
Xing Wang
UC San Diego

PittPACC MuC workshop 
 Nov 17, 2023

Axion-like particles at MuC



Introduction

2
Xing Wang, UCSD xiw006@physics.ucsd.edu

• QCD axion & strong CP

• Axion-like particles

• sub-eV to TeV
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Figure 4: Left: Summary plot of constraints on the parameter space spanned by the ALP mass

and ALP-photon coupling. Right: Enlarged display of the constraints from collider searches: LEP

(light blue and blue), CDF (purple), LHC from associated production and Z decays (orange), LHC

from photon fusion (light orange), and from heavy-ion collisions at the LHC (green).

3.1 ALP searches at the LHC and LEP

Constraints from ALP searches at LEP have been discussed for the associated production of
ALPs with a photon and the subsequent ALP decay into photon pairs (e+e� ! �a ! 3�)
[34], as well as for on-shell Z decays (e+e� ! Z ! �a ! 3�) [35]. The excluded parameter
space in the ma � |Ce↵

�� |/⇤ plane is shown in blue in Figure 4. At the LHC, exotic Higgs and Z
boson decays are the most promising search channels. Decays of on shell Z bosons at the LHC
have been discussed in [25, 34, 35, 37]. The constraints from these searches can be mapped
onto the ma � |Ce↵

�� |/⇤ plane under the assumption that the two couplings Ce↵
�� and Ce↵

�Z are
related to each other. For example, if the ALP couples to hypercharge but not to SU(2)L,
then (3) implies C�Z = �s2w C��, since CWW = 0. The corresponding constraint is shown in
orange in Figure 4.2 The purple region is excluded by Tevatron searches for pp̄ ! 3� [83],
again assuming CWW = 0.

The dark green area in Figure 14 in Section 3.3 below depicts the region where 100 events
are expected in the process pp ! Z ! �a ! 3� at the LHC with

p
s = 14TeV and L =

3 ab�1. We demand that the ALPs decay before they reach the electromagnetic calorimeter
Ldet = 1.5m. Note that for a part of this parameter space the photons from the ALP decay
are very boosted and hard to distinguish from a single photon in the detector [84]. Searches for
the exotic Higgs decays pp ! h ! Za ! Z�� and pp ! h ! aa ! 4� cannot be translated

2
The LHC reach is slightly enhanced for the scenario CBB = 0, cf. Figure 23 in [25].
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Figure 1: The current CDF (gray solid) and LHC (red solid) constraints summarized in
Ref. [98] and the projected sensitivities of HL-LHC (orange solid) [91] and e+e� colliders to
the ga�� coupling through e+e� ! �a (solid) and e+e� ! Za (dashed) processes at FCC-ee
(blue) and CLIC (green) [88] as well as at ILC through photon fusion (purple) [97]. The black
markers indicate the projection of FCC-hh [88].

Figure 2: The cross sections of different production modes for ma = 1 TeV. TL: Does the
brown �Z-int curve denote the �Z interference? it seems its contribution is not
negligible for the CW̃ = 0 and CB̃ = 0 cases?

3.1.1 Associated production

We first consider the ALP production associated with a electroweak vector boson through
µ+µ� annihilation processes

µ+µ�
! V a, V = �, Z . (3.5)

Each production above is in general determined by the interference of two diagrams induced
by two ALP couplings which are ga�� , ga�Z (for �a production) or ga�Z , gaZZ (for Za pro-
duction). Fig. 2 and 3 shows the production cross sections as a function of

p
s or ma, where

the associated productions are represented by red (�a) and green (Za) lines. The cross sec-
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for new physics beyond the Standard Model [99]. There also have been considerations to
construct next generaton of hadron colliders of the order of 100 TeV in c.m. energy [100, 101].

Recently, high energy muon colliders have gained much attention in the community af-
ter the endorsement of its R&D by the European strategy and the subsequent formation of
the Muon Collider Collaboration [102]. The recent technological development [103–105] has
encouraged the community to consider the high-energy option at multi-TeV, thus provides
tremendous opportunities to produce and discover new heavy EW particles. An optimistic
scheme is to target on a high integrated luminosity and to scale it with energy quadratically
as

L =

✓ p
s

10 TeV

◆2

10 ab�1
. (1.1)

In particular, we consider two benchmark choices of the collider energies and the corresponding
integrated luminosities for illustration,

p
s = 3 and 10 TeV, L = 1 and 10 ab�1

. (1.2)

The first choice corresponds to a comparative benchmark associated with the CLIC [106]. The
second choice is the high energy option targeted for a future muon collider.

Motivated by this exciting perspective, we perform a first study on the reach of muon
colliders for the ALPs. Based on the general parameterization of the ALP couplings to the
SM gauge bosons, we calculate the ALP signal cross sections, their discovery potential, and
spin-parity property determination. We demonstrate that a muon collider has the double-
advantage for reaching a higher mass threshold via the µ

+
µ
� direct annihilation, and for

offering multiple production channels via vector boson fusion processes. The clean experi-
mental environment and the well-defined kinematics in leptonic collisions provide the great
opportunity for determining the ALPs properties.

The rest of this paper is organized as follows. In section 2, we set up our theoretical
framework for the ALPs interactions with the SM gauge bosons, present the current search
bounds on the theory parameters of the ALP mass and couplings, and comment on the
prospects for searches from the other colliders. In section 3, we present our numerical analyses
for the search and test of the ALP properties at a muon collider with the two sets of energy
and luminosity benchmarks. We summarize our results and discuss directions for further
exploration in section 4.

2 General Interactions for ALPs

Starting from the SM, we introduce a generic massive CP-odd scalar denoted by a, presumably
a pseudo Nambu-Goldstone boson � an axion-like particle ALP associated with a global U(1)
symmetry spontaneously broken above the electroweak scale. Besides the kinetic term for
ALP, the most general effective Lagrangian for bosonic ALP interactions is composed of four
dimension-five operators [85], respecting the SM gauge symmetry

Leff = CG̃OG̃ + CB̃OB̃ + CW̃OW̃ + Ca�Oa� , (2.1)

– 2 –

with

OG̃ ⌘ �
a

fa
G

i
µ⌫G̃

µ⌫
i , OW̃ ⌘ �

a

fa
W

j
µ⌫W̃

µ⌫
j , (2.2)

OB̃ ⌘ �
a

fa
Bµ⌫B̃

µ⌫
, Oa� ⌘ i

@
µ
a

fa
(�† !

D µ�) , (2.3)

where � is the SM Higgs doublet, Gi
µ⌫ (i = 1, · · · , 8), W j

µ⌫ (j = 1, 2, 3) and Bµ⌫ denote the
field strength tensors of SU(3)c, SU(2)L and U(1)Y gauge fields, respectively, and the dual
field strengths are defined as X̃

µ⌫
⌘

1
2✏

µ⌫↵�
X↵� with ✏

0123 = 1. The new physics scale is
denoted by the constant fa. After the electroweak symmetry breaking, except the Yukawa-
axion coupling induced by Oa�, the interactions between ALP and the physical SM gauge
bosons are

Leff � �
gagg

4
aG

a
µ⌫G̃

µ⌫
a �

ga��

4
aFµ⌫F̃

µ⌫
�

ga�Z

4
aFµ⌫Z̃

µ⌫

�
gaZZ

4
aZµ⌫Z̃

µ⌫
�

gaWW

4
aWµ⌫W̃

µ⌫
, (2.4)

where

gagg =
4

fa
CG̃ , ga�� =

4

fa
(s2✓CW̃ + c

2
✓CB̃) , gaZZ =

4

fa
(c2✓CW̃ + s

2
✓CB̃) ,

ga�Z =
8

fa
s✓c✓(CW̃ � CB̃) , gaWW =

4

fa
CW̃ , (2.5)

with s✓ (c✓) being the sine (cosine) of the weak mixing angle ✓W . Below we assume the absence
of the gluonic contribution and the Yukawa-axion coupling CG̃ = Ca� = 0 to focus on the EW
sector only for simplicity. The Feynman rule between the ALP and two SM gauge bosons (V1

and V2) turns out to be1

�igaV1V2 pV1↵pV2� ✏
µ⌫↵�

, (2.6)

with the momenta (pV1 , pV2) flowing inwards in the vertices. The independent model param-
eters to be studied are CW̃ /fa and CB̃/fa in this formalism.

3 ALP phenomenology at Muon Colliders

The future high energy Muon colliders have great potential in probing ALP at multi-TeV
scales. In the section, we study the ALP phenomenology at high energy muon colliders. In
particular, we consider three benchmark scenarios where

(I) CW̃ = CB̃ 6= 0 ; (3.1)
(II) CW̃ = 0, CB̃ 6= 0 ; (3.2)
(III) CW̃ 6= 0, CB̃ = 0 . (3.3)

1The complete Feynman rules from the bosonic ALP effective Lagrangian can be found in the Appendix B
of Ref. [85]
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• Axion interactions via dim-5 operators

• Axion couples to SM gauge bosons
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Figure 3: ALP production via photon fusion from EPA photons and subsequent decay into a pair

of photons. Only s channel contribution is shown. Generated with MadGraph5 aMC@NLO.

5 - 150 GeV in steps of 2 GeV, and for
p
s = 500 GeV ALP masses from 5 - 350 GeV were

chosen with the same step size.

For simulations we chose an ALP-hypercharge coupling, gaBB, with value 10�3 GeV�1.

In searching for this signal, several background processes must be suppressed. The first

and most obvious background is ordinary SM light by light (LBL) scattering, which was

first observed by ATLAS in ultra peripheral PbPb collisions[24]. We simulated this process

at 1-loop level in MadGraph using the sm loop qed qcd Gmu model file with all default

parameters, generating 400,000 events[25]. This process can be most e�ciently suppressed

via an invariant mass cut on the two final state photons, as the SM LBL m�� peaks at small

values and exponentially falls o↵ at higher values of m��. This can be seen in Fig. 4, where

we plot the invariant mass distribution of the final state photons for SM LBL scattering and

our ALP signal, with ma = 35 GeV.

Another interesting background is e+e� ! Z�� ! ⌫̄l⌫l�� with the neutrinos escaping

undetected. This background can be suppressed via a cut on the transverse momentum of

photon system, PT�� < 5 GeV, which is equivalent to a cut on missing transverse energy,

��ET . As can be seen in Fig. 5, the Z�� background can be e�ciently suppressed with very

little e↵ect on the ALP signal. Additionally we require that the pseudorapidity of each

final state photon satisfies ⌘� < 2.4. With these selection cuts, the ILC running at
p
s =

<latexit sha1_base64="YzkmED+8QpyloExRPbKMUD/IGzY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIqMeiF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1FjpvvF42i2V3Yo7BVkkXk7KkKPWLX11ejFLI5SGCap123MT42dUGc4EjoudVGNC2ZD2sW2ppBFqP5ueOibHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhFd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFG0I3vzLi6RxVvEuKt7debl6ncdRgEM4ghPw4BKqcAs1qAODPjzDK7w5wnlx3p2PWeuSk88cwB84nz/NrI18</latexit>

V ⇤

<latexit sha1_base64="YzkmED+8QpyloExRPbKMUD/IGzY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIqMeiF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1FjpvvF42i2V3Yo7BVkkXk7KkKPWLX11ejFLI5SGCap123MT42dUGc4EjoudVGNC2ZD2sW2ppBFqP5ueOibHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhFd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFG0I3vzLi6RxVvEuKt7debl6ncdRgEM4ghPw4BKqcAs1qAODPjzDK7w5wnlx3p2PWeuSk88cwB84nz/NrI18</latexit>

V ⇤

<latexit sha1_base64="cgEyYXuq8eB1uPKNhhGRlDVC9HA=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBiyURUY9FLx4rmLbQxrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrK6tb5Q3K1vbO7t77v5BUyeZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsa3U791hNVmiXywYxTGgo8kCxmBBsrBV2RPZ713KpX82ZAy8QvSBUKNHruV7efkExQaQjHWnd8LzVhjpVhhNNJpZtpmmIywgPasVRiQXWYz46doBOr9FGcKFvSoJn6eyLHQuuxiGynwGaoF72p+J/XyUx8HeZMppmhkswXxRlHJkHTz1GfKUoMH1uCiWL2VkSGWGFibD4VG4K/+PIyaZ7X/Muaf39Rrd8UcZThCI7hFHy4gjrcQQMCIMDgGV7hzZHOi/PufMxbS04xcwh/4Hz+AH69jns=</latexit>

µ�

<latexit sha1_base64="YqRx8TWzyLVoA+BHWaQFv6WBceM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoioh6LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaWV1b3yhvVra2d3b33P2Dpk4yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0up36rSeqNEvkgxmnNBR4IFnMCDZWCroiezzruVWv5s2AlolfkCoUaPTcr24/IZmg0hCOte74XmrCHCvDCKeTSjfTNMVkhAe0Y6nEguownx07QSdW6aM4UbakQTP190SOhdZjEdlOgc1QL3pT8T+vk5n4OsyZTDNDJZkvijOOTIKmn6M+U5QYPrYEE8XsrYgMscLE2HwqNgR/8eVl0jyv+Zc1//6iWr8p4ijDERzDKfhwBXW4gwYEQIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AXu1jnk=</latexit>

µ+

the beam direction, the totally antisymmetric tensor ✏µ⌫↵� in the ALP vertex determines the
polarization of them ("V1µ, "V2⌫) to be transverse. Thus, each VBF production is dominated
by the transverse gauge boson (�,WT , ZT ) fusion.

In Figs. 1 and 2, we show the production cross sections of each individual fusion channels:

�� ! a (blue) ,

ZZ ! a (cyan) ,

�Z ! a (orange) ,

W
+
W
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! a (magenta) .

Note that the �- and Z-initiated fusion processes are physically indistinguishable, and in prin-
ciple should be added coherently. For the sake of illustration, we compute such interference,
also in the leading-log approximation, which is shown using brown lines in Figs. 1 and 2. The
solid and dashed lines correspond to constructive and destructive interference, respectively.
While the interference effects are usually orders of magnitude smaller, they do become im-
portant for heavy axion masses. As shown in Figs. 1 and 2, when the ga�� coupling is not
suppressed, the ��-fusion always dominates, due to its ln(s/m2

µ) enhancement, as in scenarios
(I) and (II). However, as in scenario (III), the ga�� coupling is suppressed by s

2
✓ and the

��-fusion become significantly smaller.
In comparison to the inclusive VBF production, for the �- and Z-initiated fusion processes,

one can also consider the exclusive VBF processes by requiring the outgoing µ
+
µ
� to be

observable in the detector coverage

10� < ✓µ± < 170�. (3.8)

Such requirement would greatly suppress the production cross section, since the outgoing
muons tend to be collinear to the beamline, especially for the ��-fusion. In addition, we also
require

mµ+µ� > 200 GeV, (3.9)

for the exclusive channel to enhance the its VBF topology. As shown by black lines in Figs. 1
and 2 labelled by “Dimuon”, the cross section for exclusive processes are typically two orders
of magnitude smaller than the ones for inclusive processes. Such difference becomes smaller
in the case of CB̃ = 0, where the ��-fusion is suppressed by the relatively small coupling ga�� .
In spite of smaller cross sections, tagging the outgoing muons can still provide an extra handle
for the signal event selection and help to reveal the CP property of the ALPs, as discussed in
the next section.

3.2 Projected bounds

To estimate the sensitivity, we consider the simplest decay channel as the signal
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3.1.2 Vector boson fusion production

At higher colliding energies, the productions of ALPs through VBF processes

��, ZZ, �Z, WW ! a (3.6)

become increasingly important. For c.m. energies
p
s � mW , the initial muon beams substan-

tially radiate EW gauge bosons under an approximately unbroken SM gauge symmetry. This
becames particularly problematic for photon-photon fusions, where the collinear singularity
is regulated by the tiny muon mass and and leads to large logarithm ln(s/m2

µ). We treat the
vector bosons as initial state partons, and calculate the VBF cross sections, by utilizing the
leading-order framework of electroweak parton distribution functions (EW PDFs) [107] with a
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p
ŝ/2, where
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ŝ is the partonic c.m. energy. For the initial gauge boson
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⇠
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where F (X) denotes an exclusive final state (the underlying remnants), fi(⇠, Q2) is the EW
PDF for vector Vi with Q being the factorization scale, ⌧0 = m

2
F /s and ⌧ = ŝ/s. By summing

over all gauge boson initial states, one can obtain the total cross section of the “inclusive”
production processes. The cross section is enhanced by collinear logarithm ln(ŝ/m2

µ) for
photon or ln(ŝ/m2

V ) for massive gauge boson V at high beam energies. In contrast to the
constant behavior in the associated production, such logarithmic enhancement can be seen
in Fig. 1 where we choose the factorization scale as Q =

p
ŝ/2. Moreover, suppose the

momenta of incoming two gauge bosons (pV1↵, pV2�) are longitudinally back-to-back along
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the beam direction, the totally antisymmetric tensor ✏µ⌫↵� in the ALP vertex determines the
polarization of them ("V1µ, "V2⌫) to be transverse. Thus, each VBF production is dominated
by the transverse gauge boson (�,WT , ZT ) fusion.
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Note that the �- and Z-initiated fusion processes are physically indistinguishable, and in prin-
ciple should be added coherently. For the sake of illustration, we compute such interference,
also in the leading-log approximation, which is shown using brown lines in Figs. 1 and 2. The
solid and dashed lines correspond to constructive and destructive interference, respectively.
While the interference effects are usually orders of magnitude smaller, they do become im-
portant for heavy axion masses. As shown in Figs. 1 and 2, when the ga�� coupling is not
suppressed, the ��-fusion always dominates, due to its ln(s/m2
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� to be

observable in the detector coverage

10� < ✓µ± < 170�. (3.8)

Such requirement would greatly suppress the production cross section, since the outgoing
muons tend to be collinear to the beamline, especially for the ��-fusion. In addition, we also
require

mµ+µ� > 200 GeV, (3.9)

for the exclusive channel to enhance the its VBF topology. As shown by black lines in Figs. 1
and 2 labelled by “Dimuon”, the cross section for exclusive processes are typically two orders
of magnitude smaller than the ones for inclusive processes. Such difference becomes smaller
in the case of CB̃ = 0, where the ��-fusion is suppressed by the relatively small coupling ga�� .
In spite of smaller cross sections, tagging the outgoing muons can still provide an extra handle
for the signal event selection and help to reveal the CP property of the ALPs, as discussed in
the next section.

3.2 Projected bounds

To estimate the sensitivity, we consider the simplest decay channel as the signal
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Figure 2: Representative diagrams of ALPs searches at the LHC via exclusive diphotons (top
left), diphotons from vector-boson-fusion (with V = �,Z, top right), exotic triphoton Z-boson
decays (bottom left), and exotic 4-photon Higgs-boson decays (bottom right).

beam luminosities compared to heavy ions), can reach much higher
p
smax
�� ⇡ 4.5 TeV values,

thanks to the harder proton � fluxes. Exploiting such interesting photon-photon possibilities
to search for axions in the so-called “ultraperipheral” collisions at the LHC via the diagram
shown in Fig. 2 (top left) was suggested in [35, 44]. The final state of interest is that of
an exclusive diphoton event, i.e. without any other particle produced, with the two photons
emitted back-to-back (the ALP is produced basically at rest due to the low virtuality of the
colliding photons) and featuring a peak on top of the invariant mass (m��) distribution of
the light-by-light (LbL) scattering �� ! �� continuum [43]. In p-p collisions, the presence
of very large pileup events hinders the observation of this process unless one can tag one
or both protons in very forward spectrometers, such as the CMS-TOTEM PPS and ATLAS
AFP ones [45], to remove overwhelming hadronic backgrounds. The absence of pileup in Pb-
Pb collisions makes this colliding mode the most competitive one for exclusive ALP searches
up to

p
smax
�� ⇡ 100 (300) GeV compared to p-p running with proton taggers located at 420

(220) m from the interaction point (IP) [46].
The first exclusive diphoton search at the LHC was carried out by CMS in p-p collisions

at 7 TeV with the first 36-pb�1 of integrated luminosity [47]. The event selection consisted of
two photons with transverse energy ET > 2 GeV and pseudorapidity |⌘| < 2.5 with no other
hadronic activity over |⌘| < 5.2. The lack of observed events imposes an upper limit cross sec-
tion of �(pp ! p��p) > 1.18 pb at 95% confidence level (CL). Such a result was subsequently
recast into the (ma, ga�) plane (red area in Fig. 4, right) [35,44], overlapping with the LEP-II
limits over ma ⇡ 5–90 GeV. A recent search of the same exclusive final state has been carried
out by CMS+TOTEM in p-p collisions at 13 TeV with forward proton tagging, requiring two
photons with ET > 75 GeV over |⌘| < 2.5, with m�� > 350 GeV and low acoplanarity [48].
Matching the diphoton mass and pseudorapidity measured in the central detectors with those
of the CT-PPS proton spectrometers allows the removal of p-p pileup events. No exclusive
�� event is found above expected backgrounds, leading to an upper limit cross section of
�(pp ! p��p) > 3.0 fb at 95% CL, that has been recast into limits on anomalous quartic
photon couplings over m�� ⇡ 0.4–2 TeV [48]. However, in terms of ALP bounds in this mass
range, such a measurement is not yet competitive compared to other �� final states discussed
below.

The most stringent limits on ALPs over ma ⇡ 5–100 GeV have been set by searches in

4
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Figure 1: The cross sections of different production modes from the direct annihilation
µ
+
µ
�

! �a, Za, and the VBF processes, as a function of
p
s for ma = 1 TeV. The dashed

brown curves indicate the �Z destructive interference.

3.1 Production

The ALP can be produced at muon colliders through two different topologies, the associated
production via µ

+
µ
� annihilation and the electroweak vector-boson-fusion (VBF). In this

section, we study the signature of different production modes and their projected sensitivities
at muon colliders.

3.1.1 Associated production

We first consider the ALP production associated with an electroweak vector boson through
µ
+
µ
� annihilation processes

µ
+
µ
�

! V a, V = �, Z . (3.4)

Each production above is in general determined by the interference of two diagrams induced
by two ALP couplings which are ga�� , ga�Z (for �a production) and ga�Z , gaZZ (for Za pro-
duction). Figures 1 and 2 show the production cross sections as a function of

p
s and ma,

respectively, where the associated productions are represented by red (�a) and green (Za)
lines. The cross sections are normalized by C

2
W̃ ,B̃

/f
2
a . For the case with CW̃ = CB̃, in

particular, the coupling ga�Z vanishes and there appears only one relevant diagram. The
momenta-dependence of the dimension-5 operators is cancelled by the s-channel propagator,
and this cancellation leads to a constant behavior of cross section at high energies as shown
by the red (�a) and green (Za) lines in Fig. 1

�V ⇤
1 V2a / g

2
aV1V2

⇠ C
2
W̃ ,B̃

/f
2
a , (3.5)

where V
⇤
1 denotes the gauge boson propagator in the s-channel and V2 is the one in final

states. The falling behavior as a function of ma in the panels of Fig. 2 only comes from the
suppression of phase space.
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3.1 Production

The ALP can be produced at muon colliders through two different topologies, the associated
production via µ

+
µ
� annihilation and the electroweak vector-boson-fusion (VBF). In this

section, we study the signature of different production modes and their projected sensitivities
at muon colliders.

3.1.1 Associated production

We first consider the ALP production associated with an electroweak vector boson through
µ
+
µ
� annihilation processes

µ
+
µ
�

! V a, V = �, Z . (3.4)

Each production above is in general determined by the interference of two diagrams induced
by two ALP couplings which are ga�� , ga�Z (for �a production) and ga�Z , gaZZ (for Za pro-
duction). Figures 1 and 2 show the production cross sections as a function of

p
s and ma,

respectively, where the associated productions are represented by red (�a) and green (Za)
lines. The cross sections are normalized by C

2
W̃ ,B̃

/f
2
a . For the case with CW̃ = CB̃, in

particular, the coupling ga�Z vanishes and there appears only one relevant diagram. The
momenta-dependence of the dimension-5 operators is cancelled by the s-channel propagator,
and this cancellation leads to a constant behavior of cross section at high energies as shown
by the red (�a) and green (Za) lines in Fig. 1

�V ⇤
1 V2a / g

2
aV1V2

⇠ C
2
W̃ ,B̃

/f
2
a , (3.5)

where V
⇤
1 denotes the gauge boson propagator in the s-channel and V2 is the one in final

states. The falling behavior as a function of ma in the panels of Fig. 2 only comes from the
suppression of phase space.
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• At high energies,
• Associated production goes flat

• VBF has log-enhanced

• Di-muon limited by angular cuts
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Figure 2: The cross sections of different production modes from the direct annihilation
µ
+
µ
�

! �a, Za, and the VBF processes, as a function of ma at
p
s = 10 TeV muon colliders.

The dashed brown curves indicate the �Z destructive interference.

3.1.2 Vector boson fusion production

At higher colliding energies, the productions of ALPs through VBF processes

��, ZZ, �Z, WW ! a (3.6)

become increasingly important. For c.m. energies
p
s � mW , the initial muon beams substan-

tially radiate EW gauge bosons under an approximately unbroken SM gauge symmetry. This
becames particularly problematic for photon-photon fusions, where the collinear singularity
is regulated by the tiny muon mass and and leads to large logarithm ln(s/m2

µ). We treat the
vector bosons as initial state partons, and calculate the VBF cross sections, by utilizing the
leading-order framework of electroweak parton distribution functions (EW PDFs) [107] with a
dynamical scale Q =

p
ŝ/2, where

p
ŝ is the partonic c.m. energy. For the initial gauge boson

partons Vi and Vj , the VBF production cross section can be factorized as the product of the
parton luminosity dLij/d⌧ and the partonic cross section �̂

�(`+`� ! F +X) =

Z 1

⌧0

d⌧

X

ij

dLij

d⌧
�̂(ViVj ! F ) ,

dLij

d⌧
=

1

1 + �ij

Z 1

⌧

d⇠

⇠

h
fi(⇠, Q

2)fj(
⌧

⇠
, Q

2) + (i $ j)
i
, (3.7)

where F (X) denotes an exclusive final state (the underlying remnants), fi(⇠, Q2) is the EW
PDF for vector Vi with Q being the factorization scale, ⌧0 = m

2
F /s and ⌧ = ŝ/s. By summing

over all gauge boson initial states, one can obtain the total cross section of the “inclusive”
production processes. The cross section is enhanced by collinear logarithm ln(ŝ/m2

µ) for
photon or ln(ŝ/m2

V ) for massive gauge boson V at high beam energies. In contrast to the
constant behavior in the associated production, such logarithmic enhancement can be seen
in Fig. 1 where we choose the factorization scale as Q =

p
ŝ/2. Moreover, suppose the

momenta of incoming two gauge bosons (pV1↵, pV2�) are longitudinally back-to-back along
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where F (X) denotes an exclusive final state (the underlying remnants), fi(⇠, Q2) is the EW
PDF for vector Vi with Q being the factorization scale, ⌧0 = m
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F /s and ⌧ = ŝ/s. By summing

over all gauge boson initial states, one can obtain the total cross section of the “inclusive”
production processes. The cross section is enhanced by collinear logarithm ln(ŝ/m2

µ) for
photon or ln(ŝ/m2

V ) for massive gauge boson V at high beam energies. In contrast to the
constant behavior in the associated production, such logarithmic enhancement can be seen
in Fig. 1 where we choose the factorization scale as Q =
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Figure 3: Projected 5� sensitivity of CB̃/fa versus CW̃ /fa. Selection cuts include Eq. (3.16),
|m�� � ma|/ma < 5%, and mµ+µ� > 200 GeV. The leading backgrounds considered for �a,
Za, inclusive VBF, and Dimuon channels are µ

+
µ
�

! ���, µ+
µ
�

! Z��, µ+
µ
�

! �� with
ISR, and µ

+
µ
�

! µ
+
µ
�
��, respectively.

collimated and boosted techniques are required to reconstruct the resonance. For ALP with
mass ma = 1 TeV, the coefficients can be probed as low as |CB̃|/fa ⇠ 10�2 (10�3) TeV�1 at
p
s = 3 (10) TeV.

In scenario (III) CB̃ = 0, the suppressed coupling ga�� affects both the ��-fusion produc-
tion and the diphoton branching fraction, resulting in looser bounds. It is worth noting that,
at

p
s = 3 TeV, the associated production of Za exceed the VBF processes for ma & 700 GeV.

3.3 Characterizing the CP Property of ALPs at Muon Collider

To verify the CP property of the scalar particle produced at a muon collider, we first consider
the associated production

µ
+
µ
�

! Z� , (3.19)

followed by Z ! `
+
`
� and � = a as 0� pseudoscalar ALP or � = h as 0+ SM Higgs scalar.

The azimuthal angle �`` is defined as the opening angle between the Z production and decay
planes. The differential cross section of �`` for ALP becomes

1

�

d�

d�``
=

1

2⇡

✓
1 �

1

4
cos 2�``

◆
. (3.20)

We also examine the following exclusive VBF channels to probe the CP property

µ
+
µ
�

! µ
+
µ
�
� . (3.21)

We apply mµµ > 100 GeV for final states to enhance the VBF topology and require the
following basic cuts

pT (µ) > 10 GeV, 10� < ✓µ < 170�, �Rµµ > 0.4 . (3.22)
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the beam direction, the totally antisymmetric tensor ✏µ⌫↵� in the ALP vertex determines the
polarization of them ("V1µ, "V2⌫) to be transverse. Thus, each VBF production is dominated
by the transverse gauge boson (�,WT , ZT ) fusion.

In Figs. 1 and 2, we show the production cross sections of each individual fusion channels:

�� ! a (blue) ,

ZZ ! a (cyan) ,

�Z ! a (orange) ,

W
+
W

�
! a (magenta) .

Note that the �- and Z-initiated fusion processes are physically indistinguishable, and in prin-
ciple should be added coherently. For the sake of illustration, we compute such interference,
also in the leading-log approximation, which is shown using brown lines in Figs. 1 and 2. The
solid and dashed lines correspond to constructive and destructive interference, respectively.
While the interference effects are usually orders of magnitude smaller, they do become im-
portant for heavy axion masses. As shown in Figs. 1 and 2, when the ga�� coupling is not
suppressed, the ��-fusion always dominates, due to its ln(s/m2

µ) enhancement, as in scenarios
(I) and (II). However, as in scenario (III), the ga�� coupling is suppressed by s

2
✓ and the

��-fusion become significantly smaller.
In comparison to the inclusive VBF production, for the �- and Z-initiated fusion processes,

one can also consider the exclusive VBF processes by requiring the outgoing µ
+
µ
� to be

observable in the detector coverage

10� < ✓µ± < 170�. (3.8)

Such requirement would greatly suppress the production cross section, since the outgoing
muons tend to be collinear to the beamline, especially for the ��-fusion. In addition, we also
require

mµ+µ� > 200 GeV, (3.9)

for the exclusive channel to enhance the its VBF topology. As shown by black lines in Figs. 1
and 2 labelled by “Dimuon”, the cross section for exclusive processes are typically two orders
of magnitude smaller than the ones for inclusive processes. Such difference becomes smaller
in the case of CB̃ = 0, where the ��-fusion is suppressed by the relatively small coupling ga�� .
In spite of smaller cross sections, tagging the outgoing muons can still provide an extra handle
for the signal event selection and help to reveal the CP property of the ALPs, as discussed in
the next section.

3.2 Projected bounds

To estimate the sensitivity, we consider the simplest decay channel as the signal

a ! �� . (3.10)
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Figure 11: Projected 2� constraint contours in the CBB/fa � CWW /fa plane, for a 1-TeV

ALP at a 14-TeV muon collider with L = 10 ab�1, assuming CBW = 0. Detectable regions

of di↵erent search channels are shaded with various colors. The solid brown butterfly-shaped

curve around the center is the combined 2� exclusion contour. Note that the bottom and left

axes indicate values of the ALP couplings defined in Eq. (2.1), while the top and right axes

indicate values of these couplings absorbing the gauge couplings and loop factors following

the convention in Ref. [90].

|CBW | (so as the other couplings) also gives rise to a higher ALP production rate in general,

leading to shrinking contours.

Similar analyses are implemented in the CWW -CBW plane with CBB/fa = {�6, 0, 6} TeV�1,

and in the CBW -CBB plane with CWW /fa = {�4, 0, 4} TeV�1. It is noteworthy that the over-

all constraints are the weakest in a direction CWW : CBB : CBW ' �3 : �5 : 8 that simulta-

neously renders a small ALP production rate and elusive ALP decays with BR(a ! �Z)⇠ 5%

and BR(a ! ��) < 1%.

8 Summary and Outlook

In this article, we present a detailed analysis of TeV-scale ALP searches at a future high-

energy muon collider. In particular, we focus on the searches that probe axion couplings

to EW gauge bosons. The dominant ALP production channel at a muon collider is the

VBF channel due to the high virtual EW gauge boson content of high-energy muon beams,
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Figure 12: Projected 2� constraint contours in the CBB/fa � CWW /fa plane for di↵erent

muon collider running benchmarks, assuming CBW = 0. Left: Lcon scenario. Right: Lopt

scenario.

analogous to the virtual gluon content of high-energy proton beams. We show that the

a ! �� final state enjoys the highest sensitivity, followed by the Z� mode. We also analyze

the associated production channel with a lower rate but a smaller background, which turns

out to be less sensitive compared to the VBF diphoton channel. Meanwhile, we show the

projected constraints on various subspaces of ALP couplings in the EFT. A muon collider

with energy & 10 TeV could improve the sensitivity to ALP couplings by at least one order

of magnitude compared to the HL-LHC, as well as expand the mass range of ALPs that

could be searched for. We also demonstrate that the model-independent limits on ALP VBF

production and decays are also applicable to generic BSM resonances coupling to EW gauge

bosons, which could benefit future related studies. This study serves as another example of

the great physics potentials of a high-energy muon collider.

There are several directions to expand the work. First, we base our study on the EFT

of an ALP coupling to EW gauge bosons. While the EFT usually serves as a useful model-

independent theoretical framework for experimental searches, the UV completions could pre-

dict (model-dependent) degrees of freedom and signals that could also be within reach. In

particular, the couplings of heavy ALPs that current and future colliders are sensitive to are

pretty large. They could be induced by heavy fermions carrying EW charges, which could

be searched for as well. It will be useful to survey and classify possible UV completions of

the ALP EFTs, check whether there are some generic predictions for collider phenomenolo-

gies, and compare the sensitivities to the associated UV degrees of freedom and to ALPs.
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Figure 4: The normalized distributions of the observable �`` in µ
+
µ
�

! Z� ! `
+
`
�
� (left)

and µ
+
µ
�

! µ
+
µ
�
� (right) for � as ALP (red) or SM Higgs (blue). We assume ma = 1 TeV

and CW̃ = CB̃ 6= 0 for � as the ALP.

In this way we require to tag two forward muons, and define �`` as the azimuthal angle between
the two planes of the final state muons formed with respect to the beam direction. As seen
in Fig. 4, the CP-even scalar yields a flat distribution as expected; and the CP-odd scalar
exhibits explicitly different angular distribution as governed by the tensor form interaction in
Eq. (2.6).

4 Executive Summary

In this document, we studied the search potential for a heavy ALPs at future high-energy and
high-luminosity muon colliders. We considered the ALP production associated with a neutral
electroweak gauge boson (�, Z) and the various VBF processes together with the ALP decay
into diphoton.

Our main results are summarized as follows.

• The �� fushion process is dominant in the ALP productions as long as the U(1)Y gauge
coupling is not suppressed.

• The ALPs can be probed as heavy as the colliding energy threshold above TeV in both
associated production and VBF processes.

• The ALP gauge couplings can be reached as small as |CW̃ ,B̃|/fa ⇠ 10�2 (10�3) TeV�1

at
p
s = 3 (10) TeV for ma = 1 TeV.

• The associated productions and the VBF processes with the tagged outgoing muons can
be utilized to reveal the CP property of the ALPs.

We conclude that a muon collider running at high energies with a high luminosity would
have great potential in searching for the ALPs, essentially reaching the kinematic limit, and

– 9 –
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Figure 1: The cross sections of different production modes from the direct annihilation
µ
+
µ
�

! �a, Za, and the VBF processes, as a function of
p
s for ma = 1 TeV. The dashed

brown curves indicate the �Z destructive interference.

3.1 Production

The ALP can be produced at muon colliders through two different topologies, the associated
production via µ

+
µ
� annihilation and the electroweak vector-boson-fusion (VBF). In this

section, we study the signature of different production modes and their projected sensitivities
at muon colliders.

3.1.1 Associated production

We first consider the ALP production associated with an electroweak vector boson through
µ
+
µ
� annihilation processes

µ
+
µ
�

! V a, V = �, Z . (3.4)

Each production above is in general determined by the interference of two diagrams induced
by two ALP couplings which are ga�� , ga�Z (for �a production) and ga�Z , gaZZ (for Za pro-
duction). Figures 1 and 2 show the production cross sections as a function of

p
s and ma,

respectively, where the associated productions are represented by red (�a) and green (Za)
lines. The cross sections are normalized by C

2
W̃ ,B̃

/f
2
a . For the case with CW̃ = CB̃, in

particular, the coupling ga�Z vanishes and there appears only one relevant diagram. The
momenta-dependence of the dimension-5 operators is cancelled by the s-channel propagator,
and this cancellation leads to a constant behavior of cross section at high energies as shown
by the red (�a) and green (Za) lines in Fig. 1

�V ⇤
1 V2a / g

2
aV1V2

⇠ C
2
W̃ ,B̃

/f
2
a , (3.5)

where V
⇤
1 denotes the gauge boson propagator in the s-channel and V2 is the one in final

states. The falling behavior as a function of ma in the panels of Fig. 2 only comes from the
suppression of phase space.
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Figure 2: The cross sections of different production modes from the direct annihilation
µ
+
µ
�

! �a, Za, and the VBF processes, as a function of ma at
p
s = 10 TeV muon colliders.

The dashed brown curves indicate the �Z destructive interference.

3.1.2 Vector boson fusion production

At higher colliding energies, the productions of ALPs through VBF processes

��, ZZ, �Z, WW ! a (3.6)

become increasingly important. For c.m. energies
p
s � mW , the initial muon beams substan-

tially radiate EW gauge bosons under an approximately unbroken SM gauge symmetry. This
becames particularly problematic for photon-photon fusions, where the collinear singularity
is regulated by the tiny muon mass and and leads to large logarithm ln(s/m2

µ). We treat the
vector bosons as initial state partons, and calculate the VBF cross sections, by utilizing the
leading-order framework of electroweak parton distribution functions (EW PDFs) [107] with a
dynamical scale Q =

p
ŝ/2, where

p
ŝ is the partonic c.m. energy. For the initial gauge boson

partons Vi and Vj , the VBF production cross section can be factorized as the product of the
parton luminosity dLij/d⌧ and the partonic cross section �̂

�(`+`� ! F +X) =

Z 1

⌧0

d⌧

X

ij

dLij

d⌧
�̂(ViVj ! F ) ,

dLij

d⌧
=

1

1 + �ij

Z 1

⌧

d⇠

⇠

h
fi(⇠, Q

2)fj(
⌧

⇠
, Q

2) + (i $ j)
i
, (3.7)

where F (X) denotes an exclusive final state (the underlying remnants), fi(⇠, Q2) is the EW
PDF for vector Vi with Q being the factorization scale, ⌧0 = m

2
F /s and ⌧ = ŝ/s. By summing

over all gauge boson initial states, one can obtain the total cross section of the “inclusive”
production processes. The cross section is enhanced by collinear logarithm ln(ŝ/m2

µ) for
photon or ln(ŝ/m2

V ) for massive gauge boson V at high beam energies. In contrast to the
constant behavior in the associated production, such logarithmic enhancement can be seen
in Fig. 1 where we choose the factorization scale as Q =

p
ŝ/2. Moreover, suppose the

momenta of incoming two gauge bosons (pV1↵, pV2�) are longitudinally back-to-back along
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• Consider decay channel 
• Leading backgrounds for

• Associated production

• Inclusive VBF

• Exclusive di-muon

• Basic cuts

the beam direction, the totally antisymmetric tensor ✏µ⌫↵� in the ALP vertex determines the
polarization of them ("V1µ, "V2⌫) to be transverse. Thus, each VBF production is dominated
by the transverse gauge boson (�,WT , ZT ) fusion.

In Figs. 1 and 2, we show the production cross sections of each individual fusion channels:

�� ! a (blue) ,

ZZ ! a (cyan) ,

�Z ! a (orange) ,

W
+
W

�
! a (magenta) .

Note that the �- and Z-initiated fusion processes are physically indistinguishable, and in prin-
ciple should be added coherently. For the sake of illustration, we compute such interference,
also in the leading-log approximation, which is shown using brown lines in Figs. 1 and 2. The
solid and dashed lines correspond to constructive and destructive interference, respectively.
While the interference effects are usually orders of magnitude smaller, they do become im-
portant for heavy axion masses. As shown in Figs. 1 and 2, when the ga�� coupling is not
suppressed, the ��-fusion always dominates, due to its ln(s/m2

µ) enhancement, as in scenarios
(I) and (II). However, as in scenario (III), the ga�� coupling is suppressed by s

2
✓ and the

��-fusion become significantly smaller.
In comparison to the inclusive VBF production, for the �- and Z-initiated fusion processes,

one can also consider the exclusive VBF processes by requiring the outgoing µ
+
µ
� to be

observable in the detector coverage

10� < ✓µ± < 170�. (3.8)

Such requirement would greatly suppress the production cross section, since the outgoing
muons tend to be collinear to the beamline, especially for the ��-fusion. In addition, we also
require

mµ+µ� > 200 GeV, (3.9)

for the exclusive channel to enhance the its VBF topology. As shown by black lines in Figs. 1
and 2 labelled by “Dimuon”, the cross section for exclusive processes are typically two orders
of magnitude smaller than the ones for inclusive processes. Such difference becomes smaller
in the case of CB̃ = 0, where the ��-fusion is suppressed by the relatively small coupling ga�� .
In spite of smaller cross sections, tagging the outgoing muons can still provide an extra handle
for the signal event selection and help to reveal the CP property of the ALPs, as discussed in
the next section.

3.2 Projected bounds

To estimate the sensitivity, we consider the simplest decay channel as the signal

a ! �� . (3.10)
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The leading background for the associated production is

µ
+
µ
�

! V ��, V = �, Z . (3.11)

For VBF processes, we consider two different signal categories:

inclusive : µ
+
µ
�

! a+X , (3.12)
dimuon : µ

+
µ
�

! a+ µ
+
µ
�
, (3.13)

where the exclusive dimuon channel is as described in the previous subsection, with the cuts
in Eqs. (3.8) and (3.9) applied. The dominant background for the inclusive production is

µ
+
µ
�

! �� , (3.14)

where the invariant mass of the photon pair is smeared due to the initial-state-radiation (ISR)
effect. We simulated such background using WHIZARD [108]. For the exclusive production,
the dominant background becomes

µ
+
µ
�

! µ
+
µ
�
�� . (3.15)

We simulate the backgrounds in Eqs. (3.11), (3.14) and (3.15) using MadGraph [109] at the
parton level.

For photon reconstruction, we impose the following basic cuts of transverse momentum,
rapidity, and separation on the photons in final states

pT (�) > 10 GeV, |⌘(�)| < 2.5, �R�� > 0.4 . (3.16)

To suppress the continuum background, we further impose the invariant mass on the diphoton
resonance

|m�� � ma|

ma
< 0.05 . (3.17)

We then estimate the significance and evaluate the projected sensitivities. The local signifi-
cance is quantified as

NSD =
S

p
S +B

, (3.18)

where S and B are the numbers of events for the signal and background, respectively.
In Fig. 3, we show the projected NSD = 5 discovery limit on the couplings Ci/fa as

functions of the ALP mass ma, for the two different muon collider benchmarks in Eq. (1.2).
in dashed and solid lines, respectively.

In scenario (I) CW̃ = CB̃ and (II) CW̃ = 0, the inclusive VBF offers the strongest bounds,
especially for relatively light ALP masses. This becomes even more true at

p
s = 10 TeV,

due to the large logarithmic enhancement from the photon PDF. The bounds from associated
production remain mostly constant for a large range of ALP mass. They become slightly
worse at lower masses and higher energy where diphoton from ALP decay turns out to be
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