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2Gaps in the Standard Model

• Dark Matter 
• Baryon Asymmetry of the Universe 
• Muon g-2 Anomaly 
• Neutrino mass 
• Strong CP problem 
• Dark Energy 
• Gravitation

• Several open questions point to physics that is beyond the Standard Model 
• Dark sectors often are proposed to address multiple open questions
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3Dark Matter
• Astronomical and cosmological observations show 84% 

of universe’s matter content is Dark Matter 
• What we know: 

➡It's stable, interacts Gravitationally with the known 
particles and it is very abundant 

• Cannot be explained by any of the particles in the 
Standard Model

Corbelli and Salucci 2000

Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
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4Weakly Interacting Massive Particles (WIMPS)

• Stable particle with GeV-TeV mass  
• Interaction cross section with Standard Model near weak scale  
• Dark Matter candidate 

Symmetry 2024, 16, 201 23 of 33

Figure 13. Cross-section as a function of the WIMP-like mass in the SI framework as reported in PDG
2013. In the same plot, limits (solid curves) and positive results (islands with a given CL) are reported
for various experiments; see text.

Figure 14. Cross-section as a function of the WIMP-like mass in the SI framework, as reported in
PDG 2022. Only limits (solid curves) are reported by various experiments; see text.

Recently, since the statistical fluctuations of the neutrino floor are becoming important
in the present and next generation of dark matter experiments, the name has been changed
to neutrino fog or mist, considering the real impact of how this expected background grows
with the experimental exposure [119].

The common practice of focusing on the SI s–Mc plot has received some criticisms.
One may think that comparing all experimental results in the same SI s–Mc plot could
not be a comprehensive and accurate way to address the dark matter problem, and it
would be only a generally subjective, limited and imprecise action. One can reasonably
accept this criticism, but it remains unexplained how a unique positive result (from DAMA)
can be compatible, independently of the model, with tens of other null results made by
experiments of comparable or larger sensitivity and using even nuclei similar to those
discussed above. Those experiments are not detecting any positive signal anyway regard-
less of the fact that nature has chosen a SI interaction, or whatever, for visible and dark
matter particles.

PDG 2022
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56. Muon Anomalous Magnetic Moment

Revised August 2021 by A. Höcker (CERN) and W.J. Marciano (BNL).
The Dirac equation predicts a muon magnetic moment, M̨ = gµ

e

2mµ
S̨, with gyromagnetic ratio

gµ = 2. Quantum loop e�ects lead to a small calculable deviation from gµ = 2, parameterized by
the magnetic anomaly1

aµ ©
gµ ≠ 2

2 . (56.1)

That quantity can be accurately measured and, within the Standard Model (SM) framework,
precisely predicted. Hence, comparison of experiment and theory tests the SM at its quantum
loop level. A deviation in aexp

µ from the SM expectation would signal e�ects of new physics, with
current sensitivity reaching up to mass scales of O(TeV) [1]. For recent thorough muon g≠2 reviews,
see e.g. Refs. [2–4].

The E821 experiment at Brookhaven National Lab (BNL) studied the precession of µ+ and µ≠

in a constant external magnetic field as they circulated in a confining storage ring. It found2 [6]

aexp,BNL

µ+ = 116 592 040(60)(50) ◊ 10≠11 ,

aexp,BNL

µ≠ = 116 592 150(80)(30) ◊ 10≠11 , (56.2)

where the first errors are statistical and the second systematic. Assuming CPT invariance and
taking into account correlations between systematic uncertainties, one finds for their average [5, 6]

aexp,BNL

µ = 116 592 089(54)(33) ◊ 10≠11 . (56.3)

These results represent about a factor of 14 improvement over the classic CERN experiments of
the 1970’s [7].

Further improvement of the measurement by a factor of four by setting up the E821 storage
ring at the Fermilab National Accelerator Laboratory (FNAL), and utilizing a cleaner and more
intense muon beam and improved detectors [8] is in progress. A first analysis with positive muons
based on a fraction of the data found [9]

aexp,FNAL

µ+ = 116 592 040(51)(19) ◊ 10≠11 . (56.4)

The FNAL result is consistent with the BNL measurement and has comparable statistical as well
as improved systematic precision. Their average assuming CPT invariance reads [9]

aexp

µ = 116 592 061(41) ◊ 10≠11 , (56.5)

providing a relative precision of 0.35 parts per million.
Another muon g≠2 experiment with similar sensitivity but using an alternative zero-electric-field

technique with a low-emittance and low-momentum muon beam is currently under construction at
J-PARC in Japan [10].

The SM prediction aSM
µ is generally divided into three parts (see Fig. 56.1 for representative

Feynman diagrams)
aSM

µ = aQED

µ + aEW

µ + aHad

µ . (56.6)
1Also referred to as anomalous magnetic moment despite being dimensionless.
2The results reported by the experiment have been updated in Eqs. (56.2) and (56.3) to the newest value for the

absolute muon-to-proton magnetic ratio ⁄ = 3.183 345 142(71) [5]. The change induced in aexp

µ with respect to the
value of ⁄ = 3.183 345 39(10) used in Ref. [6] amounts to +10 ◊ 10≠11.

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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Figure 56.2: Compilation of recent results for aµ (in units of 10≠11), subtracted by the central value
of the experimental average (56.3). The light blue vertical band indicates the total experimental
uncertainty. The SM predictions shown di�er only in the value used for the aHad

µ [LO] contribution.
They are taken from: WP 2020 [4] (Eq. (56.16), also indicated by the light grey vertical band),
DHMZ 2019 [28], KNT 2019 [29], all three based on the data-driven (DD) aHad

µ [LO] evaluation, and
the lattice QCD (LQ) based evaluations WP 2020 [4, 35, 36] and BMW 2021 [37]. Note that the
quoted errors in the figure do not include the uncertainty on the subtracted experimental value.
To obtain for each theory calculation a result equivalent to Eq. (56.17), the errors from theory and
experiment must be added in quadrature.

muon g≠2 discrepancy. However, experimental constraints appear to rule out the simplest model
in which the dark photon has equal couplings to electrons and muons and decays primarily to e+e≠

pairs [49] or invisible dark particles [50] that give rise to missing event energy. One can expand the
dark photon scenario into a more complete theory in which several new particles contribute to the
muon g≠2. Direct searches for a dark photon, therefore, continue to be well motivated, but with
primary guidance coming from astrophysics [51].

Recent popular solutions to the muon anomaly discrepancy have also focused on loop contribu-
tions induced by relatively light scalar or pseudo scalar particle appendages from physics beyond
the SM [52,53].
References
[1] A. Czarnecki and W. J. Marciano, Phys. Rev. D 64, 013014 (2001), [hep-ph/0102122];

M. Davier and W. Marciano, Ann. Rev. Nucl. Part. Sci. 54, 115 (2004).

[2] J. P. Miller, E. de Rafael and B. Roberts, Rept. Prog. Phys. 70, 795 (2007), [hep-ph/0703049];
F. Jegerlehner and A. Ny�eler, Phys. Rept. 477, 1 (2009), [arXiv:0902.3360]; J. P. Miller et al.,
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Figure 56.1: Representative diagrams contributing to aSM
µ . From left to right: first order QED

(Schwinger term), lowest-order weak, lowest-order hadronic.

In the following discussion we use the numerical estimates provided by the Muon g≠2 Theory
Initiative White Paper [4].

The QED part includes all photonic and leptonic (e, µ, ·) loops starting with the classic –/2fi
Schwinger contribution [11]. It has been computed through five loops [4, 12,13]

aQED

µ = –

2fi
+ 0.765 857 420(13)

3
–

fi

4
2

+ 24.050 509 85(23)
3

–

fi

4
3

+ 130.8782(60)
3

–

fi

4
4

+ 751.0(9)
3

–

fi

4
5

+ · · · (56.7)

with little change in the coe�cients since our last update of this review. Employing –≠1 =
137.035 999 046(27), obtained from the precise measurements of h/mCs [14], the Rydberg constant,
and mCs/me leads to3 [12]

aQED

µ = 116 584 718.93(0.10) ◊ 10≠11 , (56.8)
where the small error results mainly from the uncertainties in the estimate of the six loop contri-
bution and in –.

Loop contributions involving heavy W ±, Z or Higgs particles are collectively labeled as aEW
µ .

They are suppressed by at least a factor of (–/fi) · (m2
µ/m2

W
) ƒ 4 ◊ 10≠9. At 1-loop order [18]

aEW

µ [1-loop] =
Gµm2

µ

8
Ô

2fi2

C
5
3 + 1

3
1
1 ≠ 4 sin2◊W

2
2

+ O

A
m2

µ

M2

W

B

+ O

A
m2

µ

m2

H

BD

= 194.8 ◊ 10≠11 , (56.9)

for sin2◊W © 1 ≠ M2

W
/M2

Z
ƒ 0.223, and where Gµ ƒ 1.166 ◊ 10≠5 GeV≠2 is the Fermi coupling

constant. Two-loop corrections are relatively large and negative [19]. For a Higgs boson mass of
125 GeV it amounts to aEW

µ [2-loop] = ≠41.2(1.0) ◊ 10≠11 [19], where the uncertainty stems from
quark triangle loops. The 3-loop leading logarithms are negligible, O(10≠12) [19, 20]. Overall one
finds

aEW

µ = 153.6(1.0) ◊ 10≠11 . (56.10)
A recent complete 2-loop numerical evaluation of the electroweak correction [21] when adjusted for
appropriate light quark masses confirmed the result in Eq. (56.10).

3A recent measurement using Rb-87 atoms [15] resulted in –≠1 = 137.035 999 206(11), which exhibits a larger
than 5‡ discrepancy with the Cs-133 based result. Using this value in Eq. (56.7) leads to a reduction of aQED

µ

by 0.14 ◊ 10≠11, which is larger than the quoted uncertainty in Eq. (56.8), but still negligible compared to other
uncertainties a�ecting aSM

µ . This discrepancy impacts, however, the SM prediction of the magnetic anomaly of the
electron [13, 16], which di�ers by respectively ≠2.4‡ and +1.6‡ from the experimental value [17], depending on
whether the Cs-133 or Rb-87 based – value is used.
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µ = 116 592 089(54)(33) ◊ 10≠11 . (56.3)

These results represent about a factor of 14 improvement over the classic CERN experiments of
the 1970’s [7].

Further improvement of the measurement by a factor of four by setting up the E821 storage
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intense muon beam and improved detectors [8] is in progress. A first analysis with positive muons
based on a fraction of the data found [9]
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The FNAL result is consistent with the BNL measurement and has comparable statistical as well
as improved systematic precision. Their average assuming CPT invariance reads [9]
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technique with a low-emittance and low-momentum muon beam is currently under construction at
J-PARC in Japan [10].

The SM prediction aSM
µ is generally divided into three parts (see Fig. 56.1 for representative

Feynman diagrams)
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µ + aHad

µ . (56.6)
1Also referred to as anomalous magnetic moment despite being dimensionless.
2The results reported by the experiment have been updated in Eqs. (56.2) and (56.3) to the newest value for the

absolute muon-to-proton magnetic ratio ⁄ = 3.183 345 142(71) [5]. The change induced in aexp

µ with respect to the
value of ⁄ = 3.183 345 39(10) used in Ref. [6] amounts to +10 ◊ 10≠11.
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https://news.fnal.gov/2018/02/fermilabs-muon-g-2-experiment-officially-starts-up/

https://news.fnal.gov/2021/04/first-results-from-fermilabs-muon-g-2-experiment-strengthen-evidence-of-new-physics/
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8Dark Sectors

Standard Model

?

? ?

χ

Collection of particles with no 
direct coupling to Standard Model

Dark Sector
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Standard Model
Dark Sector

?

? ?

χ?
New force carrier

Collection of particles with no 
direct coupling to Standard Model
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?

New mediator is a portal to 
couple dark sector to SM

New gauge boson interactions 
spin = 0, parity = − 1

New photon-like 
interactions 

 spin = 1, parity = − 1

New Higgs-like interactions 
spin = 0, parity = + 1

?

? ?

χ

Axion-Like 
Particles

Dark Higgs

Dark Photon

A′ 

a

a

h′ 

… Many possibilities!
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Dark Photons
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12Dark Photon
• Massive vector boson arising from broken  gauge symmetry in dark sector 
• Couples to Standard Model via kinetic mixing with photon 

  - Dark Photon Mass 
  - Coupling strength to SM 

 - Branching fractions to decay to DM

U(1)

mA′ 
ϵ
ΓA′ →χχ

If  mA′ 
> 2mχ

A′ → χχ̄
~100% of  decays are to dark matterA′ 

“Invisible” Detector Signature

A’ Event Topology

If  mA′ 
< 2mχ

 is forbidden.  
Must decay to Standard Model!

A′ → χχ̄

A′ → e+e−, μ+μ−, . . .
“Visible” Detector Signature

ϵ
γ A′ 

• Detector signature classified as invisible or visible 

dedicated worldwide e↵ort to search for dark photons and other dark sector particles (see,

e.g., Refs. (1, 2) for recent reviews).

In the standard dark sector paradigm, no SM particles are charged directly under any

dark-sector interactions and vice versa. Therefore, the dark photon does not couple directly

to SM particles; however, it can obtain a small coupling to the electromagnetic (EM) current

due to kinetic mixing between the SM hypercharge and A
0 field strength tensors (3, 4, 5,

6, 7, 8, 9, 10). This mixing-induced coupling, which is suppressed relative to that of the

photon by a factor labeled ", provides a portal through which dark photons can interact

with SM particles: dark photons can be produced in the lab, and they can decay into visible

SM final states—though decays into (nearly) invisible dark-sector final states are expected

to be dominant if kinematically allowed. One striking advantage of producing dark matter

in the lab is that it will be relativistic, which leads to accelerator-based experiments having

similar sensitivity to most types of dark matter particles. This is in stark contrast to direct-

detection experiments, which, e.g., have much better sensitivity to scalars than fermions.

The minimal dark-photon model only has 3 unknown parameters: the strength of the

kinetic mixing, "; the dark photon mass, mA0 ; and the decay branching fraction of the dark

photon into invisible dark-sector final states, which is typically assumed to be either unity

or zero (corresponding to whether any invisible dark-sector final states are kinematically

allowed or not). This review focuses on the region of [mA0 , "] parameter space accessible to

accelerator-based experiments, namely mA0 & 1MeV and " & 10�7 (see Ref. (2) for a sum-

mary of non-accelerator-based constraints on dark photons). In addition, we concentrate

on A
0 masses below the electroweak scale, where dark photon phenomenology is markedly

di↵erent than supersymmetry and other scenarios that extend the SM.

Thus far, no accelerator-based dark-photon searches have found any evidence for a

signal. Therefore, we will focus on summarizing the constraints placed by accelerator-

based experiments on both visible and invisible dark photons. In addition, this review

will highlight what could be observed in the near future, while also discussing the major

experimental challenges that must be overcome to improve sensitivities. Finally, other

non-minimal models will be discussed, where the coupling of the dark boson arises from a

di↵erent mechanism and/or where other dark-sector particles impact the observable dark-

boson phenomenology at accelerator-based experiments.

2. PHENOMENOLOGY

This section provides an overview of dark photon phenomenology, including both the theo-

retical and astrophysical motivations for dark photons. In addition, dark photon production

and decay rates are discussed.

2.1. The Dark-Photon Portal

The minimal dark photon scenario involves a broken U(1)0 gauge symmetry in the dark

sector whose field strength tensor, F 0
µ⌫ , kinetically mixes with the SM hypercharge field

strength tensor, Bµ⌫ , via the operator F 0
µ⌫B

µ⌫ . After electroweak symmetry breaking, and

with the gauge boson kinetic terms diagonalized, the dark photon obtains a suppressed

coupling to the EM current, Jµ
EM, where the relevant terms in the Lagrangian are

L�A0 ��
1
4
F

0
µ⌫F

0µ⌫ +
1
2
m

2
A0A

0µ
A

0
µ + " eA

0
µJ

µ
EM + LA0�� , 1.

www.annualreviews.org • Searches for dark photons at accelerators 3

M. Graham, C. Hearty, and M. Williams, Annu. Rev. Nucl. Sci. 71 (2021)
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Dark Sectors at Low Energy Colliders (Torben Ferber) �21

• Requirement: 

• Single photon trigger (Eth ≈ 1 GeV for EBeam = 5.3 GeV)  

• Large solid angle coverage of calorimeter 

• E"cient outer detectors to veto calorimeter gaps 

• SM backgrounds if one misses all but one γ: 

• Low mass A’ (= high energy single γ): ee→γγ and 
ee→γγγ 

• High mass A’ (= low energy single γ):  
ee→ eeγ

e- χ

A’

χγ e+

γ ×ε

Eγ = ((2EBeam)2-MA’2) / (2 EBeam)

Belle II MC

B: Invisible Dark Photon searches

13Invisible Dark Photons

ϵ
γ A′ 

χ

χ̄

γ

e+

e−

• Initial State Radiation photon recoils against Dark Photon  
• “Single Photon Search” 
• Specialized Single Photon Trigger” is essential (was not present at Belle)

Single Photon Triggers at Belle II: 

‣ At least one photon with ECMS > 2 GeV  
‣ One ECMS > 1 GeV photon in barrel + no other energetic photons 
‣ One ECMS > 0.5 GeV photon in central barrel + no other energetic photons
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Updated from Ref. (14) using Ref. (19): Constraints and proposed sensitivity within the next 5
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sively exploit such decays. Specifically, NA48/2 searched for ⇡0
! A

0
� followed by prompt

A
0
! e

+
e
� decays using ⇡

0 mesons produced in K
+
! ⇡

+
⇡
0 decays (68). Figure 3 shows

that the NA48/2 constraints are world leading for prompt decays in the 10–100MeV mass

region. Soon, the Mu3e experiment located at the Paul Scherrer Institute expects to pro-

vide the first dark-photon sensitivity in lepton decays using stopped muons (69). Figure 4

shows that Mu3e could be sensitive to currently unexplored parameter space soon. Future

experiments that exploit other meson decays are also being considered; see, e.g., Ref. (70).

5. SEARCHES FOR INVISIBLE DARK PHOTONS

The current constraints on invisible A0
! ��̄ decays are summarized in Fig. 5. These results

were obtained by looking for an excess of events with a consistent missing invariant mass,

formed from the imbalance of observed energy and momentum. In this section, we will

first discuss how these results were obtained, and the near-term prospects for improvement.

Then, in Sec. 5.4 we will discuss the alternative strategy of direct detection of the incredibly

rare interactions of the dark-sector � particles in a detector downstream of the A
0 decay

point. Figure 5 shows that existing constraints exclude otherwise viable thermal dark matter

scenarios, e.g. EM-like values of ↵D. Furthermore, even pessimistic scenarios with a large

↵D and small mA0/m� ratio will be accessible in the near future.

5.1. Searches at e+e� Colliders

As discussed above, the predominant production mode for dark photons in these experi-

ments is e
+
e
�

! A
0
�, where one photon in the SM annihilation process is replaced with

a dark photon. For the case where the A
0 decays invisibly, the visible final state is a
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• Belle II analysis (in progress) will explore parameter space that is consistent with universes dark 
matter abundance

M. Graham, C. Hearty, and M. Williams, Annu. Rev. Nucl. Sci. 71 (2021)



Savino.Longo@umanitoba.ca

2−10 1−10 1 10
6−10

5−10

4−10

3−10

2−10

1−10

1

mA0 [ GeV ]

"

NA64

NA62

BaBar

LEP

Belle-IINA64

scalar �

Majorana
�

pseudo-
Dirac �

mA0/m� = 3,↵D = 0.5 (solid)

mA0/m� = 5,↵D = ↵EM (dashed)

Figure 5

Updated from Ref. (14) using Ref. (19): Constraints and proposed sensitivity within the next 5
years on invisible A0 decays. The color scheme is the same as in Fig. 3. The (solid and dashed
black lines) thermal targets for di↵erent dark matter scenarios are also shown (71).

sively exploit such decays. Specifically, NA48/2 searched for ⇡0
! A

0
� followed by prompt

A
0
! e

+
e
� decays using ⇡

0 mesons produced in K
+
! ⇡

+
⇡
0 decays (68). Figure 3 shows

that the NA48/2 constraints are world leading for prompt decays in the 10–100MeV mass

region. Soon, the Mu3e experiment located at the Paul Scherrer Institute expects to pro-

vide the first dark-photon sensitivity in lepton decays using stopped muons (69). Figure 4

shows that Mu3e could be sensitive to currently unexplored parameter space soon. Future

experiments that exploit other meson decays are also being considered; see, e.g., Ref. (70).

5. SEARCHES FOR INVISIBLE DARK PHOTONS

The current constraints on invisible A0
! ��̄ decays are summarized in Fig. 5. These results

were obtained by looking for an excess of events with a consistent missing invariant mass,

formed from the imbalance of observed energy and momentum. In this section, we will

first discuss how these results were obtained, and the near-term prospects for improvement.

Then, in Sec. 5.4 we will discuss the alternative strategy of direct detection of the incredibly

rare interactions of the dark-sector � particles in a detector downstream of the A
0 decay

point. Figure 5 shows that existing constraints exclude otherwise viable thermal dark matter

scenarios, e.g. EM-like values of ↵D. Furthermore, even pessimistic scenarios with a large

↵D and small mA0/m� ratio will be accessible in the near future.

5.1. Searches at e+e� Colliders

As discussed above, the predominant production mode for dark photons in these experi-

ments is e
+
e
�

! A
0
�, where one photon in the SM annihilation process is replaced with

a dark photon. For the case where the A
0 decays invisibly, the visible final state is a

www.annualreviews.org • Searches for dark photons at accelerators 13

15Invisible Dark Photons

• Belle II analysis (in progress) will explore parameter space that is consistent with universes dark 
matter abundance

• Calorimeter coverage critical to suppress 
 background 

• Belle II benefits from non-projective gaps in 
ECL geometry. Photons cannot escape 
between crystal boundaries. 

• KLM Veto also essential

e+e− → γγ(γ)

M. Graham, C. Hearty, and M. Williams, Annu. Rev. Nucl. Sci. 71 (2021)
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The following includes supplementary material for the Electronic Physics Auxiliary Publication Service.
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FIG. 6: Distributions of the missing mass squared M2
X in the “lowM” data samples collected near (a,b) ⌥ (2S), (c,d) ⌥ (3S),

and (e,f) ⌥ (4S) resonances. Data are selected with (a,c,e) R
0
L and (b,d,f) RT selections. The solid blue line represents the

background-only fit with "2 ⌘ 0. Normalized fit residuals are shown above each plot.

J.P. Lees et al (BaBar Collaboration) Phys. Rev. Lett. 119, 131804 (2017)
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From Ref. (14): dark photon decay branching fractions for the visible dark photon scenario for
mA0 < 2GeV. It is straightforward to determine the decay rates into specific hadronic final states
by replacing the inclusive hadronic cross section in Rµ with the relevant exclusive cross sections.

dumps subsequently annihilating (13), are possible though not considered in currently pub-

lished constraints.

2.3. Dark-Photon Decays

Dark photons are expected to decay predominantly into invisible dark-sector final states

if kinematically allowed. If no such decays are allowed, e.g. if mA0 < 2m�, then the dark

photon will decay into visible SM final states, again due to its suppressed coupling to the

EM current. The partial decay widths of the dark photon into SM leptons are

�A0!`+`� = "2↵EM
3 mA0

✓
1 + 2

m2
`

m2
A0

◆r
1� 4

m2
`

m2
A0

, 2.

where ` = e, µ, ⌧ and, of course, only decays into leptons for which mA0 > 2m` are allowed.

Decays into hadronic final states cannot be calculated perturbatively for GeV-scale dark-

photon masses; however, since the dark photon couples to J
µ
EM, its hadronic decay width can

be extracted from the experimentally measured value of Rµ ⌘ �e+e�!hadrons/�e+e�!µ+µ� :

�A0!hadrons = �A0!µ+µ�Rµ(m
2
A0) . 3.

Equation 3. automatically accounts for mixing with the QCD vector mesons, the ⇢, !, and �,

along with all other nonperturbative QCD e↵ects. Figure 2 shows the branching fractions

into e
+
e
�, µ

+
µ
�, and to all hadronic final states for mA0 < 2GeV. At higher masses,

A
0
! qq̄ decays are easily calculable perturbatively, making determining the branching

fractions straightforward. Finally, the dark photon lifetime, ⌧A0 , which is just ��1
A0 , clearly

scales as ["2mA0 ]�1, i.e. the longevity of the dark photon increases as its mass and kinetic-

mixing strength decrease.

www.annualreviews.org • Searches for dark photons at accelerators 5

Visible Dark Photons

BrllSimulated A’ Event at Belle II

If  is forbidden.  
Must decay to Standard Model!

A′ → χχ̄

M. Graham, C. Hearty, and M. Williams, Annu. Rev. Nucl. Sci. 71 (2021)
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17ATOMKI ANOMOLY: A 17 MeV Dark Photon?

A. J. Krasznahorkay, et al. Phys. Rev. Lett. 116, 042501
A. J. Krasznahorkay, et al. Phys. Rev. C 104, 044003

•  nuclei excited to 17.6 and 18.15 MeV to  states 

• Standard Model predicts de-excitation via internal-pair-
conversion, emitting  pair 

• De-excitation can also occur through via dark photon.  
Would give peak in  angular distribution

8Be 1+

e+e−

e+e−

ISMD52

In 2016, an experiment conducted at the ATOMKI laboratory 
(Debrecen, Hungary) studied the nuclear reaction 7Li(p,e+ e-)8Be. [1,2]

 

8/21/23
[1] A. Krasznahorkay et al., PhysRevLett.116.042501(2016)  
[2] J. Gulyás et al., Nucl. Instrum. Methods A 808, 21 (2016) 2

Introduction

The Atomki 5 arms 
spectrometer used in the 
first 8Be measurement in 

2016 Deviation 
from IPCTo measure the distribution of the relative 

angle between positron and electron (e+ e-) 
produced in the Internal Pair Creation (IPC) 

in the transitions from the exited to the 
ground state of 8Be 

The results showed an enhancement for 18.15 MeV 
transition around 140o in the distribution of angle  

( e+ e-) difference from the expectations
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A. J. Krasznahorkay, et al. Phys. Rev. Lett. 116, 042501
A. J. Krasznahorkay, et al. Phys. Rev. C 104, 044003

•  nuclei excited to 17.6 and 18.15 MeV to  states 

• Standard Model predicts de-excitation via internal-pair-
conversion, emitting  pair 

• De-excitation can also occur through via dark photon.  
Would give peak in  angular distribution

8Be 1+

e+e−

e+e−

shape of the resonance [40], but it is definitely different
from the shape of the forward or backward asymmetry [40].
Therefore, the above experimental data make the interpre-
tation of the observed anomaly less probable as being the
consequence of some kind of interference effects.
The deviation cannot be explained by any γ-ray related

background either, since we cannot see any effect at off
resonance, where the γ-ray background is almost the same.
To the best of our knowledge, the observed anomaly can
not have a nuclear physics related origin.
The deviation observed at the bombarding energy of

Ep ¼ 1.10 MeV and at Θ ≈ 140° has a significance of 6.8
standard deviations, corresponding to a background fluc-
tuation probability of 5.6 × 10−12. On resonance, the M1
contribution should be even larger, so the background
should decrease faster than in other cases, which would
make the deviation even larger and more significant.
The eþe− decay of a hypothetical boson emitted iso-

tropically from the target has been simulated together with
the normal IPC emission of eþe− pairs. The sensitivity of
the angular correlation measurements to the mass of the
assumed boson is illustrated in Fig. 4.
Taking into account an IPC coefficient of 3.9 × 10−3 for

the 18.15 MeV M1 transition [32], a boson to γ branching
ratio of 5.8 × 10−6 was found for the best fit and was then
used for the other boson masses in Fig. 4.
According to the simulations, the contribution of the

assumed boson should be negligible for asymmetric pairs
with 0.5 ≤ jyj ≤ 1.0. The open circles with error bars in
Fig. 4 show the experimental data obtained for asymmetric

pairs (rescaled for better separation) compared with the
simulations (full curve) including only M1 and E1 con-
tributions. The experimental data do not deviate from the
normal IPC. This fact supports also the assumption of the
boson decay.
The χ2 analysis mentioned above to judge the signifi-

cance of the observed anomaly was extended to extract the
mass of the hypothetical boson. The simulated angular
correlations included contributions from bosons with
masses between m0c2 ¼ 15 and 17.5 MeV. As a result
of the χ2 analysis, we determined the boson mass to be
m0c2 ¼ 16.70# 0.35ðstatÞ MeV. The minimum value for
the χ2=f was 1.07, while the values at 15 and 17.5 MeV
were 7.5 and 6.0, respectively. A systematic error caused by
the instability of the beam position on the target, as well as
the uncertainties in the calibration and positioning of the
detectors is estimated to be ΔΘ ¼ 6°, which corresponds to
0.5 MeV uncertainty in the boson mass.
Since, in contrast to the case of 17.6 MeV isovector

transition, the observed anomalous enhancement of the
18.15 MeV isoscalar transition could only be explained by
also assessing a particle, then it must be of isoscalar nature.
The invariant mass distribution calculated from the

measured energies and angles was also derived. It is shown
in Fig. 5.
The dashed line shows the result of the simulation

performed for M1þ 23%E1 mixed IPC transition (the
mixing ratio was determined from fitting the experimental
angular correlations), the dotted line shows the simulation
for the decay of a particle with mass of 16.6 MeV=c2 while
the dash-dotted line is their sum, which describes the
experimental data reasonably well.
In conclusion, we have measured the eþe− angular

correlation in internal pair creation for the M1 transition
depopulating the 18.15 MeV state in 8Be, and observed a
peaklike deviation from the predicted IPC. To the best of
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in the 7Liðp; eþe−Þ reaction at Ep ¼ 1.10 MeV with
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FIG. 7. Angular correlations of the e+e− pairs for the “Signal”
region (see Fig. 6). Symbols with error bars indicate experimental
data measured in the 3H(p, γ ) 4He reaction at different proton beam
energies, while solid-line histograms correspond to the respective
data obtained in the simulations described in the text.

e+e− event is considered valid, if it passed all the conditions
and cuts that was applied for the experimental data.

In the light of the above considerations, we also simu-
lated the contribution of the external e+e− pairs created by
the high-energy γ rays from the 3H(p, γ ) 4He reaction. We
also determined the contribution of the internal pair creation
(IPC) process. For that, both the properties of the proton
capture process and the emission of an e+e− pair mediated
by a one-photon exchange was calculated by Viviani and
co-workers [42]. They provided us with high-statistic Monte
Carlo event files which we used as particle generator inputs in
our GEANT3 simulations.

The simulated angular correlations are indicated by full-
line histograms in Figs. 7 and 8 for the “Signal” and the
“Background” sum-energy ranges, respectively.

We found that the most significant background was pro-
vided by e+e− pairs created by γ rays generated during direct
proton capture on 3H. For small correlation angles, this pro-
cess can fully interpret the measured values. As a result of this,
the normalization of the contribution of γ events was derived
from the simulation’s fit to the data in the 40◦ to 70◦ opening
angle region.
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FIG. 8. Angular correlations of the e+e− pairs for the “Back-
ground” region (see Fig. 6). See the caption of Fig. 7 for more details.

Note that for the background regions of the sum energy, the
experimental and the corresponding simulated curves show
a fairly good agreement over the entire angular range (see
Fig. 8), thus validating the correctness of the simulations.

Here, we mention that in this case the usual method of
background determination, i.e., performing the experiment
without target material, cannot be applied because the main
source of the background is the target material itself.

For further theoretical interpretation of the results shown
in Fig. 7, the simulated angular correlations were subtracted
from the experimental ones. The angular correlations (points
with error bars) obtained after subtraction are shown in Fig. 9.

The corresponding proton beam energies are indicated in
the figure. The anomaly previously observed and explained
by the decay of the X17 particle appeared at each of the
bombarding energies.

A. Fitting the angular correlations

In order to derive the exact value for the mass of the
decaying particle from the present data, we carried out a fitting
procedure for both the mass value and the amplitude of the
observed peak.

The fit of the original experimental data was performed
with ROOFIT [43] by describing the e+e− angular correlation

044003-6
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19X17 Search at Belle II (In Progress)

2023-10-20

Recap
Introduction

• Search for visible dark photon decay into two oppositely 
charged leptons by searching for the enhanced signal in mass 
distribution 

• Main background sources :  

•  
  

• In Low mass region,  the diphoton process with photon 
conversion has very similar distribution with signal 
events. 

• Current stage :  
• find reasonable sideband definition 
• Previously suggested the total energy as a sideband variable 

However ;  
• ISR photon was not included in Signal samples

e+e− → e+e−γ
e+e− → γγ ( γ → e+e− )

2

γ

e+

e−

e+

e−

e+

e− γ

γe+

e− e+

e−

γ

A′ 

Area normalized

2023-10-20

Recap
Introduction

• Search for visible dark photon decay into two oppositely 
charged leptons by searching for the enhanced signal in mass 
distribution 

• Main background sources :  

•  
  

• In Low mass region,  the diphoton process with photon 
conversion has very similar distribution with signal 
events. 

• Current stage :  
• find reasonable sideband definition 
• Previously suggested the total energy as a sideband variable 

However ;  
• ISR photon was not included in Signal samples

e+e− → e+e−γ
e+e− → γγ ( γ → e+e− )

2

γ

e+

e−

e+

e−

e+

e− γ

γe+

e− e+

e−

γ

A′ 

Area normalized

Ijeong Na



Savino.Longo@umanitoba.ca

20Visible Dark Photons
• Belle II search bypasses nuclear physics uncertainties  

• Current Belle II dataset can search remaining parameter space for protophobic X17 (                     )

E. Kou et al. Prog Theor Exp Phys (2019) 
Feng et al, Phys. Rev. Lett. 117, 071803 
D. Alves et al. Eur. Phys. J. C (2023) 83:230

Eur. Phys. J. C (2023) 83 :230 Page 27 of 66 230

Fig. 30 Protophobic gauge boson parameter space, where mX is the
mass of the X boson, and ε is its electron coupling. The figure is adapted
from Ref. [15] with a few supplementary contours. The 8Be and 4He
anomalies may be resolved in the red region [8,57]. Between the green
contours, assuming εµ = εe, the X boson also reduces the current 4.2σ
discrepancy in (g−2)µ to 2σ . The blue and purple regions are excluded
by the indicated experiments; the gray NA48 region is not applicable
to protophobic gauge bosons. FASER will be sensitive to the yellow
regions with the LHC Run 3 integrated luminosities indicated [110]

electron coupling, the allowed values are shown in Fig. 30.
The originally allowed range was 5×10−5 ! εe ! 2×10−3,
where the lower and upper limits are set by constraints from
beam dump experiments and (g − 2)e, respectively. Assum-
ing εµ = εe, the current 4.2σ discrepancy in (g − 2)µ [109]
may be reduced to 2σ at the upper end of the allowed range
of εe. The range 5 × 10−5 ! εe ! 2 × 10−4 is disfavored
by E141, but, as can be seen in Fig. 30, mX = 17 MeV
is at the kinematic limit of this constraint and, given this
caveat, this range should probably not be considered defini-
tively excluded. Later null results from NA64 have excluded
the range 1 × 10−4 < εe < 7 × 10−4 [15]. Anomaly-free
models supporting the viable parameter ranges have been
constructed in Ref. [57].

3.1.5 Paths toward a resolution

When the protophobic explanation was announced in April
2016, it and the ATOMKI anomaly itself elicited a large
range of reactions. The most interesting to me was from
James Bjorken, who noted that all new physics interpreta-
tions may be considered longshots, and they need not be
demoted further by theoretical arguments. Instead, he asked:
How can these ideas be tested? What are their other experi-
mental implications?

Fig. 31 Contours (black solid lines) of the X boson mass mX in the
plane of the minimum opening angle θmin

e+e− and the nuclear state mass
splitting mN∗ −mN0 . Particularly relevant mass splittings are indicated
by red dashed lines. The blue points and error bars indicate the parame-
ters where 7σ excesses have been found in 8Be and 4He nuclear decays.
As can be seen, the excesses are at different opening angles θmin

e+e− , but
both are consistent with the production of a 17 MeV X boson. From
Ref. [39]

Clearly, it would be good to have additional measurements
of the nuclear decays. We are now in the bizarre situation
that after 7 years, the revolutionary and specific claims of
the ATOMKI group have not yet been checked by others.
This status quo should not be allowed to persist for much
longer. For the reasons given in Sect. 3.1.2, essentially all
new physics interpretations postulate a new 17 MeV parti-
cle, and so all nuclear decays with sufficient mass splittings
to produce a 17 MeV particle are suitable targets. Obviously,
it would be good for other collaborations to study the 8Be
(18.15) decay. But other systems can also be valuable. As
noted, the ATOMKI group has already provided further evi-
dence for a new physics interpretation of the 8Be anomaly
by discovering a similar effect in 4He decays. As illustrated
in Fig. 31, the excesses peak at different opening angles, but
both are consistent with the production of a new 17 MeV par-
ticle, providing a spectacular kinematic cross check. Addi-
tional decays of interest are those of the excited 8Be (17.64)
nucleus, which is very similar to the 8Be (18.15) state and
so has a similar, but phase space-suppressed, decay in most
models, and the decays of the J P = 1− state 12C (17.23),
which has different quantum numbers (and is, unfortunately,
also quite phase-space suppressed).

The signal rates are also important, as the couplings
required to explain the 8Be anomaly imply definite branching
ratios for other decays. For example, in the protophobic gauge
boson model, the required couplings imply a 4He decay width
of Γ (4He(20.21) → 4He X) = (0.3 − 3.6)× 10−5 eV [57].
This is in remarkable agreement with the observed value of
(2.8−5.2)×10−5 eV and is highly non-trivial. For other new
physics models, an effective field theory analysis shows that
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Fig. 29 The new particle landscape. New particles are classified in the
(mass, interaction strength) plane. Strongly-interacting, light particles
have already been discovered, and weakly-interacting, heavy particles
are impossible to discover at particle and nuclear accelerator experi-
ments. The current frontier therefore lies on the diagonal that contains
strongly-interacting, heavy particles and weakly-interacting, light par-
ticles. Remarkably, this diagonal is also motivated by thermal relic dark
matter and the WIMPless miracle [100,101], and the X17 anomalies
are naturally explained by weakly-interacting, light particles that lie in
this same diagonal swath of parameter space

4. The signal rate is determined by σ (8Be∗ → 8Be X) ×
BR(X → e+e−).

5. Other decay modes are possible (X → νν̄,DM, . . .), but
to maintain the signal rate, these would require larger
nuclear couplings, which are more prone to exclusion.
Without much loss of generality, then, one can assume
BR(X → e+e−) = 1.

6. With this assumption, X ’s nuclear couplings are com-
pletely determined by the signal rate.

7. X ’s electron coupling cannot be too small, since the X
cannot travel too far before decaying.

8. The quantum numbers of the reactions and symmetries
of the physics models impose theoretical constraints on
possible explanations.

9. All experiments that have probed the 10 MeV-scale since
the early days of nuclear and particle physics impose
additional experimental constraints on possible explana-
tions.

3.1.3 Explanations that don’t work

Scalars Can the X particle be a spin-0 boson with quantum
numbers J P = 0+? The decay 8Be∗ → 8Be X would then be
a 1+ → 0+0+ decay. Angular momentum conservation then

implies that the final state has L = 1, but parity conservation
implies P = (−1)L = 1, leading to a contradiction. A scalar
X is therefore not a viable explanation of the 8Be results, at
least in parity-conserving theories [8,57].

The Dark Photon One may instead consider a spin-1 boson.
In general, one may parameterize this boson’s couplings to
fermions f as ε f e, where e is the SM electromagnetic cou-
pling. Drawing on the similarities to the photon to determine
the necessary nuclear matrix elements, one finds that the 8Be
signal rate implies |εu + εd | ≈ 3.7 × 10−3 [8,57].

The dark photon A′ is the specific example of a spin-1
boson that has couplings that are identical to the photon’s,
but suppressed by a small, universal parameter ε; that is ε f =
εQ f , where Q f is the fermion’s SM electric charge. To get
the right signal rate, then, one needs ε ≈ 0.01, which is
excluded by experiments. The dark photon is therefore not a
viable explanation of the ATOMKI results [8,57].

3.1.4 Possible solutions

Vectors, Axial Vectors, PseudoscalarsTo find a possible solu-
tion, then, one must consider other neutral bosons. Viable
explanations of the original 8Be signal include candidates
in all of the possible categories: vectors that are not dark
photons [8,57,102–106], axial vectors [41,107], and pseu-
doscalars [58,59]. For a review of the early works, see
Ref. [108], and for other, more recent proposals, see the other
talks at this workshop.

TheProtophobicGaugeBosonThe protophobic gauge boson
was the first new physics proposal to resolve the 8Be anomaly.
It is still viable and remains interesting, in part because,
unlike other proposed explanations of the 8Be results, it also
explains the observed 4He excess.

As noted in Sect. 3.1.3, the dark photon is excluded
by other experimental constraints. The most stringent of
these constraints are from searches for exotic pion decays
to 17 MeV X particles π0 → γ X , followed by X → e+e−.
The X particle is produced by the SM pion decay triangle
diagram, with one photon replaced by X . Its amplitude is
therefore proportional to εuQu − εd Qd , and so this produc-
tion is suppressed if 2εu + εd = εp ≈ 0, that is, if the spin-1
gauge boson is protophobic. A spin-1 gauge boson that cou-
ples to neutrons but not protons, may therefore explain the
8Be results without violating other constraints. Examples of
protophobic bosons include B − Q and B − L − Q gauge
bosons, where B, L , and Q are the SM baryon number, lepton
number, and electric charge.

A detailed analysis [8,57] of all existing constraints found
that the viable hadronic couplings of the protophobic gauge
boson are εu, εd ∼ 10−3, with 2εu+εd ! 0.1εu , which is suf-
ficiently protophobic to satisfy the pion constraints. For the
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parameter of 5 ⇥ 10�4–10�3, depending on mass. A search is ongoing at Belle for prompt

decays to leptonic and hadronic final states, and for displaced decays to lepton pairs. With

the large amount of data expected to be collected by the Belle II detector (about two orders

of magnitude larger than that available at BaBar), one can expect to observe an excess of

events due to a dark photon decays to charged leptons or charged hadrons with a mixing

parameter of order of few ⇥10�4. This search requires the implementation of an e�cient L1

two track triggers and it will also profit from photon triggers due to the presence of a single

high energetic ISR photon. In order to maintain a high L1 trigger e�ciency for A0 ! e+e�,

the unavoidable prescale factor for radiative Bhabha events is ideally implemented as func-

tion of track charge and polar angle.

One can extrapolate the existing BaBar limits of Dark Photon decays into charged particles

to Belle II. The larger drift chamber radius of Belle II will yield an improved invariant

mass resolution (⇠ factor 2) and better trigger e�ciency for both muons (⇠ factor 1.1)

and electrons (⇠ factor 2) is expected. The projected upper limits for di↵erent values of

integrated luminosity are shown in Fig. 211.
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Fig. 211: Existing exclusion regions (90% CL) on the dark photon mixing parameter " and

mass MA0 (solid regions) for A0 ! ``, with projected limits for Belle II and other future

experiments (lines) (Figure reproduced from [1840]).

16.2.4. Search for Dark Photons decaying into Light Dark Matter in e+e� ! A0`+`�.

Dark photons can also be searched for in the reaction e+e� ! A0µ+µ�, with subsequent

decays of the dark photon (also called a Z 0 in this context) into a variety of final states [1841,

1842], including invisible ones. BaBar has performed this search for dark photon decays to

muonic final states [1843], and the same analysis is in preparation at the Belle experiment.

For the invisible case, a kinematic fit of the muons can be used to select events in which the

missing energy is pointing into the barrel calorimeter, which has the best hermiticity. The

trigger for this final state is the muon pair, which may be sensitive to higher A0 masses than

the single photon trigger. A sensitivity to the mixing parameter at the level of 10�4–10�3

can be expected in this channel.
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Dark Z’ Boson and  ModelLμ − Lτ

Dark Z' Boson

Z′ • Massive dark vector boson (similar to Dark Photon) 

•  model:  couples only to second and third generation leptons 

➡muon g-2, dark matter 

• Invisible and visible signatures at Belle II depending on how  decays

Lμ − Lτ Z′ 

Z′ 

e+

e− μ−

μ+

Z′ 

χ

χ̄

γ*

BF( ) ~ 33 - 100% 
BF( ) ~ 100% if kinematically allowed

Z′ → νν̄
Z′ → χχ̄

Detected muons used to compute recoil 
mass that peaks for  signalZ′ 

B. Shuve and I. Yavin, PRD 89, 113004 (2014)  
W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin, PRL 113, 091801 (2014) 
W. Altmannshofer, S. Gori, S. Profumo, and F. S. Queiroz,  JHEP 12 (2016) 106  
P. Harris, P. Schuster, and J. Zupan (2022), arXiv:2207.08990 
N. Tran, and A. Whitbeck, PRD 107, 116026 (2023)
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23Search for Invisible  Z′ 

• Backgrounds arise from: 

 where photon is not reconstructed 

 neutrinos escape detector 

 with  not in acceptance

e+e− → μ+μ−(γ)
e+e− → τ+τ−(γ)
e+e− → e+e−μ+μ− e+e−

• No significant excess observed in 79.7 fb-1   

• Excluded part of  parameter space, which could 
explain muon  tension

Z′ 

g − 2

Belle II Collaboration Phys. Rev. Lett. 130, 231801 (2023)

after observing a large data-simulation disagreement in the
signal region compatible with photon-veto inefficiency. The
photon-veto inefficiencies measured with the ee control
sample are used to correct the expected μμ background.
We estimate systematic uncertainties on the signal

efficiency and on the signal and background template
shapes. The uncertainties on the template shapes independ-
ently affect each of the bins contained within the templates.
Uncertainties in selection efficiencies due to data-

simulation mismodeling are studied by comparing data
and simulation in the μμγ and eμ control samples in three
M2

recoil ranges: ½−0.5; 9", [9,36], ½36; 81" GeV2=c4. The two
control samples provide complementary coverage of the
M2

recoil range, with μμγ addressing the lower region and eμ
covering the higher. Systematic uncertainties due to data-
simulation mismodeling in the trigger, luminosity, tracking
efficiency, muon identification, background cross sections,
and effect of the selections are collectively evaluated
through data-simulation comparison before the application
of the Punzi-net. Systematic uncertainties due to the Punzi-
net selection-efficiency differences in data and simulation
are evaluated by studying its efficiencies, as they are
indicators of the performances for the signal-like background
component. The differences from unity of the data-to-
simulation ratios of event yields before the Punzi-net
application and of the Punzi-net efficiencies in the three
M2

recoil ranges are summed in quadrature and found to be 2.7,
6.5, and 8.3%, respectively. These differences are assigned as
systematic uncertainties on the signal efficiency.
The recoil mass resolution is studied using the μμγ

sample. The width of theM2
recoil distribution is 8% larger in

data than in simulation. This translates to a systematic
uncertainty of 10% on the signal template shape.
Systematic uncertainties due to background shapes are

evaluated using the μμγ and eμ samples. We compute the
standard deviation of the bin-by-bin data-to-simulation
ratios of the number of events for each search window.
To be conservative, we assign twice the largest of these
standard deviations in each of the threeM2

recoil ranges as an
uncertainty for the shape in the respective M2

recoil ranges.
We use the μμγ control sample forM2

recoil up to 56 GeV2=c4

and the eμ control sample above. The resulting uncertain-
ties are 3.2, 8.6, and 25% in the three M2

recoil ranges.
Uncertainties on the background template shape from the

photon-veto inefficiency are studied using the ee control
sample and are on average 34% for M2

recoil < 1 GeV2=c4,
decreasing to 5% above 1 GeV2=c4. We assign a systematic
uncertainty of 1% to themeasured integrated luminosity [27].
The observed and expected M2

recoil distributions are
shown in Fig. 1. We find no significant excess of data
above the expected background. The χ2 value describing
the goodness of the two-dimensional fit is acceptable for
each test Z0 mass with the largest incompatibility corre-
sponding to a p value of 0.05. The largest local significance

is 2.8σ for MZ0 ¼ 2.352 GeV=c2. The global significance
of this excess after correcting for the look-elsewhere
effect [47] is 0.7σ.
The 90% C.L. upper limits on the cross section for the

process eþe− → μþμ−Z0 with Z0 invisible, σðeþe− →
μþμ−Z0; Z0 → invisibleÞ ¼ σðeþe− → μþμ−Z0Þ × BðZ0 →
invisibleÞ, are shown in Fig. 2 as functions ofMZ0 , alongwith
the 1σ and 2σ bands of expected limits (the median limits
from background-only simulated samples). We set upper
limits as small as 0.2 fb. In addition, we show upper limits for
the benchmark scenario in which we assume non-negligible
ΓZ0 . Our upper limits are dominated by statistical uncertain-
ties for MZ0 < 6 GeV=c2, where systematic uncertainties
degrade them by less than 5%. Above 6 GeV=c2, upper
limits are dominated by systematic uncertainties (mainly due
to background shapes), degrading them by about 40%.
Cross section results are translated into 90% CL upper

limits on the coupling g0. In both fully invisible and vanilla

FIG. 1. Squared recoil mass spectrum of the μþμ− sample,
compared with the stacked contributions from the various
simulated background samples normalized (for illustrative pur-
poses) to the integrated luminosity.

FIG. 2. Observed 90% C.L. upper limits on the cross section
σðeþe− → μþμ−Z0; Z0 → invisibleÞ as functions of the Z0 mass
for the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown
are previous limits from Belle II [26].
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models, we focus on the direct-search results and do not
show constraints obtained from reanalyses of data from
neutrino experiments [7,48,49].
Figure 3 presents limits in the fully invisible Lμ − Lτ

model for the cases of negligible and non-negligible ΓZ0 .
For the case of negligible ΓZ0 , these constraints hold for
MZ0 ≲ 6.5 GeV=c2. Above this mass, there is no value of
αD that produces both a negligible width and
BðZ0 → χχ̄Þ ≈ 1, given the values of g0 being probed.
Numerical values in Fig. 3 can still be used, but need to
be rescaled by 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðZ0 → χχ̄Þ

p
, which depends on αD. We

also show limits from NA64-e [25] and the previous Belle
II search [26]. Our results are world-leading for direct
searches of Z0 with masses above 11.5 MeV=c2. They are
the first direct-search results to exclude at 90% C.L. the
fully invisible-Z0 model as an explanation of the ðg − 2Þμ
anomaly for 0.8 < MZ0 < 5.0 GeV=c2.
Figure 4 presents limits in the vanilla Lμ − Lτ model.

Our results are world leading for direct searches of Z0 in the
mass range 11.5 to 211 MeV=c2. More stringent limits are
from NA64-e [26] below 11 MeV=c2 and from Belle [22],
BABAR [21], and CMS [23] searches for Z0 → μþμ−

above 211 MeV=c2.
Additional plots, including indirect constraints from

neutrino experiments and detailed numerical results, are
provided in the Supplemental Material [50].
In summary, we search for an invisibly decaying Z0

boson in the process eþe− → μþμ−Z0 using data corre-
sponding to 79.7 fb−1 collected by Belle II at SuperKEKB
in 2019–2020. We find no significant excess above the
expected background and set 90% C.L. upper limits on the

coupling g0 ranging from 3 × 10−3 at low Z0 masses to 1 for
a mass of 8 GeV=c2. These are world-leading direct-search
results for Z0 masses above 11.5 MeV=c2 in the fully
invisible Lμ − Lτ model and for masses in the range 11.5 to
211 MeV=c2 in the vanilla Lμ − Lτ model. These limits are
the first direct-search results excluding a fully invisible-
Z0-boson model as an explanation of the ðg − 2Þμ anomaly
for 0.8 < MZ0 < 5.0 GeV=c2.

We thank Andreas Crivellin for useful discussions during
the preparation of this manuscript. This work, based on data
collected using the Belle II detector, which was built and
commissioned prior to March 2019, was supported by the
Science Committee of the Republic of Armenia Grant
No. 20TTCG-1C010; Australian Research Council and
research Grants No. DE220100462, No. DP180102629,
No. DP170102389, No. DP170102204, No.
DP150103061, No. FT130100303, No. FT130100018,
and No. FT120100745; Austrian Federal Ministry of
Education, Science and Research, Austrian Science Fund
No. P 31361-N36 and No. J4625-N, and Horizon 2020 ERC
Starting Grant No. 947006 “InterLeptons”; Natural Sciences
and Engineering Research Council of Canada, Compute
Canada and CANARIE; Chinese Academy of Sciences and
Research Grant No. QYZDJ-SSW-SLH011, National
Natural Science Foundation of China and Research
Grants No. 11521505, No. 11575017, No. 11675166,
No. 11761141009, No. 11705209, and No. 11975076,
LiaoNing Revitalization Talents Program under Contract
No. XLYC1807135, Shanghai Pujiang Program under Grant
No. 18PJ1401000, and the CAS Center for Excellence in
Particle Physics (CCEPP); the Ministry of Education, Youth,
and Sports of the Czech Republic under Contract

FIG. 3. Observed 90% C.L. upper limits on the coupling g0 for
the fully invisible Lμ − Lτ model as functions of the Z0 mass for
the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown are
previous limits from NA64-e [25] and Belle II [26] searches. The
red band shows the region that explains the measured value of
the muon anomalous magnetic moment ðg − 2Þμ % 2σ [2]. The
vertical dashed line indicates the limit beyond which the
hypothesis BðZ0 → χχ̄Þ ≈ 1 is not respected in the negligible
ΓZ0 case.

FIG. 4. Observed 90% C.L. upper limits on the coupling g0 for
the vanilla Lμ − Lτ model as functions of the Z0 mass. Also
shown are previous limits from Belle II [26] and NA64-e [25]
searches for invisible Z0 decays, and from Belle [22], BABAR
[21], and CMS [23] searches for Z0 decays to muons (at 95%
C.L.). The red band shows the region that explains the muon
anomalous magnetic moment ðg − 2Þμ % 2σ [2].
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 where photon is not reconstructed 

 neutrinos escape detector 

 with  not in acceptance

e+e− → μ+μ−(γ)
e+e− → τ+τ−(γ)
e+e− → e+e−μ+μ− e+e−

• No significant excess observed in 79.7 fb-1   

• Excluded part of  parameter space, which could 
explain muon  tension
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after observing a large data-simulation disagreement in the
signal region compatible with photon-veto inefficiency. The
photon-veto inefficiencies measured with the ee control
sample are used to correct the expected μμ background.
We estimate systematic uncertainties on the signal

efficiency and on the signal and background template
shapes. The uncertainties on the template shapes independ-
ently affect each of the bins contained within the templates.
Uncertainties in selection efficiencies due to data-

simulation mismodeling are studied by comparing data
and simulation in the μμγ and eμ control samples in three
M2

recoil ranges: ½−0.5; 9", [9,36], ½36; 81" GeV2=c4. The two
control samples provide complementary coverage of the
M2

recoil range, with μμγ addressing the lower region and eμ
covering the higher. Systematic uncertainties due to data-
simulation mismodeling in the trigger, luminosity, tracking
efficiency, muon identification, background cross sections,
and effect of the selections are collectively evaluated
through data-simulation comparison before the application
of the Punzi-net. Systematic uncertainties due to the Punzi-
net selection-efficiency differences in data and simulation
are evaluated by studying its efficiencies, as they are
indicators of the performances for the signal-like background
component. The differences from unity of the data-to-
simulation ratios of event yields before the Punzi-net
application and of the Punzi-net efficiencies in the three
M2

recoil ranges are summed in quadrature and found to be 2.7,
6.5, and 8.3%, respectively. These differences are assigned as
systematic uncertainties on the signal efficiency.
The recoil mass resolution is studied using the μμγ

sample. The width of theM2
recoil distribution is 8% larger in

data than in simulation. This translates to a systematic
uncertainty of 10% on the signal template shape.
Systematic uncertainties due to background shapes are

evaluated using the μμγ and eμ samples. We compute the
standard deviation of the bin-by-bin data-to-simulation
ratios of the number of events for each search window.
To be conservative, we assign twice the largest of these
standard deviations in each of the threeM2

recoil ranges as an
uncertainty for the shape in the respective M2

recoil ranges.
We use the μμγ control sample forM2

recoil up to 56 GeV2=c4

and the eμ control sample above. The resulting uncertain-
ties are 3.2, 8.6, and 25% in the three M2

recoil ranges.
Uncertainties on the background template shape from the

photon-veto inefficiency are studied using the ee control
sample and are on average 34% for M2

recoil < 1 GeV2=c4,
decreasing to 5% above 1 GeV2=c4. We assign a systematic
uncertainty of 1% to themeasured integrated luminosity [27].
The observed and expected M2

recoil distributions are
shown in Fig. 1. We find no significant excess of data
above the expected background. The χ2 value describing
the goodness of the two-dimensional fit is acceptable for
each test Z0 mass with the largest incompatibility corre-
sponding to a p value of 0.05. The largest local significance

is 2.8σ for MZ0 ¼ 2.352 GeV=c2. The global significance
of this excess after correcting for the look-elsewhere
effect [47] is 0.7σ.
The 90% C.L. upper limits on the cross section for the

process eþe− → μþμ−Z0 with Z0 invisible, σðeþe− →
μþμ−Z0; Z0 → invisibleÞ ¼ σðeþe− → μþμ−Z0Þ × BðZ0 →
invisibleÞ, are shown in Fig. 2 as functions ofMZ0 , alongwith
the 1σ and 2σ bands of expected limits (the median limits
from background-only simulated samples). We set upper
limits as small as 0.2 fb. In addition, we show upper limits for
the benchmark scenario in which we assume non-negligible
ΓZ0 . Our upper limits are dominated by statistical uncertain-
ties for MZ0 < 6 GeV=c2, where systematic uncertainties
degrade them by less than 5%. Above 6 GeV=c2, upper
limits are dominated by systematic uncertainties (mainly due
to background shapes), degrading them by about 40%.
Cross section results are translated into 90% CL upper

limits on the coupling g0. In both fully invisible and vanilla

FIG. 1. Squared recoil mass spectrum of the μþμ− sample,
compared with the stacked contributions from the various
simulated background samples normalized (for illustrative pur-
poses) to the integrated luminosity.

FIG. 2. Observed 90% C.L. upper limits on the cross section
σðeþe− → μþμ−Z0; Z0 → invisibleÞ as functions of the Z0 mass
for the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown
are previous limits from Belle II [26].
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models, we focus on the direct-search results and do not
show constraints obtained from reanalyses of data from
neutrino experiments [7,48,49].
Figure 3 presents limits in the fully invisible Lμ − Lτ

model for the cases of negligible and non-negligible ΓZ0 .
For the case of negligible ΓZ0 , these constraints hold for
MZ0 ≲ 6.5 GeV=c2. Above this mass, there is no value of
αD that produces both a negligible width and
BðZ0 → χχ̄Þ ≈ 1, given the values of g0 being probed.
Numerical values in Fig. 3 can still be used, but need to
be rescaled by 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðZ0 → χχ̄Þ

p
, which depends on αD. We

also show limits from NA64-e [25] and the previous Belle
II search [26]. Our results are world-leading for direct
searches of Z0 with masses above 11.5 MeV=c2. They are
the first direct-search results to exclude at 90% C.L. the
fully invisible-Z0 model as an explanation of the ðg − 2Þμ
anomaly for 0.8 < MZ0 < 5.0 GeV=c2.
Figure 4 presents limits in the vanilla Lμ − Lτ model.

Our results are world leading for direct searches of Z0 in the
mass range 11.5 to 211 MeV=c2. More stringent limits are
from NA64-e [26] below 11 MeV=c2 and from Belle [22],
BABAR [21], and CMS [23] searches for Z0 → μþμ−

above 211 MeV=c2.
Additional plots, including indirect constraints from

neutrino experiments and detailed numerical results, are
provided in the Supplemental Material [50].
In summary, we search for an invisibly decaying Z0

boson in the process eþe− → μþμ−Z0 using data corre-
sponding to 79.7 fb−1 collected by Belle II at SuperKEKB
in 2019–2020. We find no significant excess above the
expected background and set 90% C.L. upper limits on the

coupling g0 ranging from 3 × 10−3 at low Z0 masses to 1 for
a mass of 8 GeV=c2. These are world-leading direct-search
results for Z0 masses above 11.5 MeV=c2 in the fully
invisible Lμ − Lτ model and for masses in the range 11.5 to
211 MeV=c2 in the vanilla Lμ − Lτ model. These limits are
the first direct-search results excluding a fully invisible-
Z0-boson model as an explanation of the ðg − 2Þμ anomaly
for 0.8 < MZ0 < 5.0 GeV=c2.

We thank Andreas Crivellin for useful discussions during
the preparation of this manuscript. This work, based on data
collected using the Belle II detector, which was built and
commissioned prior to March 2019, was supported by the
Science Committee of the Republic of Armenia Grant
No. 20TTCG-1C010; Australian Research Council and
research Grants No. DE220100462, No. DP180102629,
No. DP170102389, No. DP170102204, No.
DP150103061, No. FT130100303, No. FT130100018,
and No. FT120100745; Austrian Federal Ministry of
Education, Science and Research, Austrian Science Fund
No. P 31361-N36 and No. J4625-N, and Horizon 2020 ERC
Starting Grant No. 947006 “InterLeptons”; Natural Sciences
and Engineering Research Council of Canada, Compute
Canada and CANARIE; Chinese Academy of Sciences and
Research Grant No. QYZDJ-SSW-SLH011, National
Natural Science Foundation of China and Research
Grants No. 11521505, No. 11575017, No. 11675166,
No. 11761141009, No. 11705209, and No. 11975076,
LiaoNing Revitalization Talents Program under Contract
No. XLYC1807135, Shanghai Pujiang Program under Grant
No. 18PJ1401000, and the CAS Center for Excellence in
Particle Physics (CCEPP); the Ministry of Education, Youth,
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FIG. 3. Observed 90% C.L. upper limits on the coupling g0 for
the fully invisible Lμ − Lτ model as functions of the Z0 mass for
the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown are
previous limits from NA64-e [25] and Belle II [26] searches. The
red band shows the region that explains the measured value of
the muon anomalous magnetic moment ðg − 2Þμ % 2σ [2]. The
vertical dashed line indicates the limit beyond which the
hypothesis BðZ0 → χχ̄Þ ≈ 1 is not respected in the negligible
ΓZ0 case.

FIG. 4. Observed 90% C.L. upper limits on the coupling g0 for
the vanilla Lμ − Lτ model as functions of the Z0 mass. Also
shown are previous limits from Belle II [26] and NA64-e [25]
searches for invisible Z0 decays, and from Belle [22], BABAR
[21], and CMS [23] searches for Z0 decays to muons (at 95%
C.L.). The red band shows the region that explains the muon
anomalous magnetic moment ðg − 2Þμ % 2σ [2].
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Case: BF( ) ~ 100%Z′ → χχ̄
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Figure 56.2: Compilation of recent results for aµ (in units of 10≠11), subtracted by the central value
of the experimental average (56.3). The light blue vertical band indicates the total experimental
uncertainty. The SM predictions shown di�er only in the value used for the aHad

µ [LO] contribution.
They are taken from: WP 2020 [4] (Eq. (56.16), also indicated by the light grey vertical band),
DHMZ 2019 [28], KNT 2019 [29], all three based on the data-driven (DD) aHad

µ [LO] evaluation, and
the lattice QCD (LQ) based evaluations WP 2020 [4, 35, 36] and BMW 2021 [37]. Note that the
quoted errors in the figure do not include the uncertainty on the subtracted experimental value.
To obtain for each theory calculation a result equivalent to Eq. (56.17), the errors from theory and
experiment must be added in quadrature.

muon g≠2 discrepancy. However, experimental constraints appear to rule out the simplest model
in which the dark photon has equal couplings to electrons and muons and decays primarily to e+e≠

pairs [49] or invisible dark particles [50] that give rise to missing event energy. One can expand the
dark photon scenario into a more complete theory in which several new particles contribute to the
muon g≠2. Direct searches for a dark photon, therefore, continue to be well motivated, but with
primary guidance coming from astrophysics [51].

Recent popular solutions to the muon anomaly discrepancy have also focused on loop contribu-
tions induced by relatively light scalar or pseudo scalar particle appendages from physics beyond
the SM [52,53].
References
[1] A. Czarnecki and W. J. Marciano, Phys. Rev. D 64, 013014 (2001), [hep-ph/0102122];

M. Davier and W. Marciano, Ann. Rev. Nucl. Part. Sci. 54, 115 (2004).

[2] J. P. Miller, E. de Rafael and B. Roberts, Rept. Prog. Phys. 70, 795 (2007), [hep-ph/0703049];
F. Jegerlehner and A. Ny�eler, Phys. Rept. 477, 1 (2009), [arXiv:0902.3360]; J. P. Miller et al.,
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Figure 56.1: Representative diagrams contributing to aSM
µ . From left to right: first order QED

(Schwinger term), lowest-order weak, lowest-order hadronic.

In the following discussion we use the numerical estimates provided by the Muon g≠2 Theory
Initiative White Paper [4].

The QED part includes all photonic and leptonic (e, µ, ·) loops starting with the classic –/2fi
Schwinger contribution [11]. It has been computed through five loops [4, 12,13]

aQED

µ = –

2fi
+ 0.765 857 420(13)

3
–

fi

4
2

+ 24.050 509 85(23)
3

–

fi

4
3

+ 130.8782(60)
3

–

fi

4
4

+ 751.0(9)
3

–

fi

4
5

+ · · · (56.7)

with little change in the coe�cients since our last update of this review. Employing –≠1 =
137.035 999 046(27), obtained from the precise measurements of h/mCs [14], the Rydberg constant,
and mCs/me leads to3 [12]

aQED

µ = 116 584 718.93(0.10) ◊ 10≠11 , (56.8)
where the small error results mainly from the uncertainties in the estimate of the six loop contri-
bution and in –.

Loop contributions involving heavy W ±, Z or Higgs particles are collectively labeled as aEW
µ .

They are suppressed by at least a factor of (–/fi) · (m2
µ/m2

W
) ƒ 4 ◊ 10≠9. At 1-loop order [18]

aEW

µ [1-loop] =
Gµm2

µ

8
Ô

2fi2

C
5
3 + 1

3
1
1 ≠ 4 sin2◊W

2
2

+ O

A
m2

µ

M2

W

B

+ O

A
m2

µ

m2

H

BD

= 194.8 ◊ 10≠11 , (56.9)

for sin2◊W © 1 ≠ M2

W
/M2

Z
ƒ 0.223, and where Gµ ƒ 1.166 ◊ 10≠5 GeV≠2 is the Fermi coupling

constant. Two-loop corrections are relatively large and negative [19]. For a Higgs boson mass of
125 GeV it amounts to aEW

µ [2-loop] = ≠41.2(1.0) ◊ 10≠11 [19], where the uncertainty stems from
quark triangle loops. The 3-loop leading logarithms are negligible, O(10≠12) [19, 20]. Overall one
finds

aEW

µ = 153.6(1.0) ◊ 10≠11 . (56.10)
A recent complete 2-loop numerical evaluation of the electroweak correction [21] when adjusted for
appropriate light quark masses confirmed the result in Eq. (56.10).

3A recent measurement using Rb-87 atoms [15] resulted in –≠1 = 137.035 999 206(11), which exhibits a larger
than 5‡ discrepancy with the Cs-133 based result. Using this value in Eq. (56.7) leads to a reduction of aQED

µ

by 0.14 ◊ 10≠11, which is larger than the quoted uncertainty in Eq. (56.8), but still negligible compared to other
uncertainties a�ecting aSM

µ . This discrepancy impacts, however, the SM prediction of the magnetic anomaly of the
electron [13, 16], which di�ers by respectively ≠2.4‡ and +1.6‡ from the experimental value [17], depending on
whether the Cs-133 or Rb-87 based – value is used.
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Figure 1: Leading-order Feynman diagram for the process
e+e� ! µ+µ�X,X ! µ+µ�.

Figure 2: Leading-order Feynman diagrams for the two main
contributions to the e+e� ! µ+µ�µ+µ� SM background:
double photon conversion (left) and annihilation (right).

series of fits to the M(µµ) distribution, which allows an
estimate of the background directly from data.

The paper is organized as follows. In Sec. II we briefly
describe the Belle II experiment. In Sec. III we report
the datasets and the simulation used. In Sec. IV we
present the event selections. In Sec. V we describe the
signal modeling and the fit technique to extract the sig-
nal. In Sec. VI we discuss the systematic uncertainties.
In Sec. VII we describe and discuss the results. Sec. VIII
summarizes our conclusions.

II. THE BELLE II EXPERIMENT

The Belle II detector [26, 27] consists of several sub-
detectors arranged in a cylindrical structure around the
e+e� interaction point. The longitudinal direction, the
transverse plane, and the polar angle ✓ are defined with
respect to the detector’s cylindrical axis in the direction
of the electron beam.

Subdetectors relevant for this analysis are briefly de-
scribed here in order from innermost out; a full descrip-
tion of the detector is given in Refs. [26, 27]. The inner-
most subdetector is the vertex detector, which consists of
two inner layers of silicon pixels and four outer layers of

silicon strips. The second pixel layer was only partially
installed for the data sample we analyze, covering one
sixth of the azimuthal angle. The main tracking subde-
tector is a large helium-based small-cell drift chamber.
The relative charged-particle transverse momentum res-
olution, �pT

pT
, is typically 0.1%pT � 0.3%, with pT ex-

pressed in GeV/c. Outside of the drift chamber, time-of-
propagation and aerogel ring-imaging Cherenkov detec-
tors provide charged-particle identification in the barrel
and forward endcap region, respectively. An electromag-
netic calorimeter consists of a barrel and two endcaps
made of CsI(Tl) crystals: it reconstructs photons and
identifies electrons. A superconducting solenoid, situ-
ated outside of the calorimeter, provides a 1.5 T mag-
netic field. A K0

L and muon subdetector (KLM) is made
of iron plates, which serve as a magnetic flux-return yoke,
alternated with resistive-plate chambers and plastic scin-
tillators in the barrel and with plastic scintillators only
in the endcaps. In the following, quantities are defined
in the laboratory frame unless specified otherwise.

III. DATA AND SIMULATION

We use a sample of e+e� collisions produced at
c.m. energy

p
s = 10.58GeV in 2020–2021 by the Su-

perKEKB asymmetric-energy collider [28] at KEK. The
data, recorded by the Belle II detector, correspond to an
integrated luminosity of 178 fb�1 [29].

Simulated signal e+e� ! µ+µ� Z 0 with Z 0 ! µ+µ�

and e+e� ! µ+µ� S with S ! µ+µ� events are gen-
erated using MadGraph5_aMC@NLO [30] with initial-state
radiation (ISR) included [31]. Two independent sets of
Z 0 events are produced, with Z 0 masses, mZ0 , ranging
from 0.212GeV/c2 to 10GeV/c2 in steps of 250MeV/c2,
to estimate efficiencies, define selection requirements, and
develop the fit strategy, and in steps of 5MeV/c2, exclu-
sively dedicated to the training of the multivariate analy-
sis. Samples of S events are generated in 40MeV/c2 steps
for mS masses between 0.212GeV/c2 and 1GeV/c2 and
in 250MeV/c2 steps from 1GeV/c2 to 10GeV/c2.

Background processes are simulated using the fol-
lowing generators: e+e� ! µ+µ�µ+µ�, e+e� !
e+e�µ+µ�, e+e� ! e+e�e+e�, e+e� ! µ+µ�⌧+⌧�

and e+e� ! e+e�⌧+⌧�, with AAFH [32]; e+e� !
µ+µ�(�) with KKMC [33]; e+e� ! ⌧+⌧�(�) with KKMC
interfaced with TAUOLA [34]; e+e� ! e+e�⇡+⇡� with
TREPS [35]; e+e� ! ⇡+⇡�(�) with PHOKHARA [36];
e+e� ! e+e�(�) with BabaYaga@NLO [37]; e+e� !
uū, dd̄, ss̄, cc̄ with KKMC interfaced with Pythia8 [38] and
EvtGen [39] and e+e� ! B0B̄0 and e+e� ! B+B�

with EvtGen interfaced with Pythia8. Electromagnetic
FSR is simulated with Photos [40, 41] for processes gen-
erated with EvtGen. The AAFH generator, used for the
four-lepton processes, including the dominant e+e� !
µ+µ�µ+µ� background, does not simulate ISR effects.
This is a source of disagreement between data and sim-
ulation. Other sources of non-simulated backgrounds in-
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Figure 4: Candidate-µ+ momentum versus candidate-µ� momentum for simulated signal (left) with mZ0 = 3GeV/c2 and
simulated background (right), for dimuon masses 2.75 < M(µµ) < 3.25GeV/c2.
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Figure 5: Recoil-µ+ momentum versus recoil-µ� momentum for simulated signal (left) with mZ0 = 3GeV/c2 and simulated
background (right), for dimuon masses 2.75 < M(µµ) < 3.25GeV/c2.
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Figure 6: Absolute value of the cosine of the helicity angle for simulated signal (left) with mZ0 = 3GeV/c2 and simulated
background (right), for dimuon masses 2.75 < M(µµ) < 3.25GeV/c2.
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• Search in channel  

• Select events with four muons with total centre-of-
mass energy consistent with  

• Main background  has distinct 
kinematics from signal 

• Neural network for background suppression
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• No significant excess observed in 178 fb-1 

• Limits also set on Z’ interpretation 

• Set first limits on muonphilic scalar, which constrain explanation for muon g-2 anomaly

Belle II Collaboration, Accepted to PRD arXiv:2403.02841
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• Light spin-0 scalar  that mixes with Higgs boson (mixing angle )  

• Motivated by dark matter mass generation

ϕ θ

M′ (x+x−) = M2
S→x+x− − 4m2

x
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Figure 3.1: Feynman diagrams depicting the leading Dark Higgs search channels. Depend-
ing on the context, f denotes either an SM fermion or a DM particle, and V denotes either
an SM gauge boson or a dark photon.

We note that for ✓ ⌧ 1 this decay width is proportional to ✓
2
/w

2, which for m� ⌧ mh

is proportional to �
2
h�. This is a direct consequence of the fact that this decay mode is

allowed even in the limit w ! 0, i.e. for unbroken U(1)0 gauge symmetry. To compare
constraints on this decay mode to other constraints (which depend exclusively on sin ✓) it
is therefore necessary to assume a specific value of w. In the following, we will consider
the benchmark choice w = 100GeV, keeping in mind that smaller (larger) values of w will
enhance (suppress) constraints from h ! �� for a fixed value of sin ✓. We remind the reader
that – just as in the SM – it is perfectly possible to have m� ⌧ w, while the opposite case
(m� � w) generally leads to unitarity violation [26].

If the dark Higgs field gives mass to an A
0 gauge boson that couples to SM particles

(either via direct charges or through kinetic mixing), it can furthermore be produced in
association with the A

0 in a process analogous to Higgs-strahlung:

SM + SM ! A
0⇤ ! A

0 + � , (3.2)

see figures 3.1d and 3.1e This process is of particular interest if the A
0 subsequently decays

invisibly (e.g. into a pair of DM particles), such that the dark Higgs boson is produced in
association with missing energy. The same signature may also be obtained from any process
that produces DM particles through final-state radiation of a dark Higgs boson, provided
that the DM particles obtain (part of) their mass from the dark Higgs field as depicted in
Fig. 3.2a.

Variations on the idea of dark Higgs-strahlung include the production of dark Higgs
bosons in Z boson decays (Z ! A

0 + �), which exploits the mass mixing between the
dark photon and the Z boson [27], and the production of dark Higgs bosons in ⇢ meson

7

(a) Light dark Higgs bosons.

(b) Heavy dark Higgs bosons.

Figure 3.3: Decay widths for the dominant decay modes of (a) light and (b) heavy dark
Higgs bosons. The gray shaded region in the top panel indicates the mass range where
neither the dispersive analysis (following Ref. [31]) nor the perturbative spectator model
gives reliable predictions, leading to a discontinuity at 2GeV. We emphasize that the
hadronic partial decay widths in the GeV mass range are affected by large theoretical
uncertainties and various approaches are used in the community. The decay widths in
the bottom panel are taken from HDECAY [43], except for ��!hh, for which we use the
leading-order result from eq. (3.15) and approximate cos ✓ ⇡ 1.
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• Same decays as an SM Higgs boson with suppression of  

• Lifetime increases as  decreases  Long Lived Particle 
at small mixing angles

sin2 θ

sin2 θ →

E. Kou et al. Prog Theor Exp Phys (2019) 
T. Ferber, A. Grohsjean F. Kahlhoefer Prog. Part. Nucl. Phys. Vol 136 104105 (2024)

The most frequently studied example is when Jµ
SM is the electromagnetic current and the

coupling ✏ = e/ cos ✓W arises from kinetic mixing of the hypercharge (Y ) and the vector

field strengths, (/2)Vµ⌫F
µ⌫
Y [1796], with  the kinetic mixing parameter. In this case, V is

then often called a “dark photon”.

A new scalar particle S can couple to the SM Higgs field H via the Higgs portal

L � �S2(H†H) . (556)

If this scalar acquires a vacuum expectation value, it will mix with the SM Higgs, leading

to couplings to SM fermions of the form sin ✓ yq q̄q S with ✓ the Higgs-singlet mixing angle

and yq the Yukawa coupling of q.

Finally65, for a pseudoscalar P , couplings to SM fermions can arise from the dimension-5

axion portal [1797]

L � @µP

fA
f̄�µ�5f . (557)

This term is obtained for example from the spontaneous breaking of a global symmetry,

where fA is the scale at which the symmetry is broken. If the scale fA is su�ciently large,

the pseudoscalar naturally obtains a small mass and small couplings. While this operator is

higher-dimensional, there are very simple UV completions which give rise to such a term.

For instance such a term naturally arises in extended Higgs sectors such as in the two Higgs

doublet model (2HDM), encountered in the context of supersymmetry. In particular if an

additional singlet is present as e.g. in the NMSSM there is a limit in which the singlet-like

pseudoscalar is naturally at the GeV scale, precisely the region which will be probed by

Belle II.

In addition to fermionic couplings, the axion portal generically induces couplings of the

pseudoscalar to SM gauge bosons:

L � �
X

i

↵i

8⇡

Ci

fA
F b

(i) µ⌫F̃
b µ⌫
(i) P , (558)

where i = {Y, 2, 3} labels the di↵erent gauge groups of the SM, Fµ⌫
(i) denotes the corre-

sponding field strength tensor and we have furthermore defined the dual field strength

tensors F̃µ⌫
(i) = 1

2✏µ⌫⇢�F(i) ⇢�. Similar interactions are expected to arise from string compact-

ifications [1798], with fA ⇠ Mstring and coe�cients Ci that are typically of order unity. Of

particular interest is the pseudoscalar-photon coupling

L � �g��

4
Fµ⌫F̃

µ⌫ P , (559)

where we have introduced the e↵ective coupling

g�� ⌘ ↵i

2⇡

CY cos2 ✓W + C2 sin2 ✓W

fA
. (560)

Light pseudoscalars with couplings to SM gauge bosons can play an interesting role in cos-

mology [1799] and can potentially explain the anomalous muon magnetic dipole moment

65 For completeness, we also mention the neutrino portal, N(LH), where N a sterile neutrino.
There is indeed ample chance that this portal is realised in nature, since N can be a (heavy) right
handed neutrino that is being invoked for generating a SM neutrino mass term. Nevertheless, we will
not discuss this portal further in the present context.
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handed neutrino that is being invoked for generating a SM neutrino mass term. Nevertheless, we will
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(e) Dark Higgs-strahlung and
decay into two dark photons.
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�

t
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�
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f̄

(f) Rare K and B decays.

Figure 3.1: Feynman diagrams depicting the leading Dark Higgs search channels. Depend-
ing on the context, f denotes either an SM fermion or a DM particle, and V denotes either
an SM gauge boson or a dark photon.

We note that for ✓ ⌧ 1 this decay width is proportional to ✓
2
/w

2, which for m� ⌧ mh

is proportional to �
2
h�. This is a direct consequence of the fact that this decay mode is

allowed even in the limit w ! 0, i.e. for unbroken U(1)0 gauge symmetry. To compare
constraints on this decay mode to other constraints (which depend exclusively on sin ✓) it
is therefore necessary to assume a specific value of w. In the following, we will consider
the benchmark choice w = 100GeV, keeping in mind that smaller (larger) values of w will
enhance (suppress) constraints from h ! �� for a fixed value of sin ✓. We remind the reader
that – just as in the SM – it is perfectly possible to have m� ⌧ w, while the opposite case
(m� � w) generally leads to unitarity violation [26].

If the dark Higgs field gives mass to an A
0 gauge boson that couples to SM particles

(either via direct charges or through kinetic mixing), it can furthermore be produced in
association with the A

0 in a process analogous to Higgs-strahlung:

SM + SM ! A
0⇤ ! A

0 + � , (3.2)

see figures 3.1d and 3.1e This process is of particular interest if the A
0 subsequently decays

invisibly (e.g. into a pair of DM particles), such that the dark Higgs boson is produced in
association with missing energy. The same signature may also be obtained from any process
that produces DM particles through final-state radiation of a dark Higgs boson, provided
that the DM particles obtain (part of) their mass from the dark Higgs field as depicted in
Fig. 3.2a.

Variations on the idea of dark Higgs-strahlung include the production of dark Higgs
bosons in Z boson decays (Z ! A

0 + �), which exploits the mass mixing between the
dark photon and the Z boson [27], and the production of dark Higgs bosons in ⇢ meson

7

Several possible production channels at Belle II
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Search for long-lived (pseudo)scalar in b0s transitions
● Model-independent search for dark scalar particles S from B decays in rare b⌧s transition

– S could mix with SM Higgs with mixing angle θs  (naturally long-lived for θs << 1)
– for MS < MB  decay to dark matter kinematically forbidden by relic density constraint

● Look for S decays into SM 5nal states in 8 exclusive channels:
– B+$K+S and B0 $K*0 ($ K+π-)S, 
with S$ee/ / /KKμμ ππ

● B-meson kinematics to reject combinatorial background
● SM long-lived KS mass region vetoed 0 excellent control sample in data
● Bump hunt with extended max likelihood unbinned 5ts to the reduced 
mass spectrum subtracted by twice the mass of the 5nal state particles 
(easier to model at threshold), separately for each channel and lifetime 

S

S (LLP)S

Géraldine Räuber                                      Recent  and dark-sector results at Belle II             21st Conference on Flavor Physics and CP Violation (FPCP 2023)                                                           τ 4

Scalar portal  

• Scalar  that mixes with SM Higgs (introduces a mixing angle )

First Belle II long-lived particle (LLP) search 

• Processes:      or        with     and 

• Eight exclusive visible channels

• Signal  meson fully reconstructed (charged prompt and displaced tracks)


Event signature 

• Search for a peak in  (reconstructed LLP mass) using unbinned maximum likelihoods

Backgrounds 

• Combinatorial background: reduced by requiring kinematics similar to  meson expectations


•  background: mass region vetoed in 

• Further peaking backgrounds: suppressed by larger displacement requirements

Corrections 

• Use of control samples to get corrections for reconstruction efficiency,  shape and PID

Signal extraction 

• Use of reduced mass  to simplify modeling of signal width 

S θ

B+ → K+ S B0 → [K*0 → K+ π−] S S → x+x− x = e, μ, π, K

B

MS

B
K0

S MS

MS

Mreduced
S→x+x− = M2

S→x+x− − 4m2
x

Long-lived scalar particle in b → s

Dark-Sector and  results from Belle IIτSascha Dreyer

12Ongoing searches for Dark-Sectors at Belle II.
▸ Dark long-lived scalar   in  transitions [1] 

▸ First long-lived particle search from Belle II 

▸ No direct mediator production: meson decays 

▸ Tackling eight different fully visible channels: 

▸  and  

▸   

▸ Bump hunt in  

▸ Dedicated study of displaced vertex performance, 
verified with  control sample 

▸ Reconstruction efficiency &  shape 

▸ Particle identification   

▸ Results expected very soon!

S b → s

B−

B+→K+S B0→K*0S

S→ee/μμ/ππ/KK

MS

K0
S

MS

S
K+ x−

B meson decay

x+

[1]:  A. Filimonova, R. Schäfer,  S. Westhoff Phys. Rev. D 101, 095006 (2020)
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sions, we veto events in the e
+
e
� final state for203

mS < 0.05 GeV/c2 if the fitted vertex is close to the first204

PXD tracking layer (1.3 < dv < 1.55 cm) or the SVD205

tracking layers (3.75 < dv < 4.24 cm, 7.5 < dv < 8.4 cm,206

9.8 < dv < 10.8 cm and 13.0 < dv < 14.0 cm). No signif-207

icant conversion background is observed in simulation in208

the region of the incomplete, second PXD tracking layer.209

Most pair conversions and scalar decays that happen in210

the beam pipe are mis-reconstructed with a position at211

the first PXD layer. The cosine of the pointing angle212

cos↵ between the vector connecting the interaction point213

with decay vertex and the scalar candidate momentum214

vector in the transverse plane must be greater than 0.95215

for e
+
e
�, µ+

µ
�, and K

+
K

�; it must be greater than216

0.99 for ⇡+
⇡
� to further reduce the higher backgrounds217

in this final state. All displaced tracks must have an218

extrapolated polar angle 32� < ✓ < 150�, calculated from219

track kinematics and the track vertex to reach the barrel220

or backward ECL and stay within the CDC acceptance.221

To suppress qq̄(�) and ⌧
+
⌧
�(�) backgrounds, we require222

a B-meson candidate to have a beam-constrained223

mass value Mbc =
p

s/4� |~p ⇤
B |2 > 5.27 GeV/c2,224

where ~p
⇤
B is the three-momentum of the B-meson225

candidate in the c.m. system. We further require226

that the B-meson candidate has an energy di↵erence227

|�E| = |E ⇤
B�

p
s/2| < 0.05 GeV, where E ⇤

B is the energy228

of the B-meson candidate in the c.m. system; for ⇡+
⇡
�

229

the requirement is tightened to |�E| < 0.035 GeV. To230

reduce continuum background, events must have R2 less231

than 0.45, with R2 the ratio of the second and zeroth232

Fox-Wolfram moments [32]; for ⇡+
⇡
� the requirement is233

tightened to R2 < 0.35.234

235

We reject events with 0.498 < MS < 0.507 GeV/c2236

with both tracks reconstructed using the pion mass237

hypothesis to reduce background from K
0
S decays. If238

multiple B-meson candidates pass the selections, which239

happens in less than 0.5% of the events, we choose the240

candidate with the smallest value of |�E|. Di↵erences241

between data and simulation for PID, tracking and242

vertex reconstruction are corrected when calculating the243

signal e�ciency using high statistics control samples.244

For the signal extraction we use the reduced mass245

Table I: Selection requirements (in GeV/c2) to reject peaking
backgrounds for the di↵erent Scalar final states.

e+e� µ+µ� ⇡+⇡� K+K�

D0 [1.0, 1.3] [1.7, 1.8] [1.65, 1.75] [1.75, 1.85]
J/ [3.0, 3.15] - -
 (2S) [3.65, 3.75] -
⌘c - - [2.85, 3.15] [2.80, 3.20]
�c1, ⌘c(2S) - - [3.4, 3.8]
� - - - [1.00, 1.04]

M
reduced
S!x+x� =

q
M

2
S!x+x� � 4m2

x to simplify the mod-246

eling of the signal width close to kinematic thresholds247

where the scalar mass approaches twice the rest mass248

of the final state particles. An example invariant mass249

distribution for B+ ! K
+
S(! ⇡

+
⇡
�) is shown in Fig. 1.250

The background contribution of ⌧⌧(�) is negligible.251

252

To validate the selection we compare simulation253

and data in the K
0
S mass region rejected in the signal254

selection, as well as in the displacement regions rejected255

in the signal selection close to promptly decaying SM256

resonances. We find excellent agreement for all selec-257

tion variables. To further validate our simulation, we258

determine the branching fraction of the rare SM decay259

B
+ ! K

0
S⇡

+. This decay is kinematically similar to260

the signal process when exchanging the prompt charged261

kaon candidate with a pion. Since this decay has a large262

peaking background contribution we extract the signal263

yield from a simultaneous fit to Mbc and �E instead264

of M . The result is found to be compatible with the265

current world average [4] within uncertainties.266

267

Figure 1: M reduced
S!⇡+⇡� distribution together with the stacked

contributions from the di↵erent simulated SM background
samples for (B+ ! K+S)⇥ (S ! ⇡+⇡�). Simulation is nor-
malized to a luminosity of 189 fb�1. The hatched area rep-
resents the statistical uncertainty of the SM background pre-
diction.

We extract the signal yield by performing a series of268

extended unbinned maximum likelihood fits of a hypo-269

thetical signal peak in the reduced mass over a smooth270

background to the data assuming a non-negative signal271

yield. We perform independent fits for approximately272

2000 signal mass hypotheses for each of the eight final273

states and for each lifetime with a scan step size equal274

to half the signal resolution �. The signal probability275

density function (pdf) is described by the double-sided276

Dipion reduced mass for B → KS( → ππ)
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• Searched  lifetime range from 0.001 <  < 100 cm S cτ

displaced tracks between data and simulation. This uncer-
tainty varies between zero (prompt) and 45% per event
depending linearly on the vertex position. We correct for
this efficiency difference based on a large K0

S control
sample and assign the full efficiency difference as a
systematic uncertainty, which is relevant mostly for small
mS. For larger mS values, the 2.9% contribution from the
combination of the uncertainty on the BB̄ yield and the
uncertainty on the charged-to-neutral B-meson ratio from
ϒð4SÞ decays [44], along with the PID efficiency of low-
momentum prompt kaons in the K#0 channel (3%) are the
largest systematic uncertainties. We verify the modeling
and fitting procedure using pseudoexperiments and add an
uncertainty of 3% to the signal efficiency to account for a
small bias in the independent fits; the uncertainty is 4% for
the combined fit. We also include systematic uncertainties
due to differences between simulation and data that affect
the signal model. For this we correct the difference between
simulation and data of the signal pdf parameters using a
large K0

S control sample and assign the full difference
between simulation and data as a systematic uncertainty.
The typical total uncertainty is around 15% for the signal
width and around 10% for the tail parameters.

The local significance S of the signal for a given
mass and lifetime hypothesis is given by S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðlogL − logLbkgÞ

p
, where L is the maximum like-

lihood for the full fit and Lbkg is the maximum likelihood
for a fit to the background-only hypothesis.
The largest local significance for the model-independent

search is 3.6σ, including systematic uncertainties, found
near mS ¼ 1.061 GeV=c2 for Kþπþπ− for a lifetime
of cτ ¼ 0.05 cm. Taking into account the look-elsewhere
effect [45], this excess has a global significance of 1.0σ. By
dividing the signal yield by the signal efficiency and NBB̄,
we obtain the products of branching fractions BðBþ →
KþSÞ × BðS → xþx−Þ and BðB0 → K#0ð→ Kþπ−ÞSÞ×
BðS → xþx−Þ. To convert the latter to upper limits on
the product of branching fractions BðB0 → K#0SÞ×
BðS → xþx−Þ, the limits are multiplied by 3=2 [46]. We
compute the 95% confidence level (CL) upper limits [47] as
functions of scalar mass mS using a one-sided modified
frequentist CLS method [48] with asymptotic approxima-
tion [49]. The observed upper limits are shown in Fig. 2.
Systematic uncertainties weaken the limits by about 2% for
light S and large lifetime; for heavier S or short lifetimes,
the reduction is less than 1%. A direct comparison of our
model-independent limits with the inclusive BABAR [22]
limits are possible whenever the BABAR limits are stronger
than ours and the knowledge of the production mode is
not important.

FIG. 2. Upper limits (95% CL) on the product of branching
fractions BðBþ → KþSÞ × BðS → xþx−Þ (left) and BðB0 →
K#0ð→ Kþπ−ÞSÞ × BðS → xþx−Þ (right) as functions of scalar
mass mS for cτ ¼ 1 cm (green), cτ ¼ 10 cm (orange), and cτ ¼
50 cm (lavender). The region corresponding to the fully-vetoed
K0

S for S → πþπ− is marked in gray.

FIG. 3. Exclusion regions in the plane of the sine of the mixing
angle θ and scalar mass mS from this work (blue) together with
existing constraints from LHCb [12,13], CMS [14], KTeV [15],
E949 [16], CHARM [17], PS191 [18], NA62 [19,20]BABAR [22],
MicroBooNE [21], and L3 [50]. The exclusion regions from
Belle II, CMS, LHCb, CHARM, and MicroBooNE correspond
to 95% CL, while PS191, KTeV, E949, NA62, and BABAR
correspond to 90% CL. The CMS constraint should be interpreted
with caution since it is based on different B-meson and scalar
branching fractions. Constraints colored in gray with dashed
outline are reinterpretations not performed by the experimental
collaborations.
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, 

B+ → K+S
B0 → K*0( → K+π−)S

S → x+x− x = e, μ, π, K

purity by the jΔEj requirement alone due to the larger K
mass. To reduce continuum background, events must have
R2 < 0.45, where R2 is the ratio of the second and zeroth
Fox-Wolfram moments. The ratio tends to small values for
more spherical distributions of final-state particle momenta
as expected fromB-mesons, which are lightly boosted, while
larger values are expected for the collimated momentum
distribution of light-quarks, which are boosted [37]. The
requirement is restricted to R2 < 0.35 for πþπ− candidates.
We reject events with displaced track-pairs consistent with
0.498 < Mðπþπ−Þ < 0.507 GeV=c2 to reduce background
from K0

S decays. If multiple signal candidates pass the
selections, which happens in less than 0.5% of the events,
we choose the candidate with the smallest value of jΔEj.
For the signal extraction, we use a modified mass

M0ðxþx−Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2ðxþx−Þ− 4m2

x

p
with mx¼meþ ;mμþ ;mπþ ,

or mKþ, to simplify the modeling of the signal width close
to kinematic thresholds where the scalar mass approaches
twice the rest mass of the final-state particles. M0 equals
twice the x momentum in the xþx− rest frame. An example
of a modified-mass distribution for Bþ → KþSð→ πþπ−Þ
is shown in Fig. 1. Normalization discrepancies are not a
concern since backgrounds are floating in all fits.
To validate the selection we compare simulation and data

in the K0
S mass region rejected in the signal selection, in the

displacement regions close to promptly decaying SM
resonances rejected in the signal selection, and in sidebands
formed by inverting the Mbc and ΔE selections. We find
agreement for all selection variables.

We extract the Bþ → KþSð→ xþx−Þ and B0 → K%0ð→
Kþπ−ÞSð→ xþx−Þ signal yields by performing extended
maximum likelihood fits to the unbinned modified S-mass
distribution. We fit for a narrow nonnegative-yield signal
peak, at various values of S mass and assuming various
lifetimes, over a smooth background. We perform inde-
pendent fits [38] for each of the eight final states and for
each lifetime with a S-mass scan step-size equal to half
the signal mass resolution σsig. For the model-dependent
searches, we perform a combined fit in all relevant and
kinematically accessible analysis channels, again sepa-
rately for various lifetimes. For the dark scalar model
we fix the B-meson and scalar branching fractions to the
theoretical values from Refs. [11,23,39]; for the ALPmodel
the B-meson and ALP branching fractions are taken from
Refs. [3,7,40,41] using a cut-off scale of Λ ¼ 1 TeV and
assuming identical coupling fa ¼ fq ¼ fl to quarks and
leptons. For mS greater than 2 GeV=c2, only S → μþμ− is
included in the combined scalar fit due to large uncertain-
ties in the predicted branching fractions.
The signal is described by a double-sided Crystal Ball

function [42,43] with all parameters determined from fits to
the simulated signal samples. Mass hypotheses that lack a
simulation sample are interpolated from adjacent simulated
samples. The resolution σsig increases smoothly from about
2 MeV=c2 for a light S to about 10 MeV=c2 for a heavy S
and does not depend significantly on lifetime or final state.
However, the tails of the signal distribution, especially for
largermS, increase for larger lifetimes. This is reflected in a
variation of the corresponding parameter values.
The background is modeled by a straight line, with

normalization and slope determined from the fit to data.
This model describes the background beneath any potential
signal across the range of S masses. We restrict the linear
function to non-negative values in the full fit range by
limiting the slope parameter accordingly. To account for a
possible remaining conversion background, an exponential
function is added to the background model when signal
mass hypotheses below mS < 40 MeV=c2 are tested in the
eþe− final state. Each likelihood fit is performed over an
M0ðxþx−Þ range with a width of&20σsig. To improve the fit
stability, we iteratively increase the fit range symmetrically
in 10% steps until it contains at least ten events. We verify
that small variations of the fit-interval extension have
negligible effects on the results.
We include mass- and lifetime-dependent systematic

uncertainties associated with the signal efficiency and with
our signal model pdf as Gaussian nuisance parameters
with widths equal to the systematic uncertainty. The syste-
matic uncertainties associated with the signal efficiency
are typically around 4% for most of the scalar masses and
lifetimes, but can reach 10% for the lightest scalar masses
accessible in the eþe− final state. For large displacements,
the dominant systematic uncertainty on the signal effi-
ciency is due to the difference in track finding efficiency for

FIG. 1. Distribution of M0ðπþπ−Þ together with the stacked
contributions from the various simulated SM background sam-
ples for Bþ → KþSð→ πþπ−Þ candidates. Simulation is normal-
ized to a luminosity of 189 fb−1. The hatched area represents the
statistical uncertainty of the SM background prediction. The
background from eþe− → ττðγÞ is negligible. The bottom panel
shows the pulls per bin, defined as the difference between data
and simulation, normalized to the statistical uncertainties added
in quadrature.
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31Axion-Like Particles (ALPs)
• Axions originally proposed to solve strong Charge-Parity problem 

• Axion-like particles ( ) are a generalization of the axion 

• Searches focus on ALP interactions with gauge bosons

a
ALP

a

M. Dolan, T. Ferber, C. Hearty, F. Kahlhoefer & K. Schmidt-Hoberg, JHEP 12, 094 (2017) 
E. Izaguirre, T. Lin, and B. Shuve Phys. Rev. Lett. 118, 111802 (2017)

interactions may also lead to the trapping of ALPs in astrophysical objects, weakening

the constraints obtained from such systems. The reader should therefore be careful when

applying the bounds presented in this work to more complicated models.

After electroweak symmetry breaking, the two terms in eq. (2.1) induce four di↵erent

interactions between the ALP and SM gauge bosons:

L � �
ga��
4

aFµ⌫F̃
µ⌫

�
ga�Z
4

aFµ⌫Z̃
µ⌫

�
gaZZ

4
aZµ⌫Z̃

µ⌫
�

gaWW

4
aWµ⌫W̃

µ⌫ , (2.2)

where the field strengths and their duals are defined as above. The individual couplings can

be calculated in terms of the parameters introduced above. The two couplings of greatest

interest for the purpose of this work are

ga�� =
cB cos2 ✓W + cW sin2 ✓W

fa
, ga�Z =

sin 2✓W(cW � cB)

fa
, (2.3)

where ✓W denotes the Weinberg angle.

If cB and cW are independent parameters, so are ga�� and ga�Z . In particular, for

cB ⇡ cW one finds ga�Z ⌧ ga�� . Nevertheless, as pointed out in ref. [23], there are

potentially strong constraints on cW from loop-induced flavour-changing processes like

B ! Ka. It is therefore particularly interesting to consider the case where cW ⌧ cB and

hence

ga�� ⇡ �
1

2
cot ✓Wga�Z ⇡ �0.94ga�Z . (2.4)

We will refer to the case cB ⇠ cW (and hence ga�Z ⌧ ga��) as photon coupling and to the

case cB � cW (and hence ga�Z ⇠ �ga��) as hypercharge coupling. We emphasize that in

both cases ALPs will also couple to pairs of heavy gauge bosons, but we do not discuss the

e↵ect of these couplings further.

The a��-interaction is of particular importance, as it determines the lifetime ⌧a of the

ALP. The decay width �a = ⌧�1
a is given by

�a =
g2a�� m

3
a

64⇡
. (2.5)

It is worth emphasizing that for ga�� ⌧ 1TeV�1 and for ma ⌧ 1GeV this decay width

is extremely small and hence the ALP decay length can be very large, in particular if the

ALPs are produced with significant boost �a = Ea/ma. For a detector of size LD the

fraction of ALPs that decay within the detector is given by3

pa = 1� exp

✓
�

LD

�a ⌧a

◆
. (2.6)

If the ALPs escape from the detector before decaying, this can prohibit searches for the

decay a ! ��. On the other hand, such long decay lengths can facilitate a di↵erent kind

of search, which focuses on the missing momentum carried away by the invisible ALP. We

will discuss existing results and future prospects for both search strategies below.

3
This expression assumes that either all ALPs are produced approximately in the same direction (as in

beam dump experiments) or that the detector is approximately spherical. In all other cases both LD and

pa depend on the direction of the ALP momentum [28].
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Figure 1: Feynman diagrams for ALP production in e+e� collisions via ALP-strahlung

(left) and photon fusion (right) and the subsequent decay of the ALP into two photons.

The same interaction can also be responsible for the production of ALPs, for example

in e+e� collisions. There are two di↵erent production processes of interest: ALP-strahlung

(e+e� ! �⇤ ! � + a) and photon fusion (e+e� ! e+e� + a), see figure 1. For the former

process (and in the limit ma ! 0) the di↵erential cross section with respect to the photon

angle in the centre-of-mass (CM) frame is given by [30]

d�

d cos ✓
=

g2a�� ↵

128
(3 + cos 2✓)(1�m2

a/s)
3 , (2.7)

which has a mild angular dependence and is notably independent of the CM energy
p
s for

ma ⌧
p
s.4 ALP-strahlung therefore typically leads to a photon with sizeable transverse

momentum, which is a promising experimental signature.

The cross section for ALP production via photon fusion can be calculated by replacing

the colliding particles by their equivalent photon spectra �(x) and making use of the ALP

production cross section from a pair of photons [22]:

�(�� ! a) =
⇡ g2a�� ma

16
�(m�� �ma) . (2.8)

Unless ma is close to
p
s, ALP production via photon fusion typically dominates over

ALP-strahlung. However, the ALPs produced in this way are much harder to detect

experimentally, as they carry only little energy and therefore decay into relatively soft

photons in the laboratory frame. We will return to the experimental feasibility of searches

for ALPs produced in photon fusion in section 5.3.

This work focuses on ALPs with mass below 10GeV, so that the decay a ! �Z is

forbidden. The a�Z interaction nevertheless plays an important role, as it leads to the

decay Z ! � + a [28, 49] with partial decay width given by

�(Z ! � + a) =
g2a�Z
384⇡

✓
m2

Z �m2
a

mZ

◆3

. (2.9)

Depending on the ALP lifetime, this process can either lead to the signature Z ! � + inv

or to Z ! 3�, both of which can be tightly constrained by experiments.

4
Even for very light ALPs there remains a slight dependence on

p
s due to the running of both ↵ and

ga�� , which can change by up to 10% over the range of energies that we consider [28].
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• ALPs could be directly produced at Belle II through variety of channels
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Figure 1: Feynman diagrams for ALP production in e+e� collisions via ALP-strahlung

(left) and photon fusion (right) and the subsequent decay of the ALP into two photons.

The same interaction can also be responsible for the production of ALPs, for example

in e+e� collisions. There are two di↵erent production processes of interest: ALP-strahlung

(e+e� ! �⇤ ! � + a) and photon fusion (e+e� ! e+e� + a), see figure 1. For the former

process (and in the limit ma ! 0) the di↵erential cross section with respect to the photon

angle in the centre-of-mass (CM) frame is given by [30]

d�

d cos ✓
=

g2a�� ↵

128
(3 + cos 2✓)(1�m2

a/s)
3 , (2.7)

which has a mild angular dependence and is notably independent of the CM energy
p
s for

ma ⌧
p
s.4 ALP-strahlung therefore typically leads to a photon with sizeable transverse

momentum, which is a promising experimental signature.

The cross section for ALP production via photon fusion can be calculated by replacing

the colliding particles by their equivalent photon spectra �(x) and making use of the ALP

production cross section from a pair of photons [22]:

�(�� ! a) =
⇡ g2a�� ma

16
�(m�� �ma) . (2.8)

Unless ma is close to
p
s, ALP production via photon fusion typically dominates over

ALP-strahlung. However, the ALPs produced in this way are much harder to detect

experimentally, as they carry only little energy and therefore decay into relatively soft

photons in the laboratory frame. We will return to the experimental feasibility of searches

for ALPs produced in photon fusion in section 5.3.

This work focuses on ALPs with mass below 10GeV, so that the decay a ! �Z is

forbidden. The a�Z interaction nevertheless plays an important role, as it leads to the

decay Z ! � + a [28, 49] with partial decay width given by

�(Z ! � + a) =
g2a�Z
384⇡

✓
m2

Z �m2
a

mZ

◆3

. (2.9)

Depending on the ALP lifetime, this process can either lead to the signature Z ! � + inv

or to Z ! 3�, both of which can be tightly constrained by experiments.

4
Even for very light ALPs there remains a slight dependence on

p
s due to the running of both ↵ and

ga�� , which can change by up to 10% over the range of energies that we consider [28].
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W

FIG. 1. Axion-like particle production in flavor-changing
down-type quark decay, di ! dj + a .

bosons,

L = (@µa)2 � 1

2
M2

aa2 � gaW

4
a W a

µ⌫W̃ aµ⌫ , (2)

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions
charged under the PQ symmetry possess only SU(2)W

gauge interactions, although models where a additionally
couples to the hypercharge gauge bosons give qualita-
tively similar results (see Appendix A). After electroweak
symmetry breaking, the coupling gaW generates interac-
tions between a and W+W�, as well as ZZ, Z�, and ��
in ratios given by the weak mixing angle.

We have computed the contribution of Eq. (2) to the
amplitude for di ! dja depicted in Fig. 1. The result is
replicated by the following e↵ective interaction (assuming
negligible up-quark mass):

Ldi!dj � �gadidj (@µa) d̄j�
µPLdi + h.c., (3)

gadidj ⌘ �3
p

2GFM2
W gaW

16⇡2

X

↵2c,t

V↵iV
⇤
↵jf(M2

↵/M2
W ),

f(x) ⌘ x [1 + x(log x � 1)]

(1 � x)2
,

where GF is the Fermi constant and Vij are the rele-
vant entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that f(x) ⇡ x for x ⌧ 1 such that the
interaction is proportional to M2

↵/M2
W for M↵ ⌧ MW .

There is an additional contribution to the e↵ective cou-
pling suppressed by factors of the external quark masses
(⇠ M2

di
/M2

W ) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite

and depends only on the IR value of the e↵ective
coupling gaW : while individual diagrams in Fig. 1 are
UV divergent, the divergences cancel when summed
over intermediate up-type quark flavors. Because the
divergent terms are independent of quark mass, the
unitarity of the CKM matrix requires that they sum
to zero. This is in contrast with models possessing a
direct ALP-quark coupling, in which the FCNC rate is
sensitive to the UV completion of the theory [44, 45].

Diphoton Searches for ALPs: We now discuss the
prospects for the sensitivity of current and future probes

to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: sec-
ondary ALP production from rare decays of SM mesons,
and primary ALP production at colliders.

ALP production in rare meson decays is, by far, the
most promising new search mode. The quark coupling
in Eq. (3) mediates FCNC decays of heavy-flavor mesons
such as B ! K(⇤)a and K ! ⇡a. To compute the rates
of B-meson decays to pseudoscalar and vector mesons,
we employ the hadronic matrix elements calculated using
light-cone QCD sum rules [50, 51]. For K± ! ⇡±a, we
use the hadronic matrix element resulting from the Con-
served Vector Current hypothesis [52–54] in the flavor-
SU(3) limit assuming small momenta. The matrix ele-
ment for K0 ! ⇡0a is related to that of K± ! ⇡±a by
isospin symmetry, and so the matrix element for the KL

(KS) mass eigenstate is found by taking the imaginary
(real) part of the K± ! ⇡±a matrix element [55]. We
keep only the leading terms from Eq. (3) that are unsup-
pressed by external momenta. The decay rates are:

�(B ! Ka) =
M3

B

64⇡
|gabs|2

✓
1 � M2

K

M2
B

◆2

f2
0 (M2

A) �1/2
Ka ,

�(B ! K⇤a) =
M3

B

64⇡
|gabs|2 A2

0(M
2
a ) �3/2

K⇤a,

�(K+ ! ⇡+a) =
M3

K+

64⇡

✓
1 �

M2
⇡+

M2
K+

◆2

|gasd|2 �1/2
⇡+a,

�(KL ! ⇡0a) =
M3

KL

64⇡

✓
1 �

M2
⇡0

M2
KL

◆2

Im(gasd)
2 �1/2

⇡0a,

where �Ka =
h
1 � (Ma+MK)2

M2
B

i h
1 � (Ma�MK)2

M2
B

i
, along

with analogously defined �K⇤a, and �⇡+,0a. f0(q) and
A0(q) are appropriate form factors from the hadronic
matrix elements, obtained from Refs. [50] and [51], re-
spectively. For the a mass range we study, Ma ⌧ MW ,
the dominant decay mode is a ! ��.

We begin our phenomenological study with the sig-
nature B ! K(⇤)a, a ! ��, which has the best sensi-
tivity to ALPs. While the same rare meson decay with
a ! �� is also predicted in models with pseudoscalars
possessing only direct quark couplings [48], the diphoton
mode is only dominant for ALP masses below the pion
threshold in those scenarios. Moreover, to our knowledge,
no such search has been carried out, nor has the SM
continuum process B ! K(⇤)�� been previously mea-
sured [56]. There are measurements of the processes
B ! K(⇤)⇡0, ⇡0 ! �� at BaBar and Belle [57–60],
which are similar to our proposed ALP searches but are
restricted to M�� ⇠ M⇡0 . These branching ratios are
measured with 2� uncertainties ⇠ 10�6, thus this value
serves as a concrete benchmark for conservatively esti-
mating the sensitivity to B ! K(⇤)a. Since the ALP
searches are a straightforward resonance search, however,
backgrounds can be estimated using sidebands, and we
expect current and future B-factories will have even bet-
ter sensitivity to Br(B ! K(⇤)a).

e+e− → γa, a → γγ e+e− → e+e−a, a → γγ B → Ka, a → γγ

interactions may also lead to the trapping of ALPs in astrophysical objects, weakening

the constraints obtained from such systems. The reader should therefore be careful when

applying the bounds presented in this work to more complicated models.

After electroweak symmetry breaking, the two terms in eq. (2.1) induce four di↵erent

interactions between the ALP and SM gauge bosons:

L � �
ga��
4

aFµ⌫F̃
µ⌫

�
ga�Z
4

aFµ⌫Z̃
µ⌫

�
gaZZ

4
aZµ⌫Z̃

µ⌫
�

gaWW

4
aWµ⌫W̃

µ⌫ , (2.2)

where the field strengths and their duals are defined as above. The individual couplings can

be calculated in terms of the parameters introduced above. The two couplings of greatest

interest for the purpose of this work are

ga�� =
cB cos2 ✓W + cW sin2 ✓W

fa
, ga�Z =

sin 2✓W(cW � cB)

fa
, (2.3)

where ✓W denotes the Weinberg angle.

If cB and cW are independent parameters, so are ga�� and ga�Z . In particular, for

cB ⇡ cW one finds ga�Z ⌧ ga�� . Nevertheless, as pointed out in ref. [23], there are

potentially strong constraints on cW from loop-induced flavour-changing processes like

B ! Ka. It is therefore particularly interesting to consider the case where cW ⌧ cB and

hence

ga�� ⇡ �
1

2
cot ✓Wga�Z ⇡ �0.94ga�Z . (2.4)

We will refer to the case cB ⇠ cW (and hence ga�Z ⌧ ga��) as photon coupling and to the

case cB � cW (and hence ga�Z ⇠ �ga��) as hypercharge coupling. We emphasize that in

both cases ALPs will also couple to pairs of heavy gauge bosons, but we do not discuss the

e↵ect of these couplings further.

The a��-interaction is of particular importance, as it determines the lifetime ⌧a of the

ALP. The decay width �a = ⌧�1
a is given by

�a =
g2a�� m

3
a

64⇡
. (2.5)

It is worth emphasizing that for ga�� ⌧ 1TeV�1 and for ma ⌧ 1GeV this decay width

is extremely small and hence the ALP decay length can be very large, in particular if the

ALPs are produced with significant boost �a = Ea/ma. For a detector of size LD the

fraction of ALPs that decay within the detector is given by3

pa = 1� exp

✓
�

LD

�a ⌧a

◆
. (2.6)

If the ALPs escape from the detector before decaying, this can prohibit searches for the

decay a ! ��. On the other hand, such long decay lengths can facilitate a di↵erent kind

of search, which focuses on the missing momentum carried away by the invisible ALP. We

will discuss existing results and future prospects for both search strategies below.

3
This expression assumes that either all ALPs are produced approximately in the same direction (as in

beam dump experiments) or that the detector is approximately spherical. In all other cases both LD and

pa depend on the direction of the ALP momentum [28].
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Figure 1: Feynman diagrams for ALP production in e+e� collisions via ALP-strahlung

(left) and photon fusion (right) and the subsequent decay of the ALP into two photons.

The same interaction can also be responsible for the production of ALPs, for example

in e+e� collisions. There are two di↵erent production processes of interest: ALP-strahlung

(e+e� ! �⇤ ! � + a) and photon fusion (e+e� ! e+e� + a), see figure 1. For the former

process (and in the limit ma ! 0) the di↵erential cross section with respect to the photon

angle in the centre-of-mass (CM) frame is given by [30]

d�

d cos ✓
=

g2a�� ↵

128
(3 + cos 2✓)(1�m2

a/s)
3 , (2.7)

which has a mild angular dependence and is notably independent of the CM energy
p
s for

ma ⌧
p
s.4 ALP-strahlung therefore typically leads to a photon with sizeable transverse

momentum, which is a promising experimental signature.

The cross section for ALP production via photon fusion can be calculated by replacing

the colliding particles by their equivalent photon spectra �(x) and making use of the ALP

production cross section from a pair of photons [22]:

�(�� ! a) =
⇡ g2a�� ma

16
�(m�� �ma) . (2.8)

Unless ma is close to
p
s, ALP production via photon fusion typically dominates over

ALP-strahlung. However, the ALPs produced in this way are much harder to detect

experimentally, as they carry only little energy and therefore decay into relatively soft

photons in the laboratory frame. We will return to the experimental feasibility of searches

for ALPs produced in photon fusion in section 5.3.

This work focuses on ALPs with mass below 10GeV, so that the decay a ! �Z is

forbidden. The a�Z interaction nevertheless plays an important role, as it leads to the

decay Z ! � + a [28, 49] with partial decay width given by

�(Z ! � + a) =
g2a�Z
384⇡
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. (2.9)

Depending on the ALP lifetime, this process can either lead to the signature Z ! � + inv

or to Z ! 3�, both of which can be tightly constrained by experiments.

4
Even for very light ALPs there remains a slight dependence on

p
s due to the running of both ↵ and

ga�� , which can change by up to 10% over the range of energies that we consider [28].
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Figure 5: Illustration of the di↵erent kinematic regimes relevant for ALP decays into two

photons with Belle II.

existing experiments are not yet sensitive to the values of ga�� implied by the observed

DM relic abundance, but Belle II has a unique potential to probe the parameter regions of

particular interest.

The sensitivity to high mass ALPs is limited by the trigger threshold for a single

photon that will be implemented in Belle II. We conservatively assume a trigger energy

threshold of 1.8GeV which limits the search to ALP masses below ma=8.6GeV. If the

trigger threshold can be lowered to 1.2GeV, the sensitivity extends to ALP masses up to

ma=9.3GeV. A higher collision energy close to the ⌥(6S) resonance could further extend

the sensitivity to about ma=9.7GeV for a trigger threshold of 1.2GeV.

It should be noted that while the dominant physics background for this study comes

from e+e� ! ��(�) events, the largest fraction of the trigger rate for trigger thresholds

. 1.8GeV is due to radiative Bhabha events e+e� ! e+e��(�) where both tracks are out

of the detector acceptance.

5.2 ALP decays into two photons

The experimental signature of the decays into two photons is determined by the relation

between mass and coupling of the ALP. This relation a↵ects both the decay length of the

ALP and the opening angle of the decay photons. It leads to four di↵erent experimental

signatures (see figure 5):

1. ALPs with a mass of O(GeV) decay promptly, and the opening angle of the decay

photons is large enough that both decay photons can be resolved in the Belle II

detector (resolved).

2. For lighter ALP masses but large couplings ga�� , the decay is prompt but the ALP is

highly boosted and the decay photons merge into one reconstructed cluster in Belle II

calorimeter if ma . 150MeV (merged).15

15
This corresponds to an average opening angle of about (3� 5)

�
in the lab system that depends on the

position in the detector.
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where αQED is the electromagnetic coupling [6]. This
calculation does not take into account any energy depend-
ence of αQED and gaγγ itself [32]. An additional 0.2%
collision-energy uncertainty when converting σa to gaγγ
results in a negligible additional systematic uncertainty.
Our median limit expected in the absence of a signal and
the observed upper limits on σa are shown in Fig. 4. The
observed upper limits on the photon couplings gaγγ of
ALPs, as well as existing constraints from previous experi-
ments, are shown in Fig. 5. Additional plots and numerical
results can be found in the Supplemental Material [33]. Our
results provide the best limits for 0.2 < ma < 5 GeV=c2.
This region of ALP parameter space is completely uncon-
strained by cosmological considerations [34]. The remain-
ing mass region below 0.2 GeV=c2 is challenging to probe
at colliders due to the poor spatial resolution of photons
from highly boosted ALP decays, and irreducible peaking
backgrounds from π0 production.
In conclusion, we search for eþe− → γa; a → γγ in the

ALP mass range 0.2 < ma < 9.7 GeV=c2 using Belle II
data corresponding to an integrated luminosity of
445 pb−1. We do not observe any significant excess of
events consistent with the signal process and set 95% C.L.
upper limits on the photon coupling gaγγ at the level of
10−3 GeV−1. These limits, the first obtained for the fully
reconstructed three-photon final state, are more restrictive
than existing limits from LEP-II [11]. In the future, with
increased luminosity, Belle II is expected to improve the
sensitivity to gaγγ by more than one order of magnitude [6].
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ment [12], and heavy-ion collisions [13].
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F. Abudinén et al. (Belle II Collaboration) Phys. Rev. Lett. 125, 161806 (2020) 
M. Nuccio. Search for Axion-Like Particles produced in  collisions and photon 
energy resolution studies at Belle II. [PhD Dissertation] University of Hamburg (2021)

e+e−

With Belle II Phase 2 Data

• Analysis focuses on ALP-Photon coupling

interactions may also lead to the trapping of ALPs in astrophysical objects, weakening

the constraints obtained from such systems. The reader should therefore be careful when

applying the bounds presented in this work to more complicated models.

After electroweak symmetry breaking, the two terms in eq. (2.1) induce four di↵erent

interactions between the ALP and SM gauge bosons:

L � �
ga��
4

aFµ⌫F̃
µ⌫

�
ga�Z
4

aFµ⌫Z̃
µ⌫

�
gaZZ

4
aZµ⌫Z̃

µ⌫
�

gaWW

4
aWµ⌫W̃

µ⌫ , (2.2)

where the field strengths and their duals are defined as above. The individual couplings can

be calculated in terms of the parameters introduced above. The two couplings of greatest

interest for the purpose of this work are

ga�� =
cB cos2 ✓W + cW sin2 ✓W

fa
, ga�Z =

sin 2✓W(cW � cB)

fa
, (2.3)

where ✓W denotes the Weinberg angle.

If cB and cW are independent parameters, so are ga�� and ga�Z . In particular, for

cB ⇡ cW one finds ga�Z ⌧ ga�� . Nevertheless, as pointed out in ref. [23], there are

potentially strong constraints on cW from loop-induced flavour-changing processes like

B ! Ka. It is therefore particularly interesting to consider the case where cW ⌧ cB and

hence

ga�� ⇡ �
1

2
cot ✓Wga�Z ⇡ �0.94ga�Z . (2.4)

We will refer to the case cB ⇠ cW (and hence ga�Z ⌧ ga��) as photon coupling and to the

case cB � cW (and hence ga�Z ⇠ �ga��) as hypercharge coupling. We emphasize that in

both cases ALPs will also couple to pairs of heavy gauge bosons, but we do not discuss the

e↵ect of these couplings further.

The a��-interaction is of particular importance, as it determines the lifetime ⌧a of the

ALP. The decay width �a = ⌧�1
a is given by

�a =
g2a�� m

3
a

64⇡
. (2.5)

It is worth emphasizing that for ga�� ⌧ 1TeV�1 and for ma ⌧ 1GeV this decay width

is extremely small and hence the ALP decay length can be very large, in particular if the

ALPs are produced with significant boost �a = Ea/ma. For a detector of size LD the

fraction of ALPs that decay within the detector is given by3

pa = 1� exp

✓
�

LD

�a ⌧a

◆
. (2.6)

If the ALPs escape from the detector before decaying, this can prohibit searches for the

decay a ! ��. On the other hand, such long decay lengths can facilitate a di↵erent kind

of search, which focuses on the missing momentum carried away by the invisible ALP. We

will discuss existing results and future prospects for both search strategies below.

3
This expression assumes that either all ALPs are produced approximately in the same direction (as in

beam dump experiments) or that the detector is approximately spherical. In all other cases both LD and

pa depend on the direction of the ALP momentum [28].
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34Search for  resonanceττ
•  resonance in  arise in many dark sector models: 

➡Spin-1 particle coupling only to the heavier lepton families 

➡Higgs-like spin-0 particle that couples preferentially to charged 
leptons (leptophilic scalar) 

➡Axion-like particles  

•

ττ e+e− → μμττ

e+

μ−

μ+
τ+

γ*
e−

Z', S or ALP τ−

• Event signature is four tracks with missing energy 

• Muons used to compute , which peaks for signal 

• Background suppression via neural network  

•  and  backgrounds not 
included in simulation 

Mrecoil(μμ)

e+e+ → e+e−Xhad e+e+ → 4ℓ(γ)

resolution in the MrecoilðμμÞ distribution, as shown by the
inset in Fig. 2.
The signal yields are obtained from a scan over the

MrecoilðμμÞ spectrum through a series of unbinned maxi-
mum likelihood fits. The signalMrecoilðμμÞ distributions are
parametrized from the simulation as sums of two Crystal
Ball functions [49] sharing the same mean value. The scan
step size is half the mass resolution. Each fit extends over
an interval 40 times larger than the Z0 mass resolution. The
background is described with a constant. Higher-order
polynomials for the background parametrization are inves-
tigated, but their coefficients are compatible with zero over
the full recoil-mass spectrum. A total of 2384 fits are
performed, covering the range 3.6–10 GeV=c2. If a fitting
interval extends over two different MLP ranges, we use
data selected by the MLP corresponding to the range where
the central mass value is located. The fit determines the
signal and background yields using a fixed signal shape.
We then convert signal yields into cross sections, after
correcting for signal efficiency and luminosity.
Several sources of systematic uncertainties affecting the

cross section determination are taken into account: they are
related to signal efficiency, luminosity, and fit procedure.
Uncertainties due to the trigger efficiency are evaluated by
propagating the uncertainties on the measured trigger
efficiencies. The relative uncertainty on the signal effi-
ciency is 2.7% across the entire mass range. Uncertainties
due to the tracking efficiency are estimated in eþe− →
τþτ−ðγÞ events, in the one-prong against three-prong
topology. The relative uncertainty on the signal efficiency
is 3.6%. Uncertainties due to the particle-identification
requirement are studied using eþe− → μþμ−γ, eþe− →
eþe−μþμ−, eþe− → eþe−eþe−, and eþe− → eþe−πþπ−

events and final states with either a J=ψ or a K0
S. The

relative uncertainty on the signal efficiency varies between
3.9% and 6.2%, depending on the Z0 mass. Uncertainties
due to the MLP selection efficiency are evaluated on the
pion-tagged control sample. We compare MLP efficiencies
in data and simulation in signal-like regions of the control
sample and assume that uncertainties estimated in those
conditions are representative of the signal conditions. We
find good agreement between data and simulation and
estimate a 2.8% relative uncertainty on the signal efficiency
from the uncertainty of the data-simulation comparison.
Uncertainties due to the interpolation of the signal effi-
ciency between simulated mass points are 2.5%, which is
assigned as a relative uncertainty on the signal efficiency.
Uncertainties due to the fit procedure are evaluated using a
bootstrap technique [50]. Signal events from simulation are
overlaid on simulated background with a yield correspond-
ing to the excluded 90% C.L. value and fitted for each Z0

mass. The distribution of the difference between the over-
laid and the fitted yields, divided by the fit uncertainty, has
a negligible average bias with a width that deviates from 1
by 4%, which is assigned as a relative uncertainty on the
signal-yield determination. Uncertainties due to differences
in the recoil-mass resolution between data and simulation
are evaluated by introducing an additional smearing on the
simulated momenta of the two tagging muons, which
reflects the difference in momentum resolution measured
with cosmic rays and in D$þ → D0πþ decays with respect
to the simulation predictions. The relative uncertainty on
the signal-yield determination is 3%. The relative uncer-
tainty on the signal efficiency due to the knowledge of the
beam energy is 1% [51]. The uncertainty due to the
selection on the four-track invariant mass is negligible.
Finally, a relative uncertainty of 1% on the integrated
luminosity is considered [29].
All the systematic uncertainties are summed in quad-

rature: the final relative systematic uncertainty on the cross

FIG. 2. Observed distribution of the recoil mass against the two
tagging muons, compared to the expectations of the simulation.
Contributions from the various simulated processes are stacked.
Inset: an example fit at a signal mass hypothesis of 6.036 GeV=c2

and the difference between the number of observed and fitted
events, divided by the statistical uncertainty of the former.

FIG. 3. Observed 90%C.L. upper limits (UL) and corresponding
expected limits on the cross section for the process eþe− →
Xð→ τþτ−Þ μþμ− with X ¼ Z0; S, ALP as functions of the X reso-
nance mass. Inset: a magnification of the region above 9 GeV=c2.

PHYSICAL REVIEW LETTERS 131, 121802 (2023)

121802-5

Require  decay as 
 or 

τ±

τ− → ℓ−νν τ− → π−νnπ0

B. Shuve and I. Yavin, PRD 89, 113004 (2014) 
W. Altmannshofer et al, JHEP 12, 106 (2016) 
B. Batell et al, PRD 95, 075003 (2017) 
M. Bauer et al, JHEP. 2022, 1 (2022)
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Upper limits to the Lµ � L⌧ model

Upper limits on the coupling constants of the models are obtained from the upper limits on the cross sections,

making use of the quadratic dependence. As an example, for the case of the Lµ � L⌧ model,

UL(g0)90%CL =

s
g02ref ·UL(�)90%CL

�ref
, (1)

where g0ref is a reference coupling constant used in the MadGraph5@NLO generator to compute a reference cross section

(�ref).

Figure S10: Observed 90% CL upper limits on the g0 coupling of the Lµ � L⌧ model as a function of the Z0 mass. Also shown
are constraints from Belle II [1, 6] for invisible Z0 decays, and from BABAR [7], Belle [8], and CMS [9] (95% CL) searches for
Z0 decays to muons, along with constraints (95% CL) derived from the trident production in neutrino experiments [10–12].
The red band shows the region that could explain the observed value (within two standard deviations) of the muon anomalous
magnetic moment [13].

section varies in the range 8.8%–10.0% depending on the
Z0 mass. We account for systematic uncertainties by
approximating their effects as a Gaussian smearing of
the signal efficiency.
The significance is evaluated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 logðL=L0Þ

p
where L

and L0 are the likelihoods of the fits with and without
signal. The largest local significance observed is 3.0σ,
corresponding to a global significance of 1.8σ, at a recoil
mass of 9.695 GeV=c2 [43]. Since we do not observe any
significant excess above the background, we derive 90%
C.L. upper limits on the process cross section σ½eþe− →
Xð→ τþτ−Þ μþμ−% ¼ σðeþe− → μþμ−XÞ × BðX → τþτ−Þ
with X ¼ Z0; S, ALP, using the frequentist procedure
CLS [52,53]. The limits are shown in Fig. 3. Expected
limits are defined as median limits from background-only
simulated samples that use background yields observed

from the fits to data. The combination of the variations
originating from the MLP ranges and of the overlap
between the fit intervals induces an oscillatory behavior.
The resulting upper limits are dominated by sample size,
with systematic uncertainties worsening them on average
by 1% compared to the case in which they are neglected.
The cross section results are translated into upper limits

on the coupling constant g0 of the Lμ − Lτ model [43], on
the coupling strength ξ of the leptophilic scalar S, and on
the coupling jCllj=Λ for an ALP decaying to leptons:
values as low as 2.5 × 10−2, 51, and 200 TeV−1 are found,
respectively. The last two are shown in Fig. 4 as functions
of the resonance mass. For the leptophilic scalar model, we
constrain the coupling ξ to be smaller than approximately
200 for masses above 6.5 GeV=c2, which are the first
results in that region. For the model with the ALP decaying
to leptons, these are the first results for the ALP-τ coupling.
In summary, we search for a resonance decaying to τþτ−

in eþe− → μþμ−τþτ− events in a data sample of eþe−

collisions at 10.58 GeV collected by Belle II in 2019–2020,
corresponding to an integrated luminosity of 62.8 fb−1. We
find no significant excess above the background and set
upper limits on the cross section, ranging from 0.7 to 24 fb,
for masses between 3.6 and 10 GeV=c2. We derive
exclusion limits on the couplings for three different models:
the Lμ − Lτ model; a leptophilic scalar model, for which we
probe for the first time masses above 6.5 GeV=c2; and a
model with an ALP decaying to leptons, for which we set
world-leading limits over the entire mass range considered.

We thankAndrea Thamm for helpful conversations on the
axionlike particle. This work, based on data collected using
theBelle II detector, whichwas built and commissioned prior
to March 2019, was supported by Science Committee of the
Republic of Armenia Grant No. 20TTCG-1C010; Australian
Research Council and Research Grants No. DP200101792,
No. DP210101900, No. DP210102831, No. DE220100462,
No. LE210100098, and No. LE230100085; Austrian
Federal Ministry of Education, Science and Research,
Austrian Science Fund No. P 31361-N36 and No. J4625-
N, and Horizon 2020 ERC Starting Grant No. 947006
“InterLeptons”; Natural Sciences and Engineering Research
Council of Canada, Compute Canada, and CANARIE;
National Key R&D Program of China under Contract
No. 2022YFA1601903, National Natural Science
Foundation of China and Research Grants No. 11575017,
No. 11761141009, No. 11705209, No. 11975076,
No. 12135005, No. 12150004, No. 12161141008, and
No. 12175041, and Shandong Provincial Natural Science
Foundation Project ZR2022JQ02; Czech Science
Foundation Grant No. 22-18469S; European Research
Council, Seventh Framework PIEF-GA-2013-622527,
Horizon 2020 ERC-Advanced Grants No. 267104 and
No. 884719, Horizon 2020 ERC-Consolidator Grant
No. 819127, Horizon 2020 Marie Sklodowska-Curie

FIG. 4. Observed 90% C.L. upper limits and corresponding
expected limits as functions of mass on (top) the leptophilic scalar
coupling ξ and on (bottom) the ALP coupling to leptons jCllj=Λ
in the hypothesis of equal couplings to the three lepton families
and zero couplings to all other particles. Also shown are (top)
constraints for S decaying in electrons or muons from a BABAR

search [25] and (bottom) constraints for an ALP decaying to
leptons from a reinterpretation [17,18] of BABAR searches. The
red band in the top plot shows the region that explains the muon
anomalous magnetic moment ðg − 2Þμ ' 2σ.
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section varies in the range 8.8%–10.0% depending on the
Z0 mass. We account for systematic uncertainties by
approximating their effects as a Gaussian smearing of
the signal efficiency.
The significance is evaluated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 logðL=L0Þ

p
where L

and L0 are the likelihoods of the fits with and without
signal. The largest local significance observed is 3.0σ,
corresponding to a global significance of 1.8σ, at a recoil
mass of 9.695 GeV=c2 [43]. Since we do not observe any
significant excess above the background, we derive 90%
C.L. upper limits on the process cross section σ½eþe− →
Xð→ τþτ−Þ μþμ−% ¼ σðeþe− → μþμ−XÞ × BðX → τþτ−Þ
with X ¼ Z0; S, ALP, using the frequentist procedure
CLS [52,53]. The limits are shown in Fig. 3. Expected
limits are defined as median limits from background-only
simulated samples that use background yields observed

from the fits to data. The combination of the variations
originating from the MLP ranges and of the overlap
between the fit intervals induces an oscillatory behavior.
The resulting upper limits are dominated by sample size,
with systematic uncertainties worsening them on average
by 1% compared to the case in which they are neglected.
The cross section results are translated into upper limits

on the coupling constant g0 of the Lμ − Lτ model [43], on
the coupling strength ξ of the leptophilic scalar S, and on
the coupling jCllj=Λ for an ALP decaying to leptons:
values as low as 2.5 × 10−2, 51, and 200 TeV−1 are found,
respectively. The last two are shown in Fig. 4 as functions
of the resonance mass. For the leptophilic scalar model, we
constrain the coupling ξ to be smaller than approximately
200 for masses above 6.5 GeV=c2, which are the first
results in that region. For the model with the ALP decaying
to leptons, these are the first results for the ALP-τ coupling.
In summary, we search for a resonance decaying to τþτ−

in eþe− → μþμ−τþτ− events in a data sample of eþe−

collisions at 10.58 GeV collected by Belle II in 2019–2020,
corresponding to an integrated luminosity of 62.8 fb−1. We
find no significant excess above the background and set
upper limits on the cross section, ranging from 0.7 to 24 fb,
for masses between 3.6 and 10 GeV=c2. We derive
exclusion limits on the couplings for three different models:
the Lμ − Lτ model; a leptophilic scalar model, for which we
probe for the first time masses above 6.5 GeV=c2; and a
model with an ALP decaying to leptons, for which we set
world-leading limits over the entire mass range considered.
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theBelle II detector, whichwas built and commissioned prior
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FIG. 4. Observed 90% C.L. upper limits and corresponding
expected limits as functions of mass on (top) the leptophilic scalar
coupling ξ and on (bottom) the ALP coupling to leptons jCllj=Λ
in the hypothesis of equal couplings to the three lepton families
and zero couplings to all other particles. Also shown are (top)
constraints for S decaying in electrons or muons from a BABAR

search [25] and (bottom) constraints for an ALP decaying to
leptons from a reinterpretation [17,18] of BABAR searches. The
red band in the top plot shows the region that explains the muon
anomalous magnetic moment ðg − 2Þμ ' 2σ.
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• No significant excess observed in 62.8 fb-1 

• Limits on  cross section 
translated to limits on leptophilic scalar, Z’, and ALP 
mediator interpretations

e+e− → X( → τ+τ−)μ+μ−

leptophilic scalar, S
Axion-Like Particle

I. Adachi et al. (Belle II Collaboration) Phys. Rev. Lett. 131, 121802 (2023) Z’

Search for  resonanceττ



Savino.Longo@umanitoba.ca

36Getting Involved with Dark Sector Physics at Belle II

• Many opportunities to get involved with ongoing and new Dark Sector Physics analyses at 
Belle II! 

• Only small selection of analyses was covered in this talk 

• Mailing-list:  

physics-dark-low-multiplicity@belle2.org 

• Weekly Meetings (alternates timezones): 

 https://indico.belle2.org/event/12405/

mailto:physics-dark-low-multiplicity@belle2.org
https://indico.belle2.org/event/12405/

