalars can couple to ZZ and thus be observable in the four-lepton
invariant mass spectrum via a “double peak” Recently, we studied a class of THDMs
with CP violation in ref. [24], exploring the testability of CP violation at the LHC and
evaluating the current constraints on the model parameters, pointing out the importance
of the four-lepton final state as “discovery channel”. We will make use of the results of [24]
to find a viable set of model parameters that can match the current four-lepton excess.
The article is structured as follows: in section 2 we briefly review the model framework, in
section 3 we describe our analysis and discuss the results, and in section 4 we conclude.

2 The model

The THDM was first discussed in ref. [25] to discuss the phenomenon of CP violation in the
scalar sector. For a comprehensive review we refer the reader e.g. to ref. [26]. In THDMs,
the scalar sector contains two SU(2)z-doublet fields, ¢1 and ¢o, with identical quantum
numbers under the SM gauge symmetry group:
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The components h;, i = 1,...,4, are real neutral fields, 772TF , 1 = 1,2 are complex charged
fields, and v;, i@ = 1,2 are the vacuum expectation values (vevs). The most general La-
grangian density for the model can be decomposed as

Lrupm = Lsmkin + Lo xin + Vo + Yy, (2.2)

where Lgnm kin denotes the kinetic terms for SM gauge fields and fermions, L4 i, denotes
the kinetic terms for the two scalar fields ¢;, i = 1,2, V;; denotes the scalar potential, and
Y, contains the Yukawa terms that give rise to the couplings between the SM fermions and
the scalar fields. The scalar potential with a softly broken Zy symmetry is given by

Vo = mii(@]61) + mia(8h62) — [mdy(6]) + hc.| + M (@]61)? + Aa(0]2)
(2.3)
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The parameters m?i, Aix5 are real, and the possible complex phases of the two parameters
mi, = |m%2|ei’7(m%2) and A5 = |\5/es) allow for CP violation. The tadpole equations
impose a relation between the two complex phases, such that the CP violation can be
parametrised ultimately via the parameter 1(\s5), the complex phase of A5. In the following,
we will use 7 instead of 1(A5). Furthermore, we define tan 8 := v9 /vy, where v;, i = 1,2
is the vacuum expectation value of ¢; and v = \/v? 4+ v3 for the SM vev v &~ 246 GeV is
satisfied.

Since scalar decays into four-lepton final states (henceforth referred to as 4¢) come
about from scalar decays into two Z bosons that in turn decay into leptons, we are interested
in the interaction of the scalar fields with the neutral current. There are only two interaction
eigenstates that can decay into two Z bosons. However, the most general (CP violating)
form of the THDM leads to scalar mixing, and in the presence of CP violation all the three
neutral mass eigenstates H; of the THDM can mediate the process pp — H; — ZZ — 44,
with ¢ = 1,2, 3.

The final state from the process pp — H; — ZZ — 40, with 4¢ = E:gﬁ;[gﬁg (and
where the considered lepton flavors are Ei g = et ,ui) features an invariant mass that
reflects the mass of the mediating H;. The mass eigenstate H; corresponds to the SM-like
Higgs boson with mp, ~ 125 GeV, whose four-lepton signal has been studied (see examples
for ATLAS [27] and CMS [28] analyses) and Hs and Hj are assumed to be heavier. As
discussed above, in a CP violating THDM the extra neutral scalars Ho and Hj give rise
to two additional broad peaks in the 4¢ invariant mass spectrum — or to a broad “double
peak” if the masses are not too separated. These broad peaks are due to the interference of
the scalars and their total decay widths, cf. figure 2 below. This is a feature that is usually
not considered when fitting the THDM to the data.

3 Analysis and results

We consider the measurements of differential cross-sections in 4¢ events in the 139fb~!
data set by the ATLAS collaboration [21]. From the results in the ATLAS publication we
use the 4/ differential cross sections, and in particular the invariant mass spectrum (Myy).
We digitise the observed event rates, their errors, and the theory prediction.

We use the eight bins from My, between 500 GeV and 900 GeV, six of which show
event counts in excess of the theory prediction. We create a sample of excess events by
subtracting the theory prediction from the observed event rates (which means that “excess
events” per bin can also be negative).

Notice that a similar analysis by the CMS collaboration exists, where the 4/ differential
cross section was extracted from 35.9fb~! data [29]. As this data set is much smaller than
the ATLAS one, we shall not use it in our analysis. We discuss below it’s compatibility
with our results.

3.1 Numerical setup

As an explicit example we consider the same class of THDMs with CP violation and type I
Yukawa structure as in ref. [24], to which we refer the reader for model details and notation.



We calculate testable properties of the THDM via numerical tools that include the following
recent constraints:! B physics data using FlavorKit [30], and electric dipole moments with
the formulae from refs. [31, 32].

We include constraints from the global data set on the Higgs boson, with the lat-
est results from the LHC experiments. The data is combined with the numerical tool
HiggsBounds-5.3.2 [33-35] and HiggsSignals-2.2.3 [35-37]. The lightest boson in our model,
Hy, takes on the role of the Higgs boson in the SM, and is constrained by state-of-the art
signal rate and mass measurements. Thus our parameter space points are ensured to have
an SM-like Higgs boson in the spectrum, which limits the amount of mixing between the
two Higgs doublets.

The inclusive process pp — Ho, H3 — 4¢ for the heavy scalars is calculated in Mad-
Graph [38], including the effective gluon-Higgs vertex via SPheno [39, 40] and QCD correc-
tions [41]. We note at this point that the inclusive 4¢ invariant mass spectrum is simulated
to include the interference between the scalars. A fast detector simulation is done with
500k events per sample with Delphes [42] using the standard ATLAS detector card. From
the reconstructed events we read out the invariant mass spectra.

3.2 First approximation

We searched for points with masses mpg, and mpg, around 500 GeV and 700 GeV, respec-
tively, and with total cross sections for the 4¢ final state that are of similar magnitude.
We found the benchmark point P; with mf}Q = 535 GeV and mgls = 703 GeV and total 4¢
cross sections 011312%45 = 1.3fb and 011;13%44 = 0.86fb. For Hy and Hj the signal selection
efficiency based on the experimental selection criteria is found to be €40 ~ 0.3 and not too
dependent on the scalar mass. We simulated exclusively pp — Hs — 4¢ and pp — H3 — 44
from which we obtained the invariant mass spectra ps and ps, respectively. Notice that at
this step, the interference between the scalars is not taken into account.

Next we performed a simple y? analysis. We varied the signal peaks of the two spectra
with the two parameters dm;, such that the masses are given by my, = mglj + omj. We
also introduce the signal strength multipliers s; which are multiplied with the invariant
mass spectra pg;. We construct the 2

(bsig,i(0ma, dms, 52, 53) — b;)?

XSig(5m27 5m37 52, 53) = Z 52 52 (31)
i obs,i + SYS,i
where 4 is the bin number, b; is the measured event rate dgps; = Vbi, Osysti = 10%,

corresponding to the uncertainty quoted in the ATLAS analysis. The signal rate for bin i is
bsig,i(0mz, dms, s2,53) = bsm,i + /(82 Py (B — 0ma) + 83 pry (B — dma))dE,  (3.2)
(2

with bgy,; being the SM prediction, pp; the signal distributions, and the parameters dm;
and s; are varied to minimise the 2.

!We use the same limits as detailed in section 3 of ref. [24].



3.3 Iterative analysis

Notice that the signal rate as described in eq. (3.2) distorts the invariant mass spectrum
and thus disconnects it from the underlying benchmark point. However, the distorted
spectrum can be used to locate the masses and event rates that are preferred by the fit to
the data.

Consequently we use the best-fit values for the masses and the total 4¢ cross sections
(converted from the fiducial cross sections using the signal selection efficiency and the
integrated luminosity) as selection criteria to find a new benchmark point. From a fine
grained scan in the model parameters we select a point P, that has masses mpy, and cross
sections o p; 4 that are as close to the best-fit results for the masses and event rates of
the previous point P,,_; as possible.

For each new point P,, we create an inclusive 4¢ invariant mass spectrum pfj{é with two
peaks around mp, and mpy,, including the interference between Hy and Hz. We remark
that the interference with H; is negligible for the here relevant mass scales of Hs and Hj,
which we verified by computation. We separate the spectrum into pg’; and pf}; at the
minimum between the two peaks and fit the parameters ém; and s; via the two partial
spectra as in eq. (3.1) to the data.

Once we have a benchmark point with a spectrum that provides a good fit, we carry
out a Bayesian fit of the parameters dm;, j = 2,3 and s;, j = 2, 3 to establish the Bayesian
confidence limits on the parameters.

3.4 Results

Our analysis converged sufficiently after six iterations. We perform an even more fine-
grained parameter space scan and select parameter space points with mpg,, mm,, 0H,—4r
and op,_4¢ within the 90% Bayesian confidence interval around the last iteration’s best
fit parameters, which are:

521.1 GeV < mp, < 562.9 GeV, 602.2 GeV < mp, < 655.9 GeV,

(3.3)
0.6fb < otor < 1.21b, 0.5<r<20

where we introduced the total signal strength ovot = 0pp— 1, H;—4¢ and the relative signal
strength r = big 2/bsig 3 via the ratio of the quantity defined in eq. (3.2). We perform an
even more fine-grained parameter space scan and select parameter space points with masses
M H,, M, inclusive signal cross section oy, i, 17,40 and the relative signal strength r to
be consistent with the 90% Bayesian confidence interval above.? We approximate the ratio
parameter r = 09 /03, where o; are the exclusive signal strengths for pp — H; — 4¢.

In this scan we find the benchmark point P; that is defined by the following model
parameters: tan8 = 21, n = 0.663, A\y = 0.73, Ay = 0.099, A\3 = 4.76, Ay = 6.45 and
R(A5) = 1.63. These parameters give rise to mflz = 544 GeV, mgz = 629 GeV, and
05)7,5 = 0.771b, r = 1.17 fb. We call this point the “best-fit benchmark point” as is provides

2We continue to use the Higgs signal strength constraints as input to our parameter space scan rather
than adding the them to our x?, since we do not aim at statistical statements about which model is preferred
by the data, as argued below.
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Figure 1. Invariant mass spectrum of the best-fit points for the “best-fit benchmark point” P,
for details, see text. The black dots with error bars denote the difference between observed and
predicted data from the four-lepton invariant mass spectrum in ref. [21].
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Figure 2. Total decay widths for the scalars Ho and Hs, obtained from the very fine grained
parameter space scan.

a very good fit to the spectrum with a x? = 5.76, which is to be compared to the SM
value for all bins above 500 GeV. For the SM we get a xZ,; = 21.0 (16.9) corresponding to
an upward fluctuation with a p-value of 0.007 (0.03) considering statistical errors only (all
errors). The contribution of the two neutral scalar particles to the four-lepton invariant
mass spectrum for the “best fit benchmark point” P; is shown in figure 1. The striking
feature of the spectrum is the wide range of My, that receives contributions from the two
heavy scalars. This stems partly from their widths, which are O(10) GeV and O(50) GeV
for Hy and Hs, respectively, as shown in figure 2, and also from their interference.

The contribution of the two neutral scalar particles to the four-lepton invariant mass
spectrum for the “best fit benchmark point” P is shown in figure 1. The striking feature
of the spectrum is the wide range of My, that receives contributions from the two heavy
scalars.

In general, scalars that mix with the Higgs doublet can also decay into other SM
particles than Z bosons. Thus, after finding a good benchmark point to match the 4/



invariant mass spectrum as reported by ATLAS and CMS, we explore the possibility of
making quantitative predictions for the H; decays into tt, W W ~, and yv. Therefore, we
show in the four panels of figure 3 the projections of the different inclusive cross sections
for the ~ 10000 parameter space points from the very fine grained scan over THDM model
parameters. The figure includes the inclusive cross sections for WW ™ (upper panels), tt
(middle pannels) and v (lower panels), with the color code denoting the numerical value
for opp— m1,, H3—40. The panels for WIW and ~v include the current experimental limits from
ref. [8] and ref. [7], respectively, denoted by the blue dashed lines.

3.5 Discussion

Our “best-fit benchmark point” P- provides an excellent fit to the excesses of events in the
44 spectrum with invariant masses between 500 GeV and 700 GeV observed by the ATLAS
collaboration. The fit prefers Ho and Hs with similar masses and contributions to the
inclusive cross section for the 4/ final state. Combined with the facts that (i) the THDM
adds one CP-even and one CP-odd scalar to the SM field content and (ii) that the CP-
odd field does not decay into ZZ this implies that the mass eigenstates must be strongly
CP-mixed. Indeed, selecting all parameter space points from our very fine-grained scan
that are within the 90% Bayesian confidence interval of our fit in (3.3), we find that n
lies in the range 0.63 < n < 0.68. The CP properties of the two scalars could be tested
at the HL-LHC via correlations in final states with two tau leptons from the processes
pp — H; — 7777 as discussed in ref. [24].

A comment on the statistical meaning of our analysis is in order at this point. Clearly
the current data set cannot be interpreted as more than a hint for the THDM. Furthermore,
the large mass window leads to a large look elsewhere effect, which reduces the significance
further. Ultimately, to establish a global significance for the THDM, higher statistics in the
4 lepton data and possibly also in the other channels are required. Additionally the scalar
Hy, which is (slightly) different from the SM Higgs boson, has to be included into the fit
as well. The central aim of this article is, however, not to establish statistical evidence for
the existence of a THDM signal in the My, spectrum. We rather want to point out that
if the here discussed signal were to become statistically significant, the THDM with CP
violation is a suitable candidate model to explain it.

CMS 4¢ spectrum: we also investigated the compatibility of our best-fit benchmark
point with the CMS four lepton spectrum from ref. [29]. This spectrum stems from an
analysis of the CMS data set with 35.9fb~!, which is about one quarter of the ATLAS
data set of 139fb~!. In the here considered range, between 500 and 900 GeV, the spectrum
is subdivided into 23 bins with non-zero event counts, most of which have only one event
with error bars that are larger than 1 event. Including this smaller data set into our
analysis would dilute the statistical significance of our result if the CMS bins are treated
on the same footing as the ATLAS bins. We calculated the theory prediction based on
our best-fit benchmark point, and we find that it is compatible with the CMS data, with
a x?/dof = 23/23 [compared to 10/23 in the SM, mostly driven from the “s2” part of the
signal]. This shows that the CMS data has little statistical weight compared to the ATLAS
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Figure 3. Results from a very fine-grained parameter space scan within the class of THDMs with
CP violation and type I Yukawa structure (cf. [24]). Shown points feature masses my, and inclusive
cross sections oy, i, Hy—4¢ Within the 90% Bayesian confidence limit of the best-fit point. The left
and right panels are for Hy and Hs, respectively. Top panel: showing the WTW ™ final state with
the blue dashed line denoting the 90% upper limit on the semileptonic cross section from ATLAS [8]
for comparison. Middle panel: showing the tt final state. Bottom panel: showing the - final state
with the dashed blue line denoting the 90% upper limits from ATLAS [7].



data (obviously due to the data sample being smaller), which is why we did not include it
into our fitting procedure.

Ditop channel: as mentioned above, our analysis allows us to make quantitative pre-
dictions for contributions of H;, i = 2,3 to the tt final state. Our “best-fit benchmark
point” has the inclusive cross section o, ,p, p,_i = 28.3fb. This — and actually also the
cross sections from all the other points in our fine-grained scan — is much smaller than
the current uncertainty of the recent measurements of the total production cross section
o7 = 830 + 36 (stat) + 14 (syst) pb by ATLAS [2] and 791 £ 25 pb by CMS [3].

Semi leptonic WW channel: let us now confront our “best-fit benchmark point” with
the fact that no enhancement of semi-leptonic final states from WW or ZZ decays has
been reported in ref. [8]. For our “best-fit benchmark point”, the sum of WW and ZZ
cross sections yields:

> Oppostiy,Hy—vv = 330fb. (3.4)

V=W,Z

This cross section is comparable with the 20 upper limits on the production cross section
from ref. [8], which are about 250fb and 150 fb for scalar bosons with masses of 560 GeV
and 640 GeV, respectively (for the example of a scalar radion). We note that V' quadruplet
production processes like pp — Hj~1 — 2H; + X — 4V + X may have substantially
increased cross sections and could become relevant signal channels in the future [43].

4b channel: the small apparent enhancement of the bbbb = 4b final state for invariant
masses above 500 GeV as observed in ref. [4] could be another indication for the process
pp — Ho, H3 — ZZ. For the corresponding cross section one would expect that

- 2
Br(Z — bb) 4 €4b

> — = 3.5
Opp— Ha,Hz—4b = (Br(Z—>E+£—)> 6b64g (3.5)
with the b-tagging efficiency €, >~ 0.7, and the selection efficiencies €4, ~ 0.1, and where
additional 4b production could come from pp — H; — 2H; — 4b. Eq. (3.5) results in
a lower limit of 16.5 additional events in the 4b final state, which matches quite well the
observed ~ 20 events in excess of the background for My, > 500 GeV.

Diphoton channel: next we comment on the pp — Hs, H3 — <y channel, for which
our “best-fit benchmark point” has the inclusive cross section oy, f, 13—y = 0.8fb. The
ATLAS search for resonances in diphoton final states limits the production cross section
to be less 1.15fb and 0.83fb at 20, for resonances with masses corresponding to 544 GeV
and 629 GeV, respectively [7]. This implies that our “best-fit benchmark point” is only
slightly in tension (at 1) with the ATLAS limits, but may still be regarded as compatible.
We also note that in the current data there indeed exist some upward fluctuations of the
observed event counts at 540 GeV and at 680 GeV. In any case, future analyses of the
diphoton spectrum with more data should be able to test this prediction of our “best-fit
benchmark point”.
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Figure 4. Results from the very fine-grained parameter space scan for the inclusive production
cross section of 777~ via Hy and Hs.

Ditau channel: the heavy scalars Hy and Hs can give rise to resonances in the in-
variant mass spectrum of 777~ final states, for which our “best-fit benchmark point”
has a cross section of 0.015fb. Such resonances have been searched for by ATLAS [5]
and CMS [6]. No hints for additional 7 production has been found with recent limits
of o, < O(100) [O(1)]fb for resonances around 500 [1000] GeV. We show the resulting
predictions for the inclusive production cross section o, g, p,—sr+-— in figure 4, which
makes clear that our benchmark points are not likely to produce an observable signal in
this final state.

Electric dipole moments: last but not least we consider the impact that CP violation
in the scalar sector has for low-energy observables. As mentioned above, large CP-violating
phases are an implication from Hs and Hs having similar signal strengths in the 4/ final
state. Large CP phases imply that the THDM fields give rise to the Electric Dipole
Moments (EDM) of SM particles, in particular for the electron. Both Hy and Hs contribute
to the EDM via Barr-Zee diagrams, cf. e.g. refs. [31, 32, 44] and ref. [45] for the two-loop
calculation. In the type-I THDM all fermions couple to ¢o leading to the couplings being
proportional to ﬁ On the other hand, fermion couplings to ¢; (e.g. down-type quarks
and leptons in the type-II THDM) are proportional to tan 3 [46]. Here, we generally
consider large tan 8 so that the new contributions to the EDM are suppressed. For our
fine-grained parameter space scan we calculate the EDM of every point according to the
formulae from refs. [31, 32] and reject EDM for the electrons that are above the current
exclusion limit from the ACME collaboration |d.| < 1.1 x 1072% ecm [47], cf. figure 5. We
find that the majority (= 90%) of all points has 10730 < % < 1.09-10729,

4 Conclusions

In this paper we have considered a “double peak” from a CP violating Two Higgs Doublet
Model as explanation for the local excess in four-lepton events with invariant masses above
500 GeV as observed by ATLAS and CMS. Within a class of THDMs, we used an iterative
fitting procedure to search for model parameters that give rise to heavy Higgs masses and
signal strengths towards explaining the excess.

~10 -
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Figure 5. Parameter space points from the very fine grained scan, projected over the two masses
and tan 8. The color code denotes the magnitude of the electron dipole moment d..

The “best-fit benchmark point” (called P;) we found this way provides an excellent
explanation for the ATLAS with a x? = 5.76 for 8 bins, predicting events in excess of the
SM in the range from 500 GeV to around 700 GeV, and it also agrees with the statistically
less relevant CMS data. It prefers a broad “double peak” in the invariant mass spectrum,
with two resonances at 544 GeV and 629 GeV, respectively.

Interpreted in the context of a THDM, our results would be an indication for CP
violation in the scalar sector. The CP mixing is required to be close to maximal due to
the comparable signal strength in invariant mass ranges relating to the masses of Hs and
Hj. Currently the signal strength in this channel is too weak, but the CP mixing of Hs
and Hjs could in principle be tested at the HL-LHC in the future, e.g. via the di-tau final
state (cf. [24]).

Our “best-fit benchmark point” predicts additional t¢, V'V and v~ production channels
with inclusive cross sections of about 28 fb for t¢, 159 fb for WW and 0.8fb for . Our
results are compatible with present limits, and may be responsible for minor excesses in
the 4b and ~+ channels. Moreover, the parameter space that leads to an explanation of the
observed 44 spectrum gives rise to electron EDMs that are close to the current experimental
bounds, providing an example for a complementary way to test the scenario by low energy
experiments.
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