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Tera-Z stage at future colliders and light composite axionlike particles
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The Tera-Z phase of future e™e™ colliders, FCC-ee and CEPC, is a gold mine for exploring Z portal
physics. We focus on axionlike particles (ALPs) that can be produced via Z decays with a monochromatic
photon. As a template model, we consider composite Higgs models with a light pseudoscalar that couples
through the Wess-Zumino-Witten term to the electroweak gauge bosons. For both photophilic and
photophobic cases, we show that the Tera-Z can probe composite scales up to 100s of TeV, well beyond the
capability of the LHC and current precision physics. Our results also apply to generic ALPs and, in
particular, severely constrain models that explain the muon g — 2 anomaly.
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New physics extensions of the Standard Model (SM)
often contain additional scalar bosons. Their presence can
be linked to symmetries, as is the case for axions [1,2] and
for the second Higgs doublet in supersymmetry [3], or to
the composite nature of the SM extension [4—6]. Extended
scalar sectors are also popular as they offer interesting
model building avenues: multiple doublets [7,8] enrich the
Higgs sector of the SM, while triplets emerge in neutrino
type-Il see-saw models [9] and the custodial Georgi-
Machacek model [10,11]. Singlets can provide dark matter
candidates [12,13] or help achieving an electroweak first
order phase transition [14,15], as required by baryogenesis
and leptogenesis [16]. Pseudoscalars are of special interest,
as they exhibit different properties from those of the
Higgs boson. While these states map to several beyond
the Standard Model (BSM) scenarios, they can be broadly
classified on the basis of the nature of their interactions.
In this paper, we focus on axionlike particles (ALPs) [17,18],
which, being gauge singlets, couple to the SM gauge bosons
and fermions via dimension-5 operators. They have had
implications for and have been studied in several areas of
particle physics: flavor [19-28], colliders [29-36], as a dark
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matter candidate [18,25,37-42]. For a comprehensive insight
into these models, see for example [35,43—45].

In particular, motivated by composite Higgs models, we
will study a special case where only Wess-Zumino-Witten
(WZW) couplings [46,47] to the electroweak gauge bosons
are present at the leading order:

C ~ C -
‘CWZW = a(ngWWﬂyWﬂD + jszBﬂyBlw), (1)

where W, B are the electroweak bosons of the SU(2), x
U(1), gauge group respectively and a is the pseudoscalar
field. Here, A is the mass scale in the effective theory where
the couplings are generated, while the coefficients Cy, p are
determined by the ultraviolet (UV) completion. While these
couplings could be embedded in several UV frameworks,
two scenarios of interest are ALPs [17,18] and models of
composite Higgs [5,32,41,48]. In either case, the pseudo-
scalar a emerges as a pseudo Nambu-Goldstone Boson
(pNGB) of a spontaneously broken global symmetry and,
therefore, can be much lighter that the scale A. Due to the
absence of leading order couplings to gluons and fermions,
direct and indirect bounds are relatively weak (large mass
and/or O(1) TeV~! coupling), especially in the mass range
between 1 GeV and the Z mass (e.g., see [20,29,49]).
Couplings to fermions are, in fact, generated at loop level
[29], and their effect is fully taken into account in this work.
The bounds from photon fusion processes from LHC-heavy
ion collisions [50,51] constrain O(1) TeV~! region of the
ALP coupling to photons.

In this paper we point out that future electron-positron
colliders running at the Z pole, like FCC-ee [52] and CEPC
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[53], are discovery machines for these light a’s thanks to
the leading-order coupling Zay contained in Eq. (1). With a
projected number of Z bosons produced in the few times

102 ballpark, the so-called Tera-Z run has the capability of

probing the composite nature of the Higgs boson up to very

large scales. In this work, we will focus on two distinct
scenarios:

(a) Photophobic, corresponding to Cz = —Cyy in Eq. (1).
In this case, the coupling to photons (C,, = Cy + Cp)
vanishes. Composite models based on SU(4)/Sp(4)
[4,41,48] and SU(4)?/SU(4) [54] fall under this
category. Current bounds have been collected
in [44.,49].

(b) Photophilic, corresponding to Cpz = Cy. In this
case, the dominant coupling for masses below the
Z is to two photons. Composite models based on
SU(5)/S0(5) [5,55,56] fall in this category. The
current bounds mainly relying on the photon coupling
are summarized in [20]. We should also note that loop
induced couplings to the Higgs in composite models
are suppressed once compared to generic ALP scenar-
ios [31].

A remarkable class of composite ALPs, which falls in the
photophilic class, is composed of U(1) pNGBs in models
with top partial compositeness [30,32,42]: while they
feature leading order couplings to gluons, the LHC bounds
remain relatively weak [30]. Similarly, photophobic ALP’s
with the absence of leading order coupling to gluons is
discussed in [49]. Thus, as already mentioned, the results
we present in this work are not special to composite models
and can be applied straightforwardly to a generic ALP

scenario. We use the composite Higgs framework as a

template to visualize the results. As such, the coupling Cy,

can be expressed as

Cw d

_ W
A 64272 f @)
where f is the decay constant of the composite Higgs (it is
implicitly assumed that f is larger than the Higgs vacuum
expectation value v) and d,, counts the internal degrees of
freedom of the fermions confined in the composite Higgs.
In the numerical study, we will fix d,, = 4 following the
most minimal cases [57]. The results will also be shown in
terms of the so-called fine-tuning parameter v/ f.

We use the results from [29], including loop-induced
couplings to fermions and photons, to calculate the partial
decay widths of the pseudoscalar a. As all the couplings are
proportional to the same coefficient Cy,/A, the branching
ratios only depend on the a mass, as illustrated in Fig. 1 for
the photophobic case. The dominant decay is always into
the heaviest accessible quark, while subleading decays into
photons grow toward the Z mass threshold. In the photo-
philic case, the dominant decay is always into two photons,
independent of the mass. The only physical quantities that
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FIG. 1. Branching ratios (B.R.) for the pseudoscalar a in the

photophobic case, as a function of its mass.

depend on the WZW coupling are the branching ratio of
Z — ay and the lifetime of a. The former fixes the number
of signal events expected at the Tera-Z run, while the latter
will determine the search strategies to be adopted. As the
design for the detector is not finalized, we will use the
typical size of a central tracker to define the following three
classes, based on the a lifetime L:

(1) For L <2 cm, we consider the decays prompt.

(i) For 2 < L < 100 cm, we consider a being long-
lived as the decay off the beam pipe can be tracked
and identified.

(iii) For L > 100 cm, we consider the signature of a to
be missing energy, as it will decay outside the
tracker and leave no identifiable trace in the detector.

The regions in the 2-dimensional parameter space cor-
responding to the above three classes are highlighted by
the shaded regions in Fig. 3 for both photophobic and
photophilic ALPs. Thanks to the prompt decay into
photons, the photophilic ALP has reduced regions with
long-lived or missing energy phenomenology. For the
photophobic case, the prompt decays only occur above
the bb threshold.

The Tera-Z phase of the FCC-ee and CEPC colliders
presents a unique opportunity for studying Z portal physics.
With the projected integrated luminosity, ~6 x 102 Z
bosons will be produced, thus promising a remarkable
reach for very rare Z decays. In the models under consid-
eration, we obtain branching ratios Z — ay between 1078
and 107'2, for values of f between 1 and 100 TeV. Thus,
the Tera-Z run has the potential to probe compositeness
scales f well beyond what current electroweak precision
and the LHC can do, as they probe f up to a 2-3 TeV [43].
Using a UFO model file from FEYNRULES [58], we
generated the matrix element of interest for the signal,
M(ete™ — Z — ay), using MADGRAPH [59]. We pass the
events through PYTHIA for the showering and hadroniza-
tion. The IDEA detector card of DELPHES [60] is used for
the fast detector simulation.

Prompt decays. In the photophobic models, prompt
decays take place for masses above the bb threshold,
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where the dominant final state comprises bottom quarks.
Thus we consider the main signal to be Z — ya — ybb,
leading to one isolated monochromatic photon and a pair of
b-jets. The jets are reconstructed using the AK4 [61]
algorithm, requiring each jet to have a minimum transverse
momentum pii" = 4 GeV. Furthermore, we demand that
at least one of the jets is tagged as a b-jet. Given the absence
of data for a p; specific b-tagging efficiency for the IDEA
detector, we assume a pr-independent tag rate of 80%, with
a mistag rate of 1%. The dominant background is due to the
decay of Z — bby where the photon is radiated off one of
the b quarks (while Z — jjy is suppressed by the jet mistag
rate). The energy of the monochromatic photon depends on
the mass of the associated pseudo-scalar a, and can be used
as the main discriminant against the background. In the top
plot of Fig. 2 we illustrate the distribution of the photon
energy E for three different masses of the pseudoscalar a:
15, 50 and 80 GeV. The corresponding background dis-
tribution is shown by the black dashed line. We see that, as
the mass of the pseudoscalar increases, the energy of the
photon moves closer to that of the background distribution.
Hence, the differentiation of the signal will become
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FIG. 2. Tllustration of the signal and background distribution for
a given analysis. Top: energy of the leading isolated photon for
the signal and the background. Bottom: construction of the
invariant mass using diphoton events for different masses and
the background. For m, < 50 GeV, we use the two subleading
photons (y"y?)) while for other masses we use the two leading
photons (y(©y(1)). The corresponding background is illustrated by
solid black (B, ,,) and dashed black (B,,,,) lines, respectively.

increasingly ineffective. To quantify the discrimination
power, and define our search strategy, we bin the events
by 2 GeV. We then use the following expression to evaluate
the signal sensitivity [62]:

N

z=\3 (2(s,~ + b;)log {1 +ﬂ —2s,->, 3)

i=1 i

where the sum runs over all the bins and s;/b; are signal/
background events in the ith bin. The left plot of Fig. 3
shows the reach in the (m,, f) plane for the photophobic
composite models: in the blue-shaded region, the red and
black lines are the 95% C.L. reach for integrated luminos-
ities of 3 ab™! and 150 ab™"', respectively. The lines clearly
highlight the loss of sensitivity for masses close to the Z
mass, which is also due to a reduction in the B.R. of the Z
boson. With this channel we, therefore, expect to be
sensitive to Higgs composite scales f up to 5 TeV, well
above the current reach.

In the photophilic models, the prompt region extends to
masses as low as 1 GeV, and the dominant decay produces
two photons. The signal final state is Z — ya — yyy,
thus containing three isolated photons. The photons are
reconstructed with a minimum transverse momentum of
ph > 2 GeV. Furthermore, we will order the photons in
decreasing order of pr as y;, 72, 3. We observe that for a
masses larger than 50 GeV, in most of the events it is the
two leading photons that reconstruct the resonance, while
for masses below 50 GeV it is the two subleading photons.
Hence, we define a discriminant variable as

{ (p,, +p,,)? for m, <50 GeV

m e
(py, +p,,)* for m, >50 GeV

144

depending on the a mass we are probing. This variable is
illustrated in the bottom plot of Fig. 2 for three represen-
tative masses, showing that our strategy does indeed well
reconstruct the resonance. For the background, we first
consider the irreducible process ete™ — yyy. As for the
signal, we define the background distribution in m,, by
grouping either the leading (BG,,,,) or subleading (BG,,,,)
photons, as shown by the solid and dashed black lines. The
former is used for the computation of the signal sensitivity
for masses m, < 50 GeV, while the latter is used for the
heavier masses. The blue arrow represents the transition
point. An interesting feature in the BG, ,, distribution is its
sharp fall above 80 GeV. This can be attributed to the fact
that the third photon carries a small but non-negligible
energy. With a precise knowledge of the center-of-mass
energy and the fact that the three photons must necessarily
reconstruct to mass around the Z pole, the invariant mass
of the two leading photons must exhibit falling distribu-
tions as one approaches the Z pole. We also considered the
background from eTe~™ — ete”y, where both electrons
are misidentified as photons. The distribution of this
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FIG. 3.

Butterfly plot showing the parameter space for the photophilic (right wing) and photophobic (left wing) models. The shaded

regions correspond to prompt decays (light mauve), long-lived (orange) and missing energy signature (green). v = 246 GeV, is the
Higgs vacuum expectation value. The 95% C.L. reach of the Tera-Z run is indicated for integrated luminosities of 3 (black) and 150 ab~!
(red). The conversion between the ALP coupling Cy /A and the compositeness scale f is given in Eq. (2) with d,, = 4. Present
electroweak bounds are at a value v/f ~ 0.2 which lies at the top of the plot.

background off the Z pole is similar to that of the 3-photon
one, and it can be kept below 2.5% of the irreducible
background as long as the mis-id rate is kept below 0.0005.
To understand how reasonable this value is, we can
compare with the study of a light-mass resonance decaying
into photons in CMS [63], where the double-fake rate at the
Z-pole was estimated to be ~0.0015. A more detailed
knowledge of the detector and a data-driven analysis is
required for a better understanding of this background.
Similarly, the region for m,, > 80 GeV will be populated
dominantly by mis-id backgrounds, thus we remove this
region from our analysis. To quantify the sensitivity of this
search, we use the same binned likelihood function in
Eg. (1) for m,,. As before, the red and black contours

correspond to Z = 26 for 3 and 150 ab~'. In the composite
Higgs scale, this channel allows us to probe f up to 20 TeV
in the prompt decay region (blue shade). We checked that
other bounds on the photon coupling [29] only apply for
f <1 TeV due to the loop suppression in Eq. (2).
Long-lived ALP signature. Pseudoscalars with a rela-
tively long lifetime, such that a displaced vertex can be
reconstructed, possibly give the most optimist picture due
to the absence, in practice, of irreducible backgrounds. Yet,
it is difficult to give reliable estimates without a precise
definition of the detector. Here, therefore, we will provide
an estimate of the number of events expected in each case
assuming a negligible background.1 In the photophobic

'We emphasize that event counting represents the state of the
art which is employed by most phenomenological analyses and is
intended to motivate an experimental search in these channels.

case, the dominant decays involve hadrons, as shown in
Fig. 1. The contours in the orange region in the left plot of
Fig. 3 represent the benchmark of 2 events with displaced
hadrons +y for an integrated luminosity of 3 and 150 ab~"!.
This shows that the Tera-Z run has the potential of being
sensitive to f scales up to 600 TeV. For the photophilic
case, the long-lived signal can only occur for masses below
20 GeV due to the leading coupling to photons. The signal
thus consists of a monochromatic photon with energy
between 35 and 45 GeV depending on the a mass, and
two photons originating from a displaced vertex. In this
case too, we conservatively provide contours that give a
sizeable number of events (20) for integrated luminosities
of 3 and 150 ab~!, as shown in the right plot of Fig. 3. The
potential reach in f is similar to the photophobic case.
Missing energy signature. For large life-times, which
allow for decays outside of the tracker, the a can be
considered as missing energy as it will not be reconstructed
in the detector. The signature, therefore, consists of a single
monochromatic photon and has been studied in detail in
Ref. [64]. Here, decays of the Z into a dark photon ¥ are con-
sidered, with a projected bound of B(Z—y7) =23 x 107!
for the Tera-Z. Our case is slightly different, as the dark
photon is replaced by a pseudoscalar, however we do not
expect large differences in the reach. Thus, we simply
reinterpreted the bound in our parameter space, as shown
by the horizontal red line in the green shaded regions of
Fig. 3. The limit is the same for both models, as it is
independent on the decay products of the a. It illustrates the
sensitivity for scales as heavy as ~90 TeV. Itis instructive to
note that the parameter space to which the Tera-Z phase is
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sensitive is beyond the region probed by light-by-light
scattering experiments in PbPb [50,51] collisions or the
projected sensitivity at the end of HL-LHC [65]. The
strongest bounds in the mass range of interest are due to
light-by-light scattering experiments in PbPb collisions [51].
It translates to a lower bound f ~ 80 GeV, which is well
below the scales relevant to the models in the paper.

In conclusion, we have considered the Tera-Z run at
future e™e™ colliders as a discovery machine for ALPs
produced in the Z decays. We consider composite Higgs
models as a template, where the light ALP is a pseudo-
Nambu-Goldstone boson that couples to the electroweak
gauge bosons via the topological WZW term. We consider
both photophilic and photophobic scenarios, including
loop-induced couplings to fermions and photons. Our
analysis shows that the Tera-Z can probe the Higgs
composite scale up to 5 or 20 TeV for prompt decays,
and hundreds of TeV for long-lived or missing energy
signatures. Thus, the Tera-Z can zoom in the composite
nature of the Higgs to much better precision than the LHC.

Our results can be easily translated to other ALP
scenarios. We remark that the explanations of the central

value of the muon g — 2 [20], measured by BNL E821 [66]
and Fermilab [66,67], need much larger couplings2 than the
ones we consider here, even including the reduced tension
following the BMW lattice result [68]. Hence, they can be
severely constrained by searches in this channel.
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The typical values to explain the (9—2), requires %N
1 TeV~! [29]. This translates to f ~ 10 GeV in the existing
models which is much below the scales considered in the paper.
Given the sensitivity of the current analysis to significantly

smaller values of %, as shown Fig. 3, the corresponding O(1)

values can be probed during the preliminary runs at Z pole
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