arXiv:2310.17270v2 [hep-ex] 26 Mar 2024

Searches for axion-like particles via vy fusion at future e*te™ colliders

Patricia Rebello Teles,"[] David d’Enterria,>[[] Victor P. Gongalves,® *[f] and Daniel E. Martins®[f]
! Centro Brasileiro de Pesquisas Fisicas (CBPF), Rua Dr. Xavier Sigaud,
150 Urca, 22290-180, Rio de Janeiro, RJ, Brazil.
2CERN, EP Department 1211 Geneva, Switzerland
I Institute of Physics and Mathematics, Federal University of Pelotas,
Postal Code 354, 96010-900, Pelotas, RS, Brazil
4 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
°The Henryk Niewodniczanski Institute of Nuclear Physics (IF.J)
Polish Academy of Sciences (PAN), 31-342, Krakow, Poland

Opportunities for searches for axion-like particles (ALPs) coupling to photons in e*e™ collisions

at the Future Circular Collider (FCC-ee) and International Linear Collider (ILC) are investigated.
We perform a study of the photon-fusion production of ALPs decaying into two photons, eTe™ -2
et a(yy) e”, over the light-by-light continuum background, for the planned FCC-ee and ILC center-
of-mass energies and integrated luminosities. An analysis of the feasibility measurements is presented
using parametrized simulations for two types of detectors. Upper limits at 95% confidence level (CL)
on the cross section for ALP production, o(yy — a — v7), and on the ALP-photon coupling are
obtained over the m, ~ 0.1-1000 GeV ALP mass range, and compared to current and future
collider searches. Production cross sections down to o(yy — a — ~v) =~ 1 fb (1 ab) will be
probed at mq, & 1 (300) GeV, corresponding to constraints on the axion-photon coupling as low as
Jayy R 2+ 1073 Tev~1L.

I. INTRODUCTION

After more than a decade of operation of the Large Hadron Collider (LHC) with proton-proton collisions
at the energy frontier, no new elementary particle beyond the Higgs boson [Il 2] has been observed. Aside
from the scalar boson discovery [3], the main fundamental questions that motivated the LHC construction
remain therefore open [4]: What is dark matter (DM)? What is the origin of matter-antimatter asymmetry
in the universe? How are the neutrino masses generated? What physical mechanism protects the mass of the
scalar Higgs field from quantum corrections up to the Planck scale without a high degree of fine tuning? Why
there is no visible violation of charge-parity symmetry (CP) in the strong interaction? What is the origin of
the seemingly arbitrary structure of fermion masses (Yukawa couplings) and mixings? Hierarchy arguments
based on the naturalness of the electroweak (EW) scale suggest that new physics degrees of freedom may
exist at or below the TeV scale [5]. Such expectations are now in tension with null results from new physics
searches at the LHC, which imply either a significant mass gap between the EW scale and the scale of physics
beyond the Standard Model (BSM) that stabilizes it, or new physics states that are light, but very weakly
coupled. In many scenarios, these new light physics states are the (pseudo)Nambu—-Goldstone bosons that
arise from spontaneously breaking a high-energy global symmetry or in low-energy effective theory of string
compactifications. In this context, in parallel to searches for new phenomena at high masses and transverse
momenta, studies at current and future colliders have broadened their scope to include also searches for
new particles with very suppressed interactions with the Standard Model (SM) bosons and/or fermions [6].
Among such feebly-interacting particles (FIPs), generic pseudoscalar axion-like particles (ALPs) are a prime
bosonic DM candidate [THI0], can provide an elegant solution to the strong CP [I1I] and/or hierarchy [12]
problems, and are also ubiquitous in string theory realizations [13].

In order to explore the broad range in mass and couplings that ALP physics suggests [14], many
experiments and techniques have been developed. Heavy ALPs with masses above m, ~ 0.1 GeV can be
searched for at current [I5H31] and future [32H41] high-energy colliders. The particle physics priority for
a post-LHC machine is an electron-positron (ete™) facility [42, 43|, such as the Future Circular Collider
(FCC-ee) [44], 5] or the International Linear Collider (ILC) [46], aiming at very precisely probing the
Higgs sector of the SM. Such machines have also the capability to accurately search for new FIPs in low
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mass,/coupling regions inaccessible at the LHC. While new particles with 0.1 to 100 GeV masses are difficult
to access at hadron colliders due to trigger limitations and large backgrounds in p-p collisions —despite
photon-fusion processes in ultraperipheral collisions of heavy ions [47] providing somewhat more favorable
conditions in this mass range [A8H5I]— the clean environment and large integrated luminosities available at
the FCC-ee and ILC lepton colliders will render them very sensitive machines in searches for EW-coupled
ALPs.

In recent years, several projections for ALP search reaches have been presented for different future
lepton colliders, including FCC-ee and ILC (see, e.g. [32]) based on effective field theory models. In
general, such studies have focused on ALPs coupling preferentially to photons (BC9 "photon dominance"
benchmark point of Ref. [6]) and, more particularly, on ete™ — Z — a(y7y)~ production (left diagram
of Fig. [1), which has vanishingly small backgrounds (the Z — 3~ decay has a SM branching fraction of
B =0.85-10"7, including exclusive Z boson radiative meson decays [52]), although at best, only approximate
acceptances/efficiencies of the detectors have been taken into account. Alternatively, in this work we
present an analysis of exclusive ALP production via photon fusion (Fig. [} center) on top of the diphoton
continuum from 4+ interactions also known as light-by-light (LbL) scattering [53] (Fig. |1} right), taking
into account realistic (fast) simulations of two typical future eTe™ detectors [564, [55]. The ALPs event
generation is performed with the SuperChic 4.03 (SC4) Monte Carlo code [56], based on the equivalent
photon approximation (EPA) [57], accounting for the (small) virtualities of the emitted photons from the
ete™ beams. The generated events are further passed to parametrized responses of the FCC-ee and ILC
detectors simulated using the DELPHES-3 package [568]. For the FCC-ee, we consider the latest settings of
the International Detector for Electron-positron Accelerator (IDEA) apparatus [55], and of the International
Large Detector (ILD) concept [54] for the ILC case. The full analysis, from photon-photon scattering to
the detector simulation is performed for varying values of ALP masses and photon-ALP couplings, using
up-to-date FCC-ee and ILC integrated luminosities for their expected operation at various center-of-mass
(c.m.) energies. We apply relevant event selection cuts in kinematic quantities reconstructed at the detector
level, and show the regions of phase space with competitive sensitivities in the ALP mass versus y-a coupling
plane. Preliminary results of this work have been presented elsewhere [59, [60]. This current work is the
follow-up of our previous generator-level-only results.

+

FIG. 1: Schematic diagrams of ALPs production in eTe™ collisions via Z boson decays (left) and in v fusion (center),
and light-by-light background of the latter process (right). In the photon-fusion diagrams, the incoming (outgoing)
photons have momenta ¢1,2 (k1,2).

The paper is organized as follows. In Section [T, we present a brief review of the formalism needed to
describe ALP and LbL production in v collisions at eTe™ colliders. In particular, the EPA approach is
reviewed and the Lagrangian used in the derivation of the Feynman rules relevant for the calculation of the
photon-fusion ALP production is presented. In Section [[TI, the methodology of our analysis and the basic
event selection criteria applied are discussed, and the kinematic distributions for ALP and LbL diphoton
pairs produced in ete™ collisions at FCC-ee and ILC are presented. The expected upper limits on the cross
sections and ALP-photon couplings are presented as a function of ALP mass for operation runs at different
c.m. energies and luminosities, and a comparison with current upper bounds is also performed. Finally, the
case where light ALPs are long-lived and can be identified by a macroscopically displaced diphoton vertex is
discussed. A summary of our main results and conclusions is presented in Section [[V]



II. SIMULATION SETUP

The rich physics possibilities of two-photon collisions were proposed long ago [57, 61] and have been an
active topic of research at lepton [62-64], proton |51} 65H67], and ion [47, 51} 68] colliders since. Future e™e™
machines, in particular, will also provide an ideal environment to study -y collisions at unprecedented energies
and luminosities [69], beyond their design program focused on precision Higgs and electrowek physics. In the
last decades, four projects of eTe™ colliders have been proposed: the Compact Linear Collider (CLIC) [70]
and ILC linear machines, and the circular CEPC [71] and FCC-ee facilities. In this paper, we present
predictions for the range of c.m. energies and luminosities expected to be reached in various runs at the ILC
and FCC-ee (Table , but results for the other colliders can be obtained from the authors upon request. In
our analysis, we consider that the colliding photons are emitted by the incoming e* beams, although these
initial photons can also be generated through Compton backscattering of laser photons off linear electron
beams [72]. Such an alternative has been explored in Ref. [4], which demonstrated that the CLIC machine
running at /s = 3000 GeV, has a great physics potential for searching for ALPs with masses in the m, ~ 1—
2.4 TeV range. Our focus here is in the production of lighter ALPs (m, =~ 0.1-1000 GeV) that can be
produced in the range of collision energies listed in Table [l

TABLE I: Center-of-mass energies and integrated luminosities expected in e™

runs of the FCC-ee [73] and ILC [54].

e~ collisions during typical operation

Collider /Detector (v/8, Lint)

Run 1 Run 2 Run 3 Run 4
FCC-ee/IDEA (91 GeV, 204 ab™") (160 GeV, 9.6 ab™') (240 GeV, 7.2 ab™ ') (365 GeV, 2.68 ab™ ')
ILC/ILD (250 GeV, 2 ab™') (365 GeV, 0.2 ab™") (500 GeV, 4 ab™ 1) (1 TeV, 5.4 ab™h)

The theoretical formalism needed to describe exclusive diphoton production in ~v interactions at eTe™
colliders, represented in Fig. [1] (center and left diagrams), is succinctly recalled. Such processes are charac-
terized by the presence of a pair of centrally produced photons and two forward eTe™, mostly collinear to
the incoming beams directions. Photon-photon collisions with higher virtuality lead to the electron and/or
positron being deflected at increasingly larger angles with respect to the beamline. As demonstrated by the
experimental analyses performed at the Large Electron-Positron Collider (LEP) [74], one or both scattered
electrons can be detected, which allows focusing on higher-virtuality collisions and suppressing potential
backgrounds at the cost of a reduction in the size of the data samples. The possibility of forward detector
tagging at future ee~ colliders is under discussion. In our analysis, we do not require tagging of the electrons
in the final state, and the inclusive process of interest is therefore dominated by low-virtuality v~ interactions
where the EPA works best. The kinematics of the collision is described next. The incident particles emit
two photons with momenta ¢; and g2, which merge to form a diphoton system with invariant mass squared
mgv = (q1 + q2)* = (k1 + k2)?, where k; and ky are the momenta of the two photons in the final state.
Following the EPA approach [57] for eTe™ collisions at high energies (1/s > m,), the two-photon production
cross section can be written in the following general form
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where the outgoing electrons have momenta P/1,2 and energies E{’Q, FE; are the energies of the photons in the
final state, Q7 = —q? are their virtualities, and « is the electromagnetic coupling constant. The matrix p!"”
can be interpreted as a density matrix for the virtual photon generated by the electron ¢, which can be fully
estimated using quantum-electrodynamics for structureless pointlike particles such as electrons. In addition,
MH*¥ corresponds to the photon-photon amplitude, determined from all virtual charged particles running in
the box of Fig. [1] (right), with arbitrary initial-state photon virtualities. In our analysis, such amplitude is
given by sum of the SM LbL contributions, including the W* boson and charged fermion loops [75], plus
the contribution associated to the presence of an ALP that couples to photons. The ALP contribution to
exclusive diphoton production, represented by the s-channel fusion! shown the center panel of Fig. is

1 /d3p’1d3p’2 Bk ks

Oete— (V) = 25 E{E,y 2FE1(27)3 2E5(2m)

50(Q1)a(Q3) X (g1 + g2 — ki — k2) , (1)

I In our analysis, we neglect the contributions from ¢ and u channel ALP exchanges since they are very small and difficult to
separate from other backgrounds.



estimated considering the Feynman rules derived from the Lagrangian:

1 1 1 ~
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where m, is the ALP mass, g.y~ is the ALP-photon coupling and (F},) F*” is the (dual) electromagnetic
field strength. The ALP diphoton width is given by
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r,= oy (3)
In what follows, we will assume that the ALP couples only to the photons, which implies a decay branching
fraction of B = (a — vv) = 100%, and a total ALP width given by Eq. . The ALP lifetime is given by
the inverse of this equation, which for masses m, > 1 GeV and couplings g, > 0.1 TeV~! compatible with
the current experimental limits [24], implies short-lived ALPs with transverse decay lengths smaller than
cr < 1 mm, namely consistent with a diphoton system that is reconstructed as coming from the primary
collision vertex. As we will discuss in Section [[TI} such an expectation is not automatically warranted for
more weakly coupled ALPs (g,,, < 0.1 TeV~!), which are increasingly longer-lived and may appear as
coming from a displaced secondary vertex or as missing energy in the event.

In order to estimate the ALP production rates and detection probabilities at eTe™ colliders, using the
formalism described above, we have generated events for the ALP signal and LbL continuum background
with the SC4 Monte Carlo generator for all systems listed in Table[] The SC4 exclusive diphoton events are
passed through the detector response simulated with the DELPHES 3 code. For FCC-ee, we have used the
latest IDEA detector setup, where photons are reconstructed in a dual readout calorimeter with alternate
clear and scintillating fibers embedded in a metal (lead, copper) matrix. Such an electromagnetic calorimeter
(ECAL) can reconstruct photons with total energy E, > 2.0 GeV in the pseudorapidity region |n| < 3.0
with an efficiency of 99%, where photon isolation/separation is defined within a cone aperture of AR =

VAP? + An? > 0.5 (where A¢ and An are the azimuthal and pseudorapidity difference, respectively, of the
photon with respect to any other reconstructed particle in the event) for pi}‘fy“ = 0.5 GeV. On the other hand,
for the ILC case, we use the ILD detector parameters for a silicon-tungsten sampling ECAL where photons
with total energy E, > 2.0 GeV in the pseudorapidity region |n| < 3.0 are detected with a 95% efficiency,
while for 3.0 < |n| < 4.0 the efficiency is 90%, maintaining the same photon isolation/separation settings as
for the FCC-ee case. For future FCC-ee-related work, we aim to perform full simulation studies, including
also the alternative CLD detector [76], and the newly proposed high-granularity noble liquid ECAL [77] that
is not yet available in the DELPHES 3 package, using the turnkey software stack, Key4hep [78].

III. RESULTS

In the present study, the signal signature is characterized by two isolated photons exclusively produced,
i.e. with no other activity in the detector, as well as no recoiling electrons detected. The only SM background
considered is that of the LbL continuum because, as shown in [34] the potential ete™ — Zyy — vp7yy
background, with the neutrinos escaping undetected, can be well suppressed by requiring relatively low
diphoton transverse momenta, pr.. < 10 GeV, without affecting the ALP signal yields. In addition, the
photon-fusion production of an eTe™ pair, with both electron and positron further radiating each one of them
a photon, vy — eTe~ v (hard bremsstrahlung), will not result in an exclusive diphoton event, considering
that the FCC-ee tracking detectors can reconstruct with full efficiency the tracks of the radiating eTe™ pairs
down to very small momenta [79]. Since I'y/m, < 1, the ALP signal appears as a narrow peak on top of
the diphoton invariant mass m.. spectrum, defined as a function of the photon energies E;, Fy and their
relative angle 615: m?w = 2FE 1 E>(1 — cosf2). In the region of masses m,, ~ 1-5 GeV, there exist multiple
(pseudo)scalar and tensor resonances that can be equally produced through photon fusion and that can decay
to two photons [51]. If the reconstructed (smeared) ALP mass coincides with the peak position of any such
mesons, its observability would be jeopardized, and a more detailed resonance subtraction analysis would be
needed in this particular mass region. Such a background-subtraction can be performed, as done e.g. for the
search studies for true-tauonium diphoton decays at FCC-ee [80], but it goes beyond the scope of this paper
that aims at covering a much broader range of masses m, ~ 0.1-1000 GeV.

We initially select events with exactly two photons passing loose cuts in photon transverse momentum
pry > 0.1 GeV and pseudorapidity |ny| < 3,4 (in the acceptance region covered by the IDEA and ILD
electromagnetic calorimeters, respectively), over a diphoton invariant mass m~., window around each assumed
ALP mass. In Figs. 2] and [3] the generator-level predictions for the diphoton invariant mass, transverse



momentum, cosine of the polar angle with respect to the beam cos(f), and acoplanarity? distributions are
shown for eTe™ collisions at /s = 240 GeV and two values of ALP mass m, = 1.0 and 50 GeV, respectively,
for a fixed gy, = 0.1 TeV~! coupling. The photon pair pr and acoplanarity distributions peak at zero as
expected for their production from the fusion of quasireal photons, leading to ALPs produced approximately
at rest, but have relatively long tails due to the presence of vy scatterings with larger virtualities. Obviously,
the relevant kinematic distribution to identify the ALP signal is the m., distribution, showing a resonance
peak at the generated mass point, whereas all other ALP and LbL kinematic distributions are very similar
in shape.
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FIG. 2: Photon pair generator-level kinematic distributions (invariant mass, transverse momentum, cosine polar angle,
and acoplanarity) for an ALP with mass m, = 1.0 GeV and coupling gu+ = 0.1 TeV ™! (blue histogram) and for the
LbL background around the same mass range (dashed red histogram) produced in e*e™ collisions at /s = 240 GeV.
The diphoton invariant mass ALP peak has a width arbitrarily set to I'y = 1 MeV, to make it visible.

The impact of the detector photon efficiency reconstruction can be seen in Fig. [4] for light ALPs with
mg ~ 0.1-1.0 GeV, where the left plots show the single-photon and diphoton energies at the input generator
level, and the right plots show the same distributions after reconstruction with the parametrized detector
response. The efficiency drops abruptly to zero for soft photons (E, < 2 GeV) in the IDEA DELPHES 3
card, which considers a simplified response function at threshold. Although this has a large impact on the
reconstruction efficiency for lighter ALP searches (m, < 1.0 GeV), implementing a more realistic turn-on
efficiency (or using alternative high-resolution crystal ECAL detectors being under consideration for at
least one of the four interaction points at FCC-ee) requires a full detector simulation that goes beyond the
scope of this paper. Figure [b] shows the energy smearing effect on the reconstructed mass of an ALP with
mg = 50 GeV in the IDEA detector at FCC-ee operating at the Z pole. The prominent peak shown in Fig.
(top left) is washed out over several mass bins, thereby reducing the overall number of signal counts over a
given Am,., window, eventually (for increasingly small g, couplings) appearing just as an excess over the
continuum background. A similar effect is of course present in the ILD detector reconstruction of diphotons
(not plotted here). Mass smearing effects of this sort play a role in the reduction of the signal efficiency at
all c.m. energies, but are comparatively less relevant for increasing ALP masses given the strong decrease of

2 Acoplanarity is defined as Ap = Ay =1—|¢p1 — ¢p2|/7 , where ¢1 2 are the azimuthal angles of the final-state photons.



SC4, ete- at \ s = 240 GeV SC4, ete— at\ s = 240 GeV
— 102 — F
3 __0,=658f 2
S 0l o
£ f <,
Z 100k 9.
£ E =
O z
b 10'13— [}
ke F kel
2 L o
102? 3
10'3%. ....................
10_4;_ .........................
1075-|||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||E|||
40 42 44 46 48 50 52 54 56 58 60 0 1 2 3 4 5 6 7 8
myy pyY [GeV]
SC4, ete- at s = 240 GeV SC4, e+e-at s = 240 GeV
3 F & E
g I g ——m, =50 GeV
& 100 £
> >
> >9
@
8 5
5]
g E
3

Ll S SN IS I B i

0% G el
T P T I I BN VI W S
-1 -08 -06 -04 -02 0 02 04 06 08 1 0 0.05 0.10 0.15 0.20 0.25 0.30
cosd, , AYY

FIG. 3: Photon pair generator-level kinematic distributions (invariant mass, transverse momentum, cosine polar angle,
and acoplanarity) for an ALP with mass m, = 50 GeéV and coupling gay~ = 0.1 TeV~* (blue histogram) and for the
LbL background around the same mass range (dashed red histogram) produced in e*e™ collisions at /s = 240 GeV.
The diphoton invariant mass ALP peak has a width arbitrarily set to ', = 1 MeV, to make it visible.

the underlying LbL cross section background as a function of v energy.

The photon-fusion searches for ALPs at hadron colliders have exploited the fact that the ~ fluxes are
quasireal, and therefore that any produced resonances are basically at rest, and thus their decay diphotons are
almost perfectly back-to-back in azimuth. In this case, a useful selection criterion to eliminate nonexclusive
backgrounds is that of requiring a very small acoplanarity, A, < 0.01 |20} 27, [53]. Such a criterion is less
useful in eTe™ collisions as the A, distributions have relatively long tails (Figs. and . For light ALPs
with masses m, S 1.0 GeV because the fusioning photons have virtualities of O(1 GeV) and generate a
final state with a transverse momentum of the same order, the two photons are clearly not back-to-back in
azimuth. For higher ALP masses, the acoplanarity selection is also not useful because although the decay
photons are increasingly back-to-back, the LbL continuum also shares the same kinematic property. As a
matter of fact, for the lightest masses m, S 0.1 GeV, the ALPs tend to decay into collimated photon pairs
with inter-photon separation AR, < 0.2, which essentially produce the same detector response as a single
fat photon with the combined energy of both showers. The highly granular FCC-ee and ILC detectors will
allow the identification of photons with very small separation from each other via a shower shape analysis.
For the present analysis, we will not therefore apply any A, requirement.

The number of ALP signal events (s) at a given diphoton mass m, and of LbL background events (b) in
a window of Am.. around it, obtained after applying the selection criteria on the reconstructed simulated
data samples, are counted for each one of the experimental configurations listed in Table[] From the signal
and background yields, the statistical significance SS of the ALP signal over the background-only hypothesis
(“bump hunting”) is computed using the maximum approximate median significance,

SS = 2<(s+b)ln<1+z>s>, (4)

for each proposed mass point and collider scenario (combination of c.m. energy and expected integrated
luminosity). For s < b, one has that SS reduces to s/v/b. Systematic uncertainties are assumed to be small,
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FIG. 4: Distributions of the energy of single-vy (E,) and v~ pairs (E4~) for simulated ALPs in the mass range m, = 0.1—
1.0 GeV and coupling ga~~ = 0.1 TeV™" (blue histogram) and for the LbL continuum (dashed red histogram) in eTe™
collisions at FCC-ee at /s = 91.2 GeV. The left (right) plots show generator-level (IDEA reconstruction-level) results.

IDEA (Delphes) detector, e*e” at \'s = 91.2 GeV, m, = 50 GeV

-
o
el
T T IIIIII|

Events/GeV

-
o
S

55 60 65 70

FIG. 5: Invariant diphoton mass distribution for an ALP signal with mass m, = 50 GeV and coupling gs~ = 0.1 TeV !
(blue histogram) produced in e"e™ collisions and reconstructed with the IDEA fast detector simulation at FCC-ee
operating at /s = 91.2 GeV, on top of the LbL continuum (dashed red histogram).

and affect equally signal and background so they have no impact on the obtained SS. Finally, the parameter
of interest (POI) is calculated using the asymptotic frequentist limits [81] with the RootStats package [82].
The POI is the expected upper limit at 95% confidence level (CL) on the signal strength p obtained taking
the ratio of p-values under the signal-plus-background and background-only hypotheses?.

3 For a detailed discussion we refer to the Section 5.1 in the reference [81].



As an example, Table [[| collects all relevant quantities obtained in this analysis for the FCC-ee run at the
Z pole. For each ALP mass point, we list its theoretical cross sections for our reference g,,, = 0.1 TeV~!
coupling, the reconstruction efficiencies, and corresponding yields after cuts. The second column-block lists
the same quantities for the LbL background in a window Am., around m,. The third column-group of
the table indicates the derived statistical significance, POI, and 95% CL upper limits on the photon-ALP
coupling and ALP production cross section.

TABLE II: Relevant numerical values for the statistical significance determination of an ALP signal (with gqyy =
0.1 TeV_l) on top of the LbL background in eTe™ collisions at FCC-ee running at the Z pole. For each mass point m.,
we quote the ALP and LbL cross sections, selection criteria efficiency, and expected yields; as well as the statistical
significance (S5), POI, and the derived 95% CL upper limits on the photon-ALP coupling and ALP production cross
section.

Mass ALP  Detector ALP Amyy LbL Detector LbL SS POI Javy @95% 0@95%
|GeV] offb] efficiency yield s |GeV] olfb] efficiency yield b [TeV—1] [fb]
0.1 101 0.17 3.51 x 10° | [0.05,0.15]  5.98 x 10* 0.06 723 x10% | 131 150 x 107! 3.87 x 1072 1.52
0.5 269 0.06 3.32 x 10° | [0.20,0.80]  2.47 x 10* 0.03 1.70 x 108 | 255  7.69 x 1072 2.77 x 1072 2.07
1.0 253 0.11 5.81 x 10° | [0.50,1.50]  5.97 x 10° 0.05 6.27x 107 | 73.3 267 x107% 1.63 x 1072 0.67
10.0 114 0.92 2.27 x 10° | [8.0,12.0]  2.37 x 10" 0.54 2.61 x 10° | 1252.1 139 x 107® 3.73x 107% 1.59 x 1072
50.0  1.37 0.97 2.74 x 10° | [45.0,55.0] 7.7 x 1072 0.61 9.64 x 10° | 1170.6 7.06 x 10™* 2.66 x 107®  9.71 x 107*
85.0 0.13 0.93 2.58 x 10* | [80.0,90.0] 9.84 x 10™* 0.84 1.69 x 10> | 458.1 1.04x 107® 3.22x 107% 1.40x 107*

Figures |§| and |7| present the expected limits of the ALP production cross section, and the 68% and 95%
bands around it, for the ALP mass range m, ~ 0.1-1000 GeV for the different eTe™ collision runs expected
at FCC-ee and ILC, respectively. The absence of any visible peak above the LbL continuum will allow the
exclusion of ALP production cross sections above 1 (10) fb at 95% CL below m, ~ 1 GeV at FCC-ee (ILC),
decreasing down to o(yy — a) ~ 1 ab for m, =~ 300 (1000) GeV at FCC-ee (ILC).

From the expected 95% CL upper limits on the cross sections, one can derive the corresponding 95% CL
exclusion limits on the ALP-photon coupling as a function of the ALP mass that are shown in Fig. |8] for
FCC-ee and in Fig. |§| for ILC. Our results are compared to current limits from ete™ and hadron colliders
(including the latest bounds from p-p collisions [25H27]), as well as from beam-dump and astrophysical
constraints [24, 83]. Given that the significances are given by SS =~ s/v/b, the individual curves for each
ete™ run basically provide limits that comparatively scale according to the square-root of their relative
luminosities given by Table [ Whereas, the large integrated luminosity of the FCC-ee run at the Z pole
leads to a larger sensitivity in the range m, < 100 GeV, the higher energy ILC runs allow probing the
heavier m, =~ 350-1000 GeV ALP range, which is otherwise inaccessible at FCC-ee. Both future eTe™
factories will improve the current LHC limits by about one to two orders-of-magnitude over the mass
range m, ~ 5-1000 GeV, beyond what is statistically reachable in searches at the end of the HL-LHC.
Figure |8 also show expectations based on the alternative ete™ — ~a final state [32], scaled to reflect the
updated FCC-ee operation [73] (yellow area), as well as the current Belle-II upper bounds [19, 22] scaled
up to the full integrated luminosity Ly, = 50 ab~lexpected at SuperKEK [84]. Below m, = mgz, one
can see that the efe™ — Z — ~a search®, which features virtually no background, will provide about
two orders-of-magnitude better upper bounds than the v fusion production process considered here, but
that the latter mechanism will be more competitive in the m, =~ 100-350 GeV range. The limits over
me = 5-2000 GeV expected at the end of the high-luminosity LHC (HL-LHC) phase, obtained simply by
scaling the current bounds [20} 23] 25H27] by the square-root of the ratio of HL-LHC over currently exploited
integrated luminosities, will be about a factor of ten better than the current LHC ones. Therefore, all in all,
our results indicate that the FCC-ee will provide the best possible ALP sensitivity over m, =~ 0.1-300 GeV.
Such results exemplify the power of a future Tera-Z and Higgs factory such as FCC-ee, to search for weakly
coupled BSM particles.

4 We note that the work of [32] ignored photon acceptance and efficiency effects, but those should be relatively small given that
the ALPs from Z-boson decays are boosted and should produce final states with well-reconstructible energetic photons with
E, ~ 20 GeV.
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FIG. 6: Expected upper limits (and 68 and 95% CL bands) on the ALP production cross section o(yy — a — ) as
a function of ALP mass, reachable in the different FCC-ee runs (Table.

Light and weakly-coupled ALPs are long-lived, and their finite decay length can be used to reduce prompt
backgrounds (coming from the primary event vertex) in experimental searches at colliders. The basic formula,
in natural units (A = ¢ = 1), for the decay length in the rest frame of the ALP is L, = 1/T,, where the width
I’y is given by Eq. . In the laboratory (collider) frame, we need to take into account the relativistic boost
of the ALP, in which case L is related to the rest-frame decay length by L = vS8L,, where v and 3 are the
standard Lorentz factors. However, the decay length L computed in this way is along the path of the ALP,
and we are interested in the transverse plane (i.e., perpendicular to the beam) direction where the collider
experiments have displaced vertexing capabilities. Given the angle § between the ALP’s direction and the
beam axis, the transverse decay length can be obtained from the expression L = L sin 6. Putting everything
together, the average ALP decay length in the transverse direction reads

(L1) = (vB) Lasin® = ((y8)r) La = 647 (pr) g5 m,*, (5)

where pr, g4, M, are given in GeV, and one uses the ic = 0.197- 107 m GeV~! conversion factor to get the
proper Lz units in meters. Being the average decay length proportional to g;2 and to m;*, the smaller the
ALP mass and coupling are, the more long-lived the ALP will be. If boosted enough, the ALP decay may
appear as a displaced vertex, or even beyond the detector volume manifesting itself as missing transverse
energy in the event. For indicative purposes, in Figs. and we show curves in the (mq, gayy) plane
corresponding to average ALP transverse decay lengths of (Lp) = 30 pum, 1 cm, and 2 m. The choice of
these three baseline lengths is driven by experimental considerations: For diphoton final states, a secondary
vertex can be determined for Ly 2 1 cm using ECAL pointing capabilities (namely, using the fine ECAL
granularity to orient the combined towers to align with the original + direction), or for Ly 2 30 um if

~
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FIG. 7: Expected upper limits (and 68 and 95% CL bands) on the ALP production cross section o(yy — a — ) as
a function of ALP mass, reachable in the different ILC runs (Table. The results for the run at 350 GeV are skipped
given its comparatively lower integrated luminosity).

both photons suffer an ete™ conversion, and the detector fiducial volume in the transverse direction, beyond
which the ALP would be an invisible particle, covers a radius of Ly ~ 2 m. Depending on the ALP boost,
i.e. on the (pr) induced in its production process, the ALP will appear separated enough from the primary
ete™ interaction vertex, so that its displaced decay can be isolated, or not. The ALP search based on the
triphoton decay of the Z boson, ete™ — Z(ya) — 3v (Fig. left), has very small SM backgrounds [85]
and is the most competitive one in the m, < mgz region. In this case, the ALP is boosted by a large
transverse momentum (pr) ~ myz/2 ~ 45 GeV. On the other hand, in the photon-fusion process the ALP
boost in the transverse direction is just given by the (small) virtualities of the colliding v’s and amounts
to (pr) & 1-3 GeV according to our simulations. Figure [10[ compares the eTe™ — avy (beige) and vy — a
(orange) limits expected at FCC-ee, with their three corresponding average ALP transverse decay length
ranges: (L)~ 30 ym, 1 cm, 2 m as per Eq. , indicated with dashed diagonal lines. In the region of limits
reachable at FCC-ee, one can see that most of the ALPs from the v+ production mode will have an average
decay length below 1 cm and, thus, will be indistinguishable from the primary vertex, whereas a significant
fraction of those coming from the ete™ — Z(va) decay for the lowest g, couplings will feature secondary
vertices within (L) 2 1.0 cm (1.0 m) for m, < 10 (1.0) GeV.

Finally, Fig. compares the ALPs limits in the (mq,gay~) plane expected via vy — a from all runs
combined at the ILC (beige) and at FCC-ee (orange). Three reference average ALP transverse decay lengths
(L7) ~ 30 pm, 1 cm, 2 m as per Eq. are indicated with dashed diagonal lines. For most of the phase
space covered, the ALPs will appear as coming from the primary vertex.
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IV. SUMMARY

We have presented feasibility studies for the observation of axion-like particles (ALPs) produced via photon-
fusion processes and decaying in the diphoton mode, vy — a — 7, in ete™ collisions at the FCC-ee and ILC
future colliders. Parametrized simulations of the photon response corresponding to two types of detectors
(IDEA and ILD) at both colliders are used to evaluate the impact of the v acceptance and reconstruction
efficiencies. Event selection criteria are applied aiming at identifying a resonant diphoton excess on top of the
light-by-light continuum background. The full analysis, from hard scattering to the detector simulation, is
performed for different ALP mass points, and for c.m. energies and integrated luminosities corresponding to
four typical operation runs at FCC-ee and ILC, showing the achievable sensitivity on the photon-induced ALP
production and on its potential discovery. Upper limits at 95% confidence level on the cross section for ALP
production, o(yy — a — ~7), and on the ALP-photon coupling are obtained over the m, = 0.1-1000 GeV
mass range, and compared to current and future collider searches. The FCC-ee operation at the Z pole,
thanks to its enormous integrated luminosity, offers an exceptional opportunity to discover ALPs within the
mass window m, = 0.1-91.2 GeV, as well as to achieve the most stringent limits on the axion-photon coupling
down t0 gy & 2-1073 TeV ™! via vy fusion, or even a factor of thirty better, down to Gary A 61075 TeV !,
using the alternative ete™ — Z — a7y — 37 channel with very small SM backgrounds. The higher c.m.
energies of the ILC runs allow probing the heavier m, = 350-1000 GeV range, which is otherwise inaccessible
at FCC-ee. Over the ALP mass range m, ~ 5-1000 GeV, both FCC-ee and ILC will supersede current (and
foreaseable future) limits set at the LHC on the axion-photon coupling for all running scenarios, emphasizing
the important role that such future ete™ facilities will play on searches for new weakly coupled particles.
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