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ABSTRACT: We investigate the potential of future electron-positron colliders, such as FCC-ee
and CEPC, to probe 2-Higgs-doublet models (2HDMs) that facilitate a strong first-order
electroweak phase transition (SFOEWPT), a necessary condition for electroweak baryogenesis.
Focusing on a 2HDM in the CP-conserving limit, we identify parameter regions consistent with
an SFOEWPT and evaluate their compatibility with projected precision electroweak and Higgs
measurements, as well as searches for exotic Higgs bosons. We show that radiative corrections
to ete™ — hZ production introduce deviations in the cross section that are resolvable with
the anticipated sub-percent precision at lepton colliders even when experimental outcomes
of the LHC and Z pole measurements are in agreement with the SM. This underscores the
opportunities of a precision lepton collider to explore BSM quantum corrections to the Higgs
sector more broadly.
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1 Introduction

The search for new physics beyond the Standard Model (SM) remains a high-value target of the
present and future data-taking runs at the Large Hadron Collider (LHC), ramping up statistics
towards its high-luminosity (HL) phase. Although no conclusive signs of new interactions
have been observed so far, it is conceivable that new phenomena can manifest themselves in
small departures of SM-expected coupling patterns correlated with new particle observations
at large energies. Prime examples of such scenarios are provided by 2-Higgs-Doublet Models
(2HDMs) [1-3]. With experimental sensitivity increasing, particularly non-standard 2HDM
scenarios [4, 5] offer a dynamical explanation for the apparent absence of new physics signals
at the LHC thus far. This perspective presents a theoretically compelling pathway to link
established aspects of beyond-the-SM (BSM) physics with the experimental reach of the
HL-LHC. Among these features is the requirement for a strong first-order electroweak phase
transition (SFOEWPT) in the context of electroweak baryogenesis. While the SM in principle
meets all three Sakharov conditions [6] required for the dynamical generation of the observed
baryon asymmetry in the universe, the 125 GeV Higgs boson implies a smooth cross-over [7, 8],
thus calling for a BSM Higgs sector extension.

The HL-LHC will provide tight constraints on the presence of new particles, should
consistency with the SM prevail; the 2HDMs are no exception, and the experimental programme
to achieve this is well underway. The phenomenological focus of new physics explorations will
then shift towards the next generation of collider experiments, most likely precision Z and
Higgs boson factories such as FCC-ee [9] or CEPC [10]. With an abundant production of Z
bosons (the so-called GigaZ/TeraZ options) and Z-associated Higgs bosons, these environments
enable the exploration of a relatively limited set of weak observables in comparison to hadron
machines, however, with formidable precision. Such an experiment unfolds its true power



when measurements are contrasted with theoretically motivated model correlations that shape
the phenomenology of the TeV scale at the per cent level. In contrast, the plethora of ad-hoc
interactions in effective field theory extensions such as the currently best-motivated SM
Effective Field Theory (EFT) can imply blind directions [11], in particular when analysed
in concert with radiative corrections [12, 13]. Whilst this does not equate to a breakdown of
EFT methods, a naive (often marginalised) treatment of independent interactions significantly
waters down sensitivity prospects obtained by the relatively few available observables accessible
at, e.g., an FCC-ee in comparison with hadron machines.

In this work, we examine the potential of a precision Z and ete™ — hZ programme to
inform a BSM-motivated parameter region of the 2HDM, namely the parameter region in which
sufficient latent heat released during an SFOEWPT is available to meet the out-of-equilibrium
requirement for electroweak baryogenesis as part of Sakharov’s criteria [6] (swiftly reviewed in
Sec. 2). In this way, the 2HDM acts as a suitable scenario whose renormalisable correlations
enable a highly quantitative analysis of the precision the FCC-ee will provide. To this end, we
focus on the 2HDM of type I, and will firstly turn to the oblique corrections that drive its Z
pole programme in the absence of an LHC discovery in Sec. 3.1. There, we will also provide
context with HL-LHC measurements of the 125 GeV Higgs particle. Further, in Sec. 3.2, we
comment on the search for additional uncharged Higgs bosons at the HL-LHC that will inform
the parameter space of a future ete™ machine in parallel. In Sec. 3.3, we discuss the radiative
corrections to eTe” — hZ production in the SFOEWPT-preferred parameter region of the
considered 2HDM model. We conclude in Sec. 4.

2 First-Order Electroweak Phase Transition in the 2HDM

Extended Higgs sectors as a promising avenue for electroweak baryogenesis have a long history.
Whilst a range of precise understanding of bubble dynamics and their relation with efficient
seeding of baryons remains an active area of research, in this work, we will impose a strong
first-order phase transition via the criterion
vy (T,
& = oTn) g (2.1)

Tp

This relates the vacuum expectation value of the Higgs field at the percolation stage, vy, to
the percolation temperature 7},. The parameter region characterised by such quantities can
be considered sufficiently protected against baryon number washout at a stage in the thermal
history of the universe when around a third of the comoving volume has been converted to
the broken electroweak phase.! We note that perturbative studies for scenarios with values of
&p that are closer to the regime where the phase transition is not first order any more, can be
misleading in studies of SFOEWPTs from extended scalar sectors, see, e.g. [15]. Our results
should therefore be understood with these caveats in mind.

In this work, we consider the CP-conserving 2HDM [1-3] as a theoretical framework to
explore the existence of an SFOEWPT in BSM Higgs extended models. The 2HDM consists

'For an overview of related literature, cf. e.g. the recent review on the relation between particle physics,
SFOEWPTSs and gravitational waves [14].



of the addition of a second SU(2);, complex Higgs doublet to the SM particle content. This
model predicts the existence of five physical Higgs bosons: two neutral CP-even bosons h
and H (with mj;, < my), one neutral CP-odd boson A, and two charged bosons H*. We
define the mixing angle « as the angle that diagonalises the CP-even sector of the 2HDM,
while the mixing angle 8 diagonalises the CP-odd and charged sectors of the model. The
modification factors of the couplings of the Higgs bosons to the gauge bosons with respect to

the SM prediction, denoted by C‘}}’H’A, are given by

(f=sin(B—a), (f=cos(B—a), (=0. (2.2)

We furthermore consider a discrete Zg symmetry to avoid flavor-changing neutral currents [16,
17], such that ¢1 — ¢1 and ¢ — —¢p2, where ¢; o are the two Higgs doublets of the 2HDM.

This symmetry is softly broken by the term m?, <¢1¢2 + gb;(ﬁl) in the Higgs potential. For

convenience, we use the parameter m?, defined as

2
—2_ My
me= ———=—. 2.3
sin 3 cos 8 (23)
In this work, we focus on the 2HDM type I, where the Zs parities of the fermions are chosen so
that they couple only to one of the Higgs doublets. This makes the Yukawa coupling modifiers
universal among quarks and leptons. The coupling modifiers of the Yukawa interactions
between fermions and Higgs bosons with respect to the SM are given by’

C}L = sin(f — a) + cos(f — «) cot 3,
C;I = cos(f — a) —sin(fB — «) cot 3, (2.4)

A A
Cu = _Cd,l = Cotﬁ .

In the following, we will use the following set of input parameters of the 2HDM, also known
as the “physical basis”,

v, mp, mg, Mmas, myt, tanp, cos(f—a), m, (2.5)

where v >~ 246 GeV is the SM vacuum expectation value (vev) of the SM.

Currently, all signal strength measurements of the discovered Higgs boson are consistent
with the SM prediction within the experimental and theoretical uncertainties [18, 19]. Therefore,
any viable BSM model with an extended Higgs sector must be able to accommodate an SM-
like Higgs boson. Within the 2HDM, assuming that the SM-like Higgs boson is identified
with the state h, there are two possibilities to achieve this [20-22]. The first one is by
considering the limit cos(5 — ) — 0 (or analogously 5 — a — 7/2), since, in this limit, the
tree-level couplings of h to the SM particles yield the SM prediction, i.e. C{} = J}} =1 (see
Egs. (2.2) and (2.4)).” This is often referred to as alignment without decoupling, or simply
alignment limit, since the masses of the other BSM Higgs bosons can, in general, be light.
The second option is to make the masses of the unobserved Higgs bosons very heavy, namely

2The couplings to the pseudoscalar Higgs boson include an additional i+°.
3In this limit, the h triple and quartic self-couplings also have the SM value at tree level.



mp, ma, mg+ > v, while keeping the quartic couplings in the potential at O(1). With these
considerations, the alignment limit is obtained (cos(8 — a) — 0) together with the condition
that m ~ mpyg, ma, myg+ > v. This ensures that the scalar interactions between Higgs bosons
do not increase with their masses, keeping their contributions to physical observables negligible.
This is known as alignment with decoupling, or alternatively decoupling limit. While in the
alignment limit, BSM bosons could, in principle, induce sizable radiative corrections (or, in
other words, give rise to non-decoupling effects), in the decoupling limit, these corrections
vanish, and the SM predictions are always recovered. This distinction between alignment
and decoupling is crucial because the existence of an SFOEWPT in the 2HDM requires large
radiative corrections in order to induce a potential barrier, and therefore it is incompatible
with the decoupling limit (see, for instance, Refs. [23-30] and references therein).

To study the cosmological history of the 2HDM and determine whether an SFOEWPT
took place, it is necessary to compute the effective potential at finite temperature given by

V;,ff(T) = ‘/tree(T = O) + Vcw(T = 0) + VCT(T = 0) + VT(T) + Vdaisy(T) . (26)

We employ the public code BSMPTv3 [31] to compute the above potential, which includes, at
zero temperature, the tree-level potential V;ee of the 2HDM, the one-loop Coleman-Weinberg
effective potential Vow [32], and a finite counterterm potential Vorp, such that an on-shell-like
scheme is adopted to fix the mixing matrix elements in the Higgs mass matrices to their
tree-level values at zero temperature [33]. In consequence, the one-loop corrected input
parameters in Eq. (2.5) are fixed to their tree-level values at "= 0. In addition, the thermal
corrections to the effective potential Vi are included in the high-temperature limit [34, 35]. The
temperature-corrected daisy resummation Vaisy is also included following the Arnold-Espinosa
method [36]. For more details, we refer the reader to Refs. [31, 33].

To explore the possibility of an SFOEWPT within the 2HDM, we have performed a
parameter scan of the model, such that the input parameters are varied randomly in the
following intervals

mp € [150, 1500] GeV, ma, my« € [20, 1500] GeV,

7
tan 8 € [0.5, 50] , cos(8 — «) € [-0.35, 0.35] , m € [0, 1500] , 27

while my = 125.25 GeV as it is identified with the SM-like Higgs boson. We confront the scan
points with the most relevant theoretical and experimental constraints to date as implemented
by the public code ScannerS [37, 38]. More concretely, on the theoretical side, we consider a
point to be allowed if it satisfies the requirement of tree-level perturbative unitarity [39, 40],
the potential is bounded from below (at 7' = 0) [41], and if the EW minimum of the potential
is the absolute minimum of the potential [42]. From the experimental side, all allowed points
are required to lie in the 20 uncertainty band of the current determination of the oblique
parameters S, T, U [43-47] from the EW fit [48] at the one-loop level (using the formulae
from [49]). Furthermore, we check that all points are allowed by the current bounds from
LHC searches for BSM scalars and that the predicted SM-like Higgs boson signal strengths
are within 20 with respect to the SM prediction (that is x? — x3y; < 6.18)," where we

4



apply these constraints with the help of the public code HiggsTools [50] (formerly known
as HiggsBounds [51-53] and HiggsSignals [54, 55]). Finally, we check that the points are
allowed at the 95% CL level by present measurements of flavour-changing processes mediated
by neutral currents [48]. In order to increase the amount of points allowed after an electroweak
precision program at the Z pole (as we will discuss in Sec. 3.1), we performed an additional
dedicated scan with m4 ~ myg+ and/or mgy ~ mg+ to ensure that the contributions to the
T parameter (or alternatively the p parameter) remain small [56, 57].

After applying all the above constraints, we compute the transition history of the allowed
points in our scan with BSMPT. As discussed at the beginning of this section, we consider that
a parameter point undergoes an SFOEWPT if it satisfies the condition in Eq. (2.1). For these
points, we additionally demand that their potential is stable at next-to-leading order, and
that the final phase corresponds to the broken electroweak phase with the SM vev at T' = 0.

3 Phenomenology at the LHC and ete™ Colliders

The future collider roadmap is currently evolving in response to the Snowmass and European
Strategy Update [58], yet a likely next step in terrestrial large-scale particle physics experi-
ments is an electron-positron collider with staged precision Z and Higgs programmes. Such
environments will obviously draw from the insights of the HL-LHC findings that could well
pinpoint new physics through small yet relevant coupling modifications.

However, to highlight the true sensitivity uplift that an integrated e™e~ programme
can achieve, specifically in the context of concrete UV-motivated scenarios, we will adopt a
somewhat pessimistic outlook in this section, namely that the LHC at the end of its HL. phase
will not provide conclusive evidence for new physics. On the one hand, for the example of our
2HDM type I scenario, we will gather evidence that this could be possible even if the new
scale of physics is relatively low and well within the kinematic reach of the LHC. On the other
hand, we will show that within the assumptions of the model that we focus on in this work, a
precision hZ programme will typically lead to discovery.

3.1 SFOEWPT versus a Precision Z Pole Programme

As the first step in our study, we tension the parameter region identified in Sec. 2 against an
electroweak precision Z pole programme, i.e. the first stage of a lepton collider such as FCC-ee
or CEPC (see also [59]). In particular, oblique corrections [43-47] can impose significant
constraints on the 2HDM parameter space due to non-SM gauge dynamics. The 1o projected
sensitivity for the S and T oblique parameters for the FCC-ee is [60, 61]

og =0.0038, or=0.0022, psr=0.724, (3.1)

where pgr is the correlation coefficient between S and T

This choice is widely used in the literature due to its convenience, since it does not require knowledge of the
best fit in a generic model and it facilitates the comparison with other models. This assumes that the SM is
close to the best fit of the model (which is reasonable since we have not measured sizable deviations from the
SM predictions) and that only the angles o and §8 play an important role in the signal strength predictions.
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Figure 1. Projections of the SFOEWPT scan as detailed in the main body of the text. Panel 1(a)
shows the compatibility with the S and T" parameters at 68% CL (dotted blue line) and 95% CL (full
blue line). Here, light grey points are parameter points compatible with the constraints specified in
Sec. 2, dark grey points additionally fulfil the SFOEWPT constraint &, > 1, and colored points fulfil
the projected constraints on the EWPOs representatively obtained at a future FCC-ee for its /s = myz
phase. The Z-pole programme will efficiently single out a relatively small parameter space of the
SFOEWPT-preferred parameter region. Panels 1(b) and 1(c) show the contours of the allowed mass
spectra after successively applying the constraints. Panel 1(d) highlights the relation of this region in
the context of the expected 125 GeV signal strength constraints obtainable at the HL-LHC at 68% CL
(dotted red line) and 95% CL (dashed red line), displayed in the tan 8 versus cos(8 — «) plane.

The results for our parameter scan are presented in Fig. 1. As expected, parameter choices
that are relatively far from the alignment limit can be efficiently constrained with a precision
Z pole programme at an e"e” machine. Sensitivity here extends well beyond the sensitivity
of a coupling analysis for the 125 GeV Higgs boson at the HL-LHC, which is highlighted in
Fig. 1(d).> The requirement of a significant mass splitting between the heavy neutral scalar

5To obtain the confidence intervals of the HL-LHC we performed a x? fit to test the projected values of the



and pseudoscalar mass, my and m 4, respectively, to achieve an SFOEWPT in the 2HDM (see
also [23-26, 29]) stands in direct tension with an SM-like outcome of the oblique electroweak
precision observables (EWPO) analysis for the expected FCC-ee precision, cf. Fig. 1(b). Points
that still admit an SFOEWPT according to Eq. (2.1) are forced towards the alignment limit
cos(8 — a) ~ 0, yet at relatively small mass scales, to modify the electroweak cross-over to an
SFOEWPT, cf. Fig. 1(c). As already mentioned, signal strength analyses at the HL-LHC do
not provide significant constraints for this parameter range. However, the mass scale of the
exotic Higgs bosons falls into a range that is well accessible by ATLAS and CMS. We will
turn to this in the next section.

3.2 Context with LHC Higgs Partner Searches

If the exotic states have masses above the tt threshold, the heavy scalars H and A predominantly
decay into these final states. This holds for the largest part of the successful parameter points
of our scan, detailed in Sec. 2. Both ATLAS and CMS are actively searching for heavy scalars
in the ¢t channels [63-65]. It is well-established that interference effects, both between different
Higgs resonances (signal-signal interference) [66, 67] and between the Higgs signal and the
QCD background, can significantly distort the expected Breit—Wigner resonance shapes [68].
In some cases, these effects can even result in a complete cancellation of the signal [69], or
severely reduce experimental sensitivity, particularly when the net effect is a depletion rather
than an excess of events.

Of course, other search strategies for BSM states exist. Examples are, e.g., A — ZH
or H — Z A searches, which are motivated by the large mass splitting typically observed
between A and H in the SFOEWPT favoured region [23, 25, 29]. Other BSM searches include
charged Higgs production channels (for a recent sensitivity extrapolation to the HL-LHC phase
see [70]), and four-top quark production, which can mitigate the interference distortion despite
the small production rate [71]. However, these searches generally yield a smaller production
cross section compared to gluon fusion production of neutral scalars and their subsequent
decay into top-quark pairs. Therefore, we will focus on the latter here (we will come back to
the LHC discovery potential for the 2HDM more broadly further below).

In Fig. 2, we illustrate the combined effect of signal-signal and signal-background interfer-
ence for our parameter scan by comparing the interference-corrected cross section with the
leading-order approximation. To this end we define the signal and the background amplitudes
Mg, Mest, where ‘rest’ includes QCD (gg — tt at O(«s)) and Higgs contributions of the
remaining Higgs bosons (e.g. h, A in case of H production). The signal cross section is readily
obtained as

do© ~ |Mg/|? (3.2)

and displays the usual Breit-Wigner behaviour in the my; invariant mass. For definiteness,
we sample cross sections around the exotic scalar S with m;; € [mg — 5T'g,mg + 5'g]. The
interference contribution is given by

doO ~ 2Re (MEMiest) - (3.3)

coupling modifiers to b- and t-quarks, W and Z bosons, gluons, and 7 and p leptons from Ref. [62] againts the
2HDM predictions from Egs. (2.2) and (2.4).
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Figure 2. Interference-corrected (signal-signal as well as signal-background) cross sections compared
to the pure signal process for LHC production of the uncharged heavy scalars, H (blue points) and A
(red points), respectively, as a function of their respective mass, for the parameter points of the scan
detailed in Sec. 2.

For the parameter points sampled in our scan of Sec. 2, we observe destructive interferences,
which can erase the net cross section when integrated across the scalar threshold or lead to an
underproduction due to interference with the QCD background. Whilst the experiments are
taking into account these effects, they are intrinsically model-dependent, and given the results
of Fig. 2, it is conceivable that the LHC might not be able to fully exclude the parameter
range that is highlighted by our scan region, although it is kinematically accessible.

We stress that the results presented here should not be understood as a ‘no-go theorem’
for the discovery of such states at the LHC. In fact, both ATLAS and CMS [63-65] incorporate
interference effects in their likelihood analyses, yet with simplifying assumptions that make
a direct comparison with our 2HDM scenario opaque. For instance, the recent ATLAS
analysis [64] excludes parameter regions in the 2HDM type II with my = m4 > 300 GeV
with tan 8 < 1.5 — 3. It is worth highlighting that these exclusions are severely impacted by
systematic uncertainties, as demonstrated by ATLAS.

The results for a 2HDM type I (as considered in this paper) would arguably be similar to
those reported by ATLAS, because the phenomenology of all 2HDM types is very similar for
tan 8 ~ 1, and, moreover, the Higgs boson coupling to the top quark is universal for all types.
Therefore, the ATLAS findings serve as a strong indicator that the LHC is gaining sensitivity in
the mass region we consider.® Especially towards the HL-LHC phase, we can therefore expect
these analyses to become increasingly sensitive, also to dip structures in the ms spectrum,
which could then facilitate a discovery when the interference becomes large. To our knowledge,
no HL-LHC extrapolation is currently available, but such analyses remain high-priority lines
of BSM investigations with the potential to reveal new physics. In light of this, we will assume
an overly pessimistic view that the LHC will not fully explore this region to show that an

5The observation of an excess near the t¢ threshold consistent with a “toponium” bound state by both
ATLAS [72] and CMS [73] is evidence of this. However, precise non-relativistic QCD predictions of such a
bound state will be necessary in the future for BSM searches in the ¢ channel in this mass range.



eTe™ machine can close this gap. Furthermore, other top-phillic search channels for neutral
Higgs partners, such as top quark pair-associated and four top quark production, do not suffer
from such sensitivity-altering effects. These, therefore, provide additional sensitivity; however,
at a significantly reduced cross section and consequently limited sensitivity reach.

3.3 SFOEWPT versus Precision Higgs-Associated Production
3.3.1 Elements of the Calculation

Radiative corrections in the 2HDM at electron-positron machines have been considered
in, e.g., Refs. [74-77]. We organise our computation of the next-to-leading order (NLO)
corrections to the Higgs-strahlung process e™e™ — hZ similar to [74], see Fig. 3 for its
representation in terms of Feynman diagrams. The various one-loop vertex functions depicted
in grey in Fig. 3 are computed using FeynArts’/FormCalc/FeynCalc/LoopTools [78-84].
They are then contracted with the leading order topologies to obtain the expression ready for
numerical integration.

A non-vanishing electron mass is employed for the gauge-invariant QED part to regularise
the soft photon emission below a threshold AE. This part can be cancelled analytically [85, 86]
against the corresponding real emission contribution according to the Bloch-Nordsiek [87]
or Kinoshita-Lee-Nauenberg [88, 89] theorems. As the real-emission contribution at the
considered order in perturbation theory is insensitive to the virtual presence of the BSM mass
spectrum, we do not include the contribution above AFE. Experimentally, this also corresponds
to a different, resolvable final state, which should be investigated separately. In the following,
we will conservatively choose AE = 30 GeV. At intermediate points of the calculation, IR
singularities arising from QED radiative corrections Fig. 3 (a) (soft photon singularities appear
as part of the QED vertex correction) are regularised with a photon mass.” The analytical

Teenoz
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Figure 3. Feynman diagram toplogies contributing at NLO to eTe™ — hZ in the 2HDM. In
particular, (b) and (d) are sensitive to Higgs-mixing effects. We omit m. # 0 effects due to vanishingly
small electron-Higgs couplings.

"We used the FeynArts built-in model file THDM.mod which is based on the 2HDM potential as parameterised
in the Higgs Hunter’s Guide [2].
8This operation is automatically handled in the scalar function implementation of LoopTools.



form of the soft counterterms cancels this cut-off and replaces it with a real-emission related
finite term as a function of AFE, proportional to the Born-level amplitude. We have checked
this cancellation numerically.

The remaining weak parts of the amplitude can be computed in the m, = 0 approximation,
exploiting the numerical irrelevance of the electron mass. This allows us to neglect diagrams
involving the Higgs Yukawa coupling to an electron-positron pair, simplifying the computation
of the matrix element considerably. Cross-checks are performed with a second independent
computation. Throughout, we use the Fleischer-Jegerlehner tadpole scheme [90], in which the
bare tadpole is set to zero. This scheme has been implemented for the 2HDM and referred
to as “alternative tadpole scheme” in Refs. [91-94],” where in the two-point and three-point
functions, the relevant tadpole contributions are included alongside the usual one-particle
irreducible (1PI) diagrams. For the renormalisation of the 2HDM mixing angles, we follow
the prescription of [91, 92, 94] and use the on-shell tadpole-pinched scheme, introduced there,
based on evaluating the scalar two-point functions using the pinch technique [106].'" The
angle counterterms are defined through the scalar off-diagonal wavefunction renormalisation
constants in the alternative tadpole scheme with additional UV-finite parts evaluated at
on-shell scalar boson masses. For the renormalisation of the fields and masses, using the
on-shell renormalisation conditions, the field and mass renormalisation constants are obtained
as in Ref. [86]. The UV-finiteness after the implementation of the renormalisation programme
has been checked analytically as well as numerically. The numerical integration has been
compared against MadGraph5_aMC@NLO [107] for the SM. We have further checked that our
2HDM calculation approaches, at leading and at next-to-leading order, the SM prediction in
the decoupling limit'' (we obtain the SM result with a second independent implementation).

3.3.2 Higgs Production in eTe~ Collisions - Discrimination Beyond EWPOs

We are now ready to turn to the implications of our previous results for a precision investigation
of associated Higgs production at an ete™ collider. A Higgs machine will typically run at a
centre-of-mass energy of /s = 240 GeV where the ete™ — hZ cross section has a maximum.
The number of observables that are accessible in this instance is limited compared to hadron
machines that probe a plethora of processes across a large range of energy scales. However,
when viewed in the context of concrete model predictions, the overall sensitivity that can be
expected at an FCC-ee of [108]

Ac(ete™ — hZ)
olete = hZ)

=0.31%, (3.4)

predominantly achieved from an analysis of the Z boson recoil spectrum [109-111], carries a
very large potential for new physics discovery.

The parameter region of our 2HDM scan that is consistent with the Z pole programme is
forced into the 2HDM alignment limit. Hence, it is not surprising that most of the parameter

9For further literature on the renormalisation of the 2HDM, cf. [95-105].

0The pinch technique was adopted to extract the gauge-independent contributions to the mixing angle
counterterms.

1'We obtain the cross section in the decoupling limit by setting my = ma = mg+ = m = 1.8 TeV and
cos(B — a) = 0, see discussion in Sec. 2. This result is robust against changes of the mass scale.
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Figure 4. Production of the SM-like Higgs boson in association with a Z boson at the FCC-ee,
in relation to the decoupling limit at /s = 240 GeV for the scan detailed in Sec. 2. Blue points
denote leading-order predictions, which are all compatible with the expected FCC-ee sensitivity of
hZ production of Ac/o = 0.31% [108]; all points are compatible with an SM outcome of the FCC-ee
Z-pole programme. Including radiative corrections (red points) modifies these predictions, creating
the discovery potential at a lepton collider even when Z pole observables are insensitive. The green
region is the experimental sensitivity Ao/o = 0.31%. The decoupling cross section dgecoup is evaluated
consistently at LO (blue points) and NLO (red points).

points are consistent with the uncertainty of Eq. (3.4) at the leading order. Consistency with
S, T forces the interactions of the SM-like Higgs boson into a region where the leading-order
cross section is largely consistent with the SM (the 2HDM cross section in the decoupling limit
is around oqecoup = 0.222 pb at LO and 0.211 pb at NLO), cf. Fig. 4.

The requirement of an SFOEWPT, however, is incompatible with this decoupling limit
(the latter approaches the SM for which the phase transition is a cross-over). Hence, we can
expect quantum corrections to be relevant for the points that single out an SFOEWPT, also
when they are aligned with the SM expectation of Z pole measurements. Indeed, as shown
in Fig. 4, the weak radiative corrections as detailed in Sec. 3.3.1, modify the 2HDM cross
sections away from the decoupling limit (and hence, away from the SM). More importantly,
the modifications are typically large enough for the e™e™ — hZ programme to detect new
physics based on the expectation of Eq. (3.4).

It is worthwhile mentioning that the discrimination on the basis of the hZ cross section
is not in a one-to-one correspondence with the requirement of an SFOEWPT. It is the
predictive power of renormalisability that drives experimentally detectable model correlations
beyond leading order in a theoretically controlled way. An SFOEWPT is driven by the
requirement of a relatively light exotic particle spectrum and a departure from SM-expected
Higgs interactions. In any UV-complete scenario (and in particular for the 2HDM considered
here), these requirements select a region of the parameter space that is, to a large extent,
experimentally distinguishable from the SM in hZ production at a 240 GeV lepton collider.
The radiative corrections are not dominantly sensitive to the mass splittings themselves,
but to their correlated effects in terms of inter-Higgs couplings and radiative corrections
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to mixing angles. These effects are two-loop suppressed for the Z pole programme; hZ
production accessing these correlation modifications at one-loop level makes them large enough
for detection within the expected experimental sensitivity. It is known that modifications
of the Higgs self-coupling can be parametrically large [95, 112-114], including regions with
SFOEWPTSs [26, 27, 29, 115]. These are formally two-loop suppressed effects, which could,
however, be numerically relevant for the given sensitivity that can be achieved at a machine
like FCC-ee. An analysis of such effects is only meaningful as part of a comprehensive two-loop
investigation, which is beyond the scope of our present work.

4 Summary and Conclusions

In this work, we have considered an electroweak precision Z and Higgs analysis programme in
light of expected LHC sensitivities for Higgs measurements and searches for exotics. Based
on the sole assumption of a strong first-order electroweak phase transition, we have clarified
the discovery potential for new physics at each experimental stage when moving from the
HL-LHC to ete™ collisions at different energies.

The generic structure of our discussion has been deliberately (and, perhaps, see below,
unnecessarily) pessimistic. We have mainly focused on parameter regions of SFOEWPTs that
are compatible with an SM-consistent outcome of precision Z pole measurements. In parallel,
we argued that the most dominant exotic Higgs discovery modes potentially miss the mass
scales imposed by the SFOEWPT. Nonetheless, the outcome of our analysis is extraordinarily
encouraging. Most of the parameter points that fulfil these pessimistic criteria for the 2HDM
type I considered in this work show a large enough cross section deviation in hZ production
at NLO for new physics to be discovered. The reason behind this is the congeniality of two
observations: (i) the relevance of radiative corrections when BSM is aligned with but not
decoupled from the SM, and (ii) the expected experimental sensitivity to hZ production
achievable at lepton colliders.

Of course, our observations are specific to the 2HDM that we have considered here.
Nonetheless, we can expect our findings to generalise to other scenarios as well, qualitatively.
Moving away from the SM to address (parts of) its shortcomings in the light of the current
consistency of LHC results with SM expectations will leave sizeable quantum footprints that can
be targeted at experimental precision environments. In this sense, our results are representative
and have provided convincing evidence that such parameter regions can be efficiently probed
by ete™ — hZ measurements, which are driven by relatively model-independent Z-recoil
studies. Therefore, if the more profound theory that underpins the SM follows the behaviour
of established quantum field theory, there is no a priori reason beyond tuning for it to be
missed at the next generation of lepton colliders at the latest.

Along this line, it is worthwhile pointing out that other e™e™ machines have been proposed,
with or without a Z pole programme, e.g. ILC [116], CLIC [117] or LCF [118, 119]. The
precision of an hZ measurement will be quantitatively similar. A less precise measurement
of the electroweak input parameters that is provided by a dedicated Z run can result in
somewhat larger theoretical interpretation uncertainty. We have not considered this in detail,
and within the approximations of our work, we can expect such a machine to have a similar
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sensitivity reach as the FCC-ee concept. Relaxing the S, T, U constraints, which serve the
purpose of aligning the Higgs couplings alongside the exotics’ mass splitting, a more general
phenomenological NLO pattern becomes possible. The additional parametric freedom can
then also lead to NLO cross sections consistent with the SM uncertainty. Such a limitation
can potentially be overcome by studying exclusive decay modes in Zh production, which
provide a largely independent measurement of couplings and mixing angles as the Higgs boson
is narrow.

Finally, it is worthwhile mentioning that the new physics as considered here can be
discovered at any stage in the present and future collider programme, e.g. through small
coupling deviations of the SM-like Higgs boson at the HL-LHC in the near future (e.g. through
improving beyond the single-Higgs sensitivity expectations with growing data sets [120] or
through discovery in rare channels). We highlight again that the experiments are actively
including interference effects in their exotics’ searches for gg — H/A, and we can expect
analyses to fully reflect model correlations beyond benchmarks, especially when we turn to the
HL-LHC phase, when backgrounds will become increasingly under statistical and systematic
control. This also includes search channels that we have explicitly not considered in this
work. In the lucky instance of new physics discovery, the combination of a Z pole programme
(for a more comprehensive analysis see Refs. [121, 122]) in tandem with an experimentally
robust precision investigation of Higgs production at an electron-positron collider will lead
to a detailed understanding of the nature of the electroweak scale. Whether or not an eTe™
collider remains a motivated concept will, of course, depend on the nature of the discovery,
which could instead justify a direct consideration of FCC-hh.
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