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The most compelling question in particle physics

• Much of the universe is composed of matter that does 
not interact with photons, and is not consistent with the 
standard model.   

• What is the particle nature of dark matter? 
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Cluster MACS J0025.4-1222. Blue 
shows mass distribution from 
gravitational lensing; red shows 
ordinary matter from x-ray imaging

NASA, ESA, CXC, M. Bradac, and S. Allen
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The dark sector

• Currently, there is considerable focus on “dark sector” 
models of dark matter. 
  - Dark matter particles are light, typically < few GeV/c2  
  - Requires new dark force carriers, which have feeble 
interactions with the standard model. 
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Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021

Gori, Williams et al,  
arXiv 2209.04671 (2022)
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Searching for the dark sector in the laboratory

• Extensive, world-wide effort, 
including a large number of 
dedicated projects. 

4FIG. 3: Minimal vector portal model. Existing constraints (gray shaded region) and future

experimental projections (colored contours) are shown in the mA0 � ✏ plane. The existing

bounds are from Refs. [8–27]. Also shown are projections from a number of existing and

proposed future experiments, including DUNE [28], Belle II [29, 30], LHCb [31], FASER

and FASER2 [32, 33], HPS [34], NA62-Dump [3], LDMX [35], DarkQuest [36], APEX [37],

Mu3e [38], DarkLight [39], FACET [40], REDTOP [41], MUonE [42], SHiP [43], and a

muon beam dump experiment [44].

equilibrium for freeze-out predicts one such target [52]. In Forbidden Dark Matter scenarios,
DM instead annihilates to heavier states, such as visibly-decaying dark photons with masses
and kinetic mixings in range of future searches [53]. Going to heavier dark photons motivates
Not Forbidden Dark Matter, where the mediator is too heavy to permit even suppressed
2 ! 2 annihilations, so 3 ! 2 annihilations determine the DM relic abundance. Again, using
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Batell, Blinov, Hearty, McGehee, 
arXiv 2207.06905 (2022) 
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Outline

• Dark photon 

• Axion-like particles 

• Lμ - Lτ Z′  

• B-mesogenesis 

5C. Hearty | Dark sectors at accelerators | DISCRETE 2024



Dark photon
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Dark matter / dark sector / dark photons

• Particularly straightforward model: dark matter  plus 
dark photon A′, which mixes with strength ε with the . 

• Dark matter is in thermal equilibrium in the early universe 

• The resulting dark matter relic density depends on the 
parameter ; there are specific 
combinations of parameters that give the observed value.

χ
γ

y = ε2αD(mχ /mA′ 
)4
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and vice-versa

coupling of dark photon 
to dark matter, 𝒪(1)

Different process if  ; 
less predictive

mχ > mA′ 



Dark photon production and decay

• Wide range of production mechanisms for dark photons 
at accelerators (≈ energetic photon).  

• If kinematically allowed , dark  
photon decays to dark matter (~100%). 

• Otherwise, dark photon decays like  
a virtual photon of mass .  

mA′ 
> 2mχ

mA′ 
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“invisible”

“visible”

L¼ LSM þLDS þ
1

2
m2

XX
μXμ − gXjXμXμ −

ϵ
2 cosθW

BμνXμν;

ð8Þ

where LSM is the SM Lagrangian, LDS is the dark sector
Lagrangian involving only non-SM states, mX is the mass
parameter of the new gauge boson, gX parametrizes the
coupling to SM currents, and ϵ parametrizes the kinetic
mixing term. Note that, even if the kinetic mixing term is
absent at tree level, it can be loop induced by fields charged
under both gauge groups. Importantly, even if the kinetic
mixing term is forbidden by, e.g., embedding Uð1ÞX in a
larger, non-Abelian gauge group, nonzero values of ϵ can be
induced at loop level when the larger gauge group is broken.
In the following, we present FASER’s reach for new light

gauge bosons in three simple cases. We begin in Sec. IVA
with dark photons, where the only coupling between the
new gauge boson and the SM is through kinetic mixing. We
then discuss scenarios with Uð1ÞB−L and Uð1ÞLi−Lj

gauge
bosons, where there is no kinetic mixing at tree level in
Secs. IV B and IV C, respectively.

A. Benchmark V1: Dark photons

The dark photon Lagrangian extends the SM Lagrangian
with the following terms:

L ⊃ − ϵ0

2
FμνF0μν þ 1

2
m02X2; ð9Þ

where Fμν and F0
μν are the field strength tensors for the

SM photon and a new gauge boson X, respectively. After
rotating to the mass basis, the dark photon-SM fermion

coupling parameter is given by ϵ ¼ ϵ0 cos θW, cf. Eq. (8).
(See, e.g., Appendix A of Ref. [30] for a detailed
discussion.) The kinetic mixing parameter is naturally
small if it is induced by loops of new heavy charged
particles. After a field redefinition to remove the kinetic
mixing term, the dark photon A0 emerges as a physical mass
eigenstate that couples to the charged SM fermions propor-
tional to their charges through

L ⊃
1

2
m2

A0A02 − ϵe
X

f

qff̄=A0f: ð10Þ

The parameter space of the model is spanned by the dark
photon mass mA0 and the kinetic mixing parameter ϵ.

Production.—Light dark photons are mainly produced
through decays of light mesons, π, η → γA0 and
through dark bremsstrahlung. To a good approxima-
tion, these processes are suppressed by ϵ2 relative to
their SM counterparts.

Decay and lifetime.—Dark photons can decay into all
kinematically accessible light charged states, but,
especially for mA0 below a few hundred MeV, they
mainly decay into eþe− and μþμ− pairs. Heavier A0s
have various hadronic decay modes, but they are
typically dominated by decays into πþπ−. The decay
width is proportional to ϵ2. Thanks to this, dark
photons naturally have decay lengths that are large
enough for them to be observed in FASER, especially
when they are highly boosted by the large energies
they inherit from pp collisions at the LHC. The dark
photon decay length and branching fractions into
leptonic and hadronic final states are shown in the
left panel of Fig. 6, following Refs. [30,54].

FIG. 6. Benchmark model V1. The dark photon decay length (top left panel), its branching fractions into hadronic and leptonic final
states (bottom left panel) and FASER’s reach (right panel). In the right panel, the gray-shaded regions are excluded by current bounds,
and the projected future sensitivities of other experiments are shown as colored contours. See the text for details.

FASER’S PHYSICS REACH FOR LONG-LIVED PARTICLES PHYS. REV. D 99, 095011 (2019)

095011-9
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Search for dark photons decaying to e+e- at FASER

• FASER is located 480m downstream of ATLAS, at the 
Large Hadron Collider at CERN. On the beam axis, 
shielded by 100m of rock & concrete. 

• Dominant A′ production mechanism is via meson decay, 
 (low pt ). Decays 100% to e+e-.π0/η → γA′ 

9

FIGURE 3.4. A schematic showing the location of FASER with respect to the LHC
beam and IP1. More detailed views of the LHC beam are shown in the BOTTOM
LEFT for distances up to 170 m from the IP, and in the BOTTOM RIGHT for the
area around FASER at →480 m. The beam collision axis line-of-sight is shown as a
dashed red line.

LHC [50]. As discussed in Sec. 2.3.2, the dominant source of dark photons in FASER

is from neutral pion decay (ω0
↑ A

→
ε). Using the EPOS-LHC [13] Monte Carlo event

generator, the energy and angle distributions of ω0 production from the IP can be

simulated, as shown in Fig. 3.5. As you can see, there is an immense amount of highly

energetic neutral pions produced in the far-forward direction, where the forward

10↑6% of solid angle sees → 1% of all pions with E ↓ 10 GeV. With 300 fb
↑1 of data,

→ 1016 pions are predicted to be produced in the far-forward direction, towards

FASER [38]. The decay products of these far-forward, →TeV energy, pions will also

be highly collimated, as the angle between the decay products can be approximated

by ϑ ↔ pT/E ↔ mω0/TeV ↔ 10↑4 radians and thus will only spread out →1 cm after

100 m of travel. This process produces a high-intensity and collimated beam of dark

photons in the far-forward direction along the beamline. Thus, with a dark photon

kinetic mixing of ϖ → 10↑4, there could be as many as 108 dark photons produced in

the direction of FASER [38], assuming 300 fb
↑1 of data.

59

CERN-FASER-THESIS-2024-001 

FASER PLB 848 (2024), 138378
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dark photons 
produced here

dark photons 
decay to e+e- here

https://doi.org/10.1016/j.physletb.2023.138378


Overview of detector and analysis
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10cm aperture; η > 9.5
sh
ie
ld

FASER! tungsten/emulsion 
detector

VetoNu scintillator 
station (2 layers)

Veto scintillator 
station (3 layers)

Timing 
scintillator 
station

Pre-shower 
scintillator station 
(2 layers)

Tracking spectrometer stations

Calorimeter

IFT
Magnets

Decay Volume

"! #"
##

8 λ shielding for 
this analysis

10-3 of 25 MeV dark 
photons decay in 
volume  for ε = 3 × 10-5 

require no hits in 
veto counters

two good tracks 
in trackers >500 GeV in 

calorimeter
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• Expected background  events.  
 -  produced by muons in rock;  interactions. 
 - well designed special-purpose detector.  

• No events observed in 27.6 fb-1 at 13.6 TeV. Expect 
~8× more data by end of Run 3 (2025).  

(2.3 ± 2.3) × 10−3

K0
L ν

11

Analysis is sensitive to parameter 
space that would explain 
astronomical dark matter
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NA62 — search for dark photons decaying to e+e- 
(or μ+μ-)  

• Primary goal of NA62 is the study of the ultra-rare decay 
. CERN north area, SPS beam.  

• Data also collected in special configuration “dump mode” 
for dark photon search. 10 days in 2021,  
1.4×1017 400-GeV protons on target. 

• Meson decay and bremsstrahlung

K+ → π+νν̄
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strong preference for highly boosted events. As a result, the
geometric efficiency and position of the decay are strongly
correlated, and the limiting form in Eq. (3) is not an
accurate approximation of Eq. (1). Indeed, calculations
utilizing Eq. (3) underestimate the projected reach of
SeaQuest for long-lived states whose lifetime is short
compared to the fiducial baseline. This will be discussed
in more detail in Sec. V.

IV. DARK PHOTON PRODUCTION AT SEAQUEST

A well-motivated new force carrier is the hypothetical
dark photon. In the minimal model, a new broken Uð1ÞD
symmetry is added to the SM. The corresponding gauge
boson, denoted as A0, couples to SM hypercharge through
the kinetic mixing term [29,30]

L ⊃
ϵ

2 cos θw
A0
μνBμν; ð4Þ

where θw is the Weinberg angle. We remain agnostic about
the mechanism that generates the dark photon mass, mA0 .
Although ϵ is a free parameter of the low-energy theory, it is
natural to expect loop-induced mixings (ϵ≲ 10−3) if there
exist any particles charged under both Uð1ÞY and Uð1ÞD
[30,31]. In the mA0 ≲ GeV mass range of interest for
SeaQuest [which can arise, e.g., from a quartic coupling
of a Uð1ÞD-charged scalar with the SM Higgs as in
supersymmetric embeddings [32]], mA0 ≪ mZ implies that
A0 dominantly mixes with the SM photon below the scale of
electroweak symmetry breaking. As a result, SM fermions
of electric charge eQf inherit a millicharge under Uð1ÞD,
ϵeQf. From a bottom-up perspective, this minimal model is
completely governed by the two free parameters mA0 and ϵ,
and constraints can be placed in the mA0-ϵ plane.
At SeaQuest, most dark photons are produced in primary

reactions resulting from the collision of the proton beam
with the iron beam dump. Within a single nuclear collision
length of iron (Xc ≃ 82 g=cm2), the effective luminosity for
proton-proton collisions is given by

L ≃
ZðXc=gÞNA

A
POT ≃ 35 ab−1

!
POT

1.44 × 1018

"
; ð5Þ

where AðZÞ ¼ 56ð26Þ is the atomic mass (number) of iron
and NA is Avogadro’s number.
Proton fixed-target experiments benefit from large rates

compared to electron beams. This is illustrated in Fig. 2,
which shows, as a function of dark photon mass, the
contributions of different meson decays, bremsstrahlung,
and Drell-Yan processes to dark photon yields (normalized
to SeaQuest’s Phase I luminosity and ϵ ¼ 10−6). For all
dark photon masses, the yield per (high-energy) proton
incident on a thick target is orders of magnitude larger than

the yield per electron. This enhancement is attributable to
several factors. 1) Protons are more penetrating than
electrons, and so interact with a larger number of target
nuclei. 2) In the GeV dark photon mass range, proton-
initiated bremsstrahlung is enhanced relative to electron-
initiated bremsstrahlung by the ratio of couplings αs=αem 3)
Finally, light mesons are produced in large numbers, and
their branching fractions to lower-mass dark photons are
suppressed only by ϵ2 and not also by αem [33].
Both the yields and the kinematics of these various

production modes will be important in the following
studies. We now discuss these production modes in detail.

A. Meson decays

Due to the substantial energy of the Fermilab beam, the
rate for meson production is large, even for relatively heavy
mesons, such as the η0. In the SM, several mesons have a
sizable branching fraction into at least one photon. This
gives rise to A0 production through kinetic mixing with the
SM photon. Examples of such decays involving SM
photons include

π0; η; η0 → γγ;

ω → π0γ;

η0 → ρ0γ: ð6Þ

Wemodel the production of SMmesons in PYTHIA 8.2 [34].
In order to validate this simulation, we compare our rates
and spectra from PYTHIA with the observed meson

10 2 10 1 1
1

101

102

103

104

105

106

107

FIG. 2. Number of dark photons (solid color) produced at Phase
I of SeaQuest (1.44 × 1018 POT) in various production channels
for ϵ ¼ 10−6. An estimate of the theory uncertainty for proton
bremsstrahlung is shown as the shaded blue region (see text for
details). For comparison, we also show the analogous production
rate for electron bremsstrahlung (dashed gray), assuming a
120 GeVelectron beam, 1.44 × 1018 EOT, and production within
the first radiation length of a tungsten target.

DARK SECTORS AT THE FERMILAB SEAQUEST EXPERIMENT PHYS. REV. D 98, 035011 (2018)

035011-5

Berlin, Gori, Schuster, Toro, PRD 98, 035011 (2018)

NA62 PRL 133, 111802 (2024)
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DarkQuest, 
not NA62

https://doi.org/10.1103/PhysRevD.98.035011?_gl=1*1yrkn3m*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjQ1NTguNDUuMC4zNzEwODMxMTc.
https://doi.org/10.1103/PhysRevLett.133.111802?_gl=1*oi8haf*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjQ0NzEuNjAuMC4zNzEwODMxMTc.


Detector and analysis overview
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3.2m target, 19λ 

vetoes

require exactly 1 good 
vertex from 2 tracks

LKr calorimeter and 
muon system to identify 
electrons and muons

400 GeV p
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NA62 PRL 133, 111802 (2024)
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• Very clean: predict ~0.01 background  
  - muons striking (e.g.) vetoes and producing 
secondary vertices. No events found. 
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Bremsstrahlung 
production gives higher 
mass reach than FASER 
despite much lower 
center of mass energy 

FASER

see also NA62 JHEP 2023, 35 
(2023) for previous μ+μ- results   
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Dark Tridents at MicroBooNE

• Liquid argon TPC (85 t), part of the Fermilab short 
baseline neutrino program.

15

Horns

Figure 5.2. A diagram showing the position of MicroBooNE with respect to the NuMI
beamline. DM particles are represented with purple circles and neutrinos with green cir-
cles. Image adapted from Ref. [74].

5.2 Dark Trident Interaction

Light dark matter particles ω (or ω̄) reaching MicroBooNE, can interact with an argon
nucleus through a t-channel scattering by exchanging an off-shell dark photon. At higher
orders in the dark sector coupling εD, an on-shell dark photon can be emitted by the initial
or final state ω. Additional dark photon emissions can also be included [1], but this is not
considered in this work. Since this work explores the mass regime where MA→ < 2Mω,
the emitted dark photon cannot decay into a ωω̄ pair. The final state produced by this
interaction is known as the dark trident signal [1] or as dark-strahlung. The Feynman
diagram of the dark trident interaction is depicted in Fig. 5.3.

For lower values of MA→ , the dark trident scattering is mostly coherent. Nevertheless, if
the magnitude of the transferred momentum q =

)︄
q2 increases, the coherence is lost. To

account for this effect, a form factorF (q2) is introduced. Following the approach presented
in Ref. [1], the Helm form factor [87], is given by,

F
[︄
q
2
]︄
=

3j1 (qR1)

qR1
e
→q2s2/2

, (5.5)

where j1 is the spherical Bessel function of the first kind, R1 =
)︄

c2 + 7ϑ2a2/3→ 5s2,
c = (1.23A1/3 → 0.6) fm, s = 0.9 fm and a = 0.52 fm. The atomic number of argon is
A = 40. To calculate the total cross section it is necessary to multiply the square of the
form factor with the differential scattering cross section given by,

47

120 GeV protons on 
1m graphite target

dark matter production 
via  (off-shell 
dark photon) 

π0 → γχχ̄

χ scattering in LAr 
produces  A′ → e+e−

fermilab-thesis-2024-02

MicroBooNE PRL 132, 241801 (2024)

C. Hearty | Dark sectors at accelerators | DISCRETE 2024

https://inspirehep.net/literature/2778293
https://doi.org/10.1103/PhysRevLett.132.241801?_gl=1*107s89f*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjQ2MjAuNDkuMC4zNzEwODMxMTc.


• Signal . But  protons on target. 
 
 
 
 
 
 
 
 
 

• Convolutional neural net trained on simulated signal 
and background (mostly  from ).  

∝ ε4α3
D 7.2 × 1020

π0 ν
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dark trident candidate in data
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random cosmic

MicroBooNE PRL 132, 241801 (2024)

https://doi.org/10.1103/PhysRevLett.132.241801?_gl=1*107s89f*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjQ2MjAuNDkuMC4zNzEwODMxMTc.
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CNN score in data is consistent 
with background expectation

Limits depend on nature of 
DM, αD, and mass ratio

MicroBooNE is sensitive 
to short A′ lifetimes

FASER to long lifetimes

MicroBooNE PRL 132, 241801 (2024)

https://doi.org/10.1103/PhysRevLett.132.241801?_gl=1*107s89f*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjQ2MjAuNDkuMC4zNzEwODMxMTc.


Inelastic dark matter — semi-visible

• Dark photon could couple to a pair of particles . 
  -  is the astronomical dark matter; 
  -  is slightly heavier, and decays  
to  plus standard model particles.  

• Can explain the observed dark matter relic density, and 
also the lack of a signal in direct detection.

χ1χ2
χ1
χ2
χ1

18

production of heavier χ2 is 
kinematically forbidden for low-
momentum χ1.  
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Inelastic dark matter plus dark Higgs  
at Belle II

• Belle II physics includes direct searches for feebly 
interacting low-mass particles. Dedicated low-multiplicity 
triggers: single photon, single track, single muon.  

• Assume that the dark sector includes a dark Higgs h′. 
Mixes with strength θ with the Higgs.
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Belle II Detector (Torben Ferber) 14

χ1
χ2

χ1

e+
e-

Vertex detector

Drift chamber
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iDM+Dark Higgs

h’

μ+ μ-
 not observableχ1

Supplementary information: Search for a dark Higgs boson produced in association547

with inelastic dark matter at the Belle II experiment548

This material is submitted as supplementary informa-549

tion for the Electronic Physics Auxiliary Publication Ser-550

vice.551

FEYNMAN DIAGRAM552

Feynman diagram depicting the search channel for A→
553

production in association with a h→ via e+e↑ → h→(→554

x+x↑)A→(→ ω1ω2(→ ω1e+e↑)) where x+x↑ indicates555

µ+µ↑, ε+ε↑, or K+K↑ is shown in Fig. S1.556

FIG. S1. Feynman diagram depicting the search channel for
A

→ production in association with a h
→ with subsequent decays

into both visible and dark sector states.

OBSERVED EVENTS557

We found 8 events in the ε+ε↑ final state, and 1 event558

in the K+K↑ final state passing all selection require-559

ments. The reconstructed h→ mass and vertex positions560

of the h→ and the ω2 for these events are summarized in561

Tab. I.562

Reconstructed h→ mass distributions for h→ → µ+µ↑,563

h→ → ε+ε↑, and h→ → K+K↑ are shown in Fig. S2.564

The same distributions but with a limited mass range565

around the K0
S veto region without the K0

S veto applied566

are shown in Fig. S3.567

TABLE I. Reconstructed h
→ mass and vertex positions of the

h
→ and the ω2 for all events passing the final event selection. z

and ε =
√

x2 + y2 are the longitudinal and transverse vertex
positions.

M(x+
x
↑) ε(h→) z(h→) ε(ω2) z(ω2) Final State

(in GeV/c2) (in cm) (in cm) (in cm) (in cm)

0.306 22.208 17.772 0.015 0.058 h
→ → ϑ

+
ϑ
↑

0.332 35.565 1.304 0.013 0.006 h
→ → ϑ

+
ϑ
↑

0.461 16.944 -9.659 0.006 -0.044 h
→ → ϑ

+
ϑ
↑

0.532 78.67 57.687 0.009 0.096 h
→ → ϑ

+
ϑ
↑

0.534 90.034 -0.179 30.308 41.711 h
→ → ϑ

+
ϑ
↑

0.558 41.612 -19.201 0.002 0.058 h
→ → ϑ

+
ϑ
↑

0.737 13.776 10.743 0.025 -0.04 h
→ → ϑ

+
ϑ
↑

0.861 0.08 0.16 0.795 0.341 h
→ → ϑ

+
ϑ
↑

1.455 13.334 21.314 0.011 -0.03 h
→ → K

+
K

↑

trigger on calorimeter energy 
from e+e-; displaced vertex 
trigger under development  

Duerr, Ferber et al, JHEP04 (2021) 146

reconstructs to 
h′ mass 

https://link.springer.com/article/10.1007/JHEP04(2021)146


• Very low backgrounds; displaced vertex plus 
energetic  pair with opening angle not consistent 
with a  conversion. 

e+e−

γ → e+e−
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FIG. S2. Distribution of M(x+
x
→) together with the stacked

contributions from the various simulated SM background
samples for h

↑ → µ
+
µ
→, h↑ → ω

+
ω
→, and h

↑ → K
+
K

→ can-
didates. Simulation is normalized to a luminosity of 365 fb→1

.

FIG. S3. Distribution of M(ω+
ω
→) together with the stacked

contributions from the various simulated SM background
samples for h

↑ → µ
+
µ
→, h

↑ → ω
+
ω
→, and h

↑ → K
+
K

→

candidates. The red lines indicate the mass range 0.467 <

M(ω+
ω
→) < 0.529 GeV/c2 that is rejected to reduce back-

ground from K
0
S decays. Simulation is normalized to a lumi-

nosity of 365 fb→1 .

9 events observed, consistent 
with expected background. 
 
8 of 9 are π+π-  

Belle II preliminary 
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• Strong limits, but dependence on 5 other parameters.

21
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FIG. 2. Exclusion regions at 95% CL in the plane of
the sine of the mixing angle ω and dark Higgs mass
m(h→) from this work (teal) together with existing con-
straints from PS191 (90% CL [45]), E949 (90% CL [46]),
NA62 (90% CL [47, 48]), MicroBooNE (95% CL [10, 49, 50]),
KOTO(90% CL [10, 51]), KTeV (90% CL [52]),
L3 (95% CL [10, 53]), CHARM(95% CL [44, 54]),
LHCb (95% CL [44, 55, 56]), Belle II (95% CL [57]),
BaBar (90% CL [44, 58]), and CMS (95% CL [11]) for
εD = 0.1, m(A→) = 3m(ϑ1), !m = 0.4m(ϑ1), ϖ = 1.5→10↑3,
and m(ϑ1) = 2.5 GeV/c2. Constraints colored in gray with
dashed outline are reinterpretations not performed by the
experimental collaborations. All constraints but the one from
this work do not depend on the presence of a dark photon.
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[15] J. Blümlein and J. Brunner, New exclusion limits for dark405

gauge forces from beam-dump data, Phys. Lett. B 701,406

155 (2011), arXiv:1104.2747 [hep-ex].407
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Axion-like particles
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Axion-like particles

• Axions were proposed to explain why QCD does not 
violate CP. Axion-like particles have the same quantum 
numbers, but wider range of masses and couplings, 
typically to standard model gauge bosons.  

• Could be the mediator to dark matter. 

23C. Hearty | Dark sectors at accelerators | DISCRETE 2024



Search for axion-like particles decaying to γγ in 
FASER 

• Focus on ALP that couples to W.  
Dominant source is . 

• Decay is 100% to .  

B → KaW

γγ

24

acceptance 10-7 — 10-6

require >1.5 TeV in calorimeter, 
consistent energy distribution in 
two preshower layers

can’t actually distinguish 
the two photons 

FASER arXiv 2410.10363 (2024)

C. Hearty | Dark sectors at accelerators | DISCRETE 2024

https://arxiv.org/abs/2410.10363


• Expect 0.44 ± 0.39 background from ν interactions. 
One observed. 
  - study using preshower & calorimeter sidebands.

25

signal region

mc prediction

forward production of B mesons

unexplored parameter space excluded

• Upgraded preshower with 
two photon resolution 
should be ready in 2025. 

C. Hearty | Dark sectors at accelerators | DISCRETE 2024

FASER arXiv 2410.10363 (2024)

https://arxiv.org/abs/2410.10363


BESIII: Search for axion-like particle production in 
J/ψ decay

• BESIII collected 1010 J/  in 2009 and 2012.   

• Focus on ALP with dominant coupling to photons. Final 
state is 3 photons with no missing energy.

ψ

26

BESIII PRD 110, L031101 (2024)
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• Large background , plus (e.g) 107  
(control sample).

e+e− → γγγ J/ψ → γη
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0.11 ≤ mγγ ≤ 0.16 GeV=c2, 0.52 ≤ mγγ ≤ 0.56 GeV=c2,
0.92≤mγγ ≤ 0.99 GeV=c2, and 2.92≤mγγ ≤3.04GeV=c2

to suppress the backgrounds from J=ψ → γπ0, J=ψ → γη,
J=ψ → γη0, and J=ψ → γηc, respectively.
After applying the above selection criteria, the signal

yields are extracted from the data by performing a series
of one-dimensional unbinned extended maximum like-
lihood (ML) fit to the mγγ distribution, which includes
all combinations of two photon pairs. The fit function
includes the contributions of signal and backgrounds and is
described in more detail below.
Figure 1 shows the mγγ distribution for data and various

background predictions. The dominant background comes
from the QED process eþe− → γγðγÞ, which is predicted
from the continuum data collected at 3.08 GeV. The mγγ

distribution for data is generally well described by the
background predictions, except in the low-mass region,
where KKMC [57] fails to reproduce the events for J=ψ
decaying to multiphotons in the final state. This disagree-
ment has a minor impact on the ALP search because the
signal extraction procedure does not depend on the pre-
dictions of the background yields. In order to mitigate the
effect from the tails of the peaking backgrounds J=ψ → γP,
the fit is performed in different mγγ intervals for various ma
points, as described in Table I.

Simulated data samples are used to construct the signal
and background probability density functions (PDFs). The
signal PDF is described by the sum of two crystal ball
functions with common mean and opposite-side tails. The
efficiency and parameters of the crystal ball functions are
obtained from the simulated signal MC samples by
performing a fit to the mγγ distribution. This fit includes
the contributions of signal and combinatorial background
from wrong γγ combinations, described by a first-order
Chebyshev function. The ma resolution varies from 6 to
15 MeV=c2 while the signal selection efficiency, ϵ, varies
from 28.2% to 39.0% depending on the a mass. The PDF
parameters and efficiency of the signal are interpolated
linearly between the mass points of the generated signal
MC samples. The background PDF is described by third-,
fourth-, and fifth-order Chebyshev functions in various mγγ

fit regions detailed in Table I.
The search is performed in 1.0 MeV=c2 steps in the mass

range of 0.18 ≤ ma ≤ 1.5 GeV=c2 and 2.0 MeV=c2 steps
for higher ma values. The free parameters of the fit are the
number of signal events (Ndat

sig), which includes the con-
tributions of both radiative J=ψ → γa and ALP-strahlung
eþe− → γa process, the number of background events, and
the shape parameters of the background PDF. To take into
account a possible systematic uncertainty associated with
the choice of PDFs, the fit is repeated with an alternative
signal PDF described by a Cruijff function [58], or
increasing by one the order of the Chebyshev polynomial
function for the background PDF at each ma point. The fit
with the largest signal yield, giving the worst upper limit, is
chosen to produce the final result. The final signal yield
Nsig is 95.6% of the Ndat

sig after subtracting the contribution
from the ALP-strahlung process [45].
We calculate the product branching fraction of J=ψ →

γa and a → γγ at each ma point using the following
formula,

BðJ=ψ → γaÞ × Bða → γγÞ ¼
Nsig

ϵNJ=ψ
: ð2Þ

Figure 2 shows the product branching fraction BðJ=ψ →
γaÞ × Bða → γγÞ and the statistical significance, defined
as S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=Lmax

p
Þ, as a function of ma. In this
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FIG. 1. Distribution of the diphoton invariant mass, mγγ , for
data (black dots with error bars) together with the background
predictions of the QED eþe− → γγ process from data collected at
3.08 GeV (dotted red curve), J=ψ → γπ0π0 (long-dashed pink
curve), J=ψ → γγγ (double-dotted long-dashed gray curve),
J=ψ → γf [f ¼ f0ð1350Þ; f2ð1950Þ] (long-dashed cyan curve),
J=ψ → γP (brown pattern, dashed-dotted blue, black and dotted
gray histograms), and other backgrounds from inclusive J=ψ
decays (triple-dotted long-dashed brown curve). The solid green
olive histogram represents the combined background. The bottom
panel shows the ratio of data to the combined background
predictions.

TABLE I. The fit intervals of mγγ for various ma points.

ma range
(GeV=c2)

mγγ fit interval
(GeV=c2)

Polynomial
function order

0.180–0.420 0.16, 0.46 Fourth
0.421–0.490 0.39, 0.51 Fifth
0.610–0.880 0.59, 0.90 Fifth
1.020–1.099 1.00, 1.20 Fifth
1.100–2.770 ma − 0.10, ma þ 0.10 Third
2.772–2.850 2.70, 2.88 Fourth
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gaγγ . All sources of systematic uncertainties are summa-
rized in Table II. We calculate the final systematic uncer-

tainty as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2add þ ðσmult × NsigÞ2

q
.

Since no significant evidence of any signal events is
found, we set the 95% confidence level (CL) upper limits
on the product branching fraction BðJ=ψ → γaÞ × Bða →
γγÞ as a function of ma using a Bayesian approach with a
uniform prior. The systematic uncertainty is included by
convolving the likelihood function with a Gaussian func-
tion having a width equal to the systematic uncertainty.

The limits range between 3.7 × 10−8 and 48.5 × 10−8 for
0.18 ≤ ma ≤ 2.85 GeV=c2, as shown in Fig. 4 together
with expected limit bands at $1σ and $2σ levels obtained
from a large ensemble of pseudoexperiments. Our results
improve upon the previous BESIII measurement [42] by an
average factor of 8 to 9. Finally, we also calculate the
95% CL upper limit on gaγγ using Eq. (1) while assuming
Bða → γγÞ ¼ 1 and including the additional sources of the
systematic uncertainties on BðJ=ψ → eþe−Þ using a
Bayesian approach with a uniform prior in a negative
log-likelihood versus g2aγγ curve. The corresponding exclu-
sion range is shown in Fig. 5. The limit varies within
ð2.2–101.8Þ × 10−4 ðGeVÞ−1 for 0.18≤ma≤2.85GeV=c2

and improves previous bounds set by previous BESIII [42]
and Belle II [36] by factors of about 3 and 5, respectively.
It has also twofold improvement over the OPAL measure-
ment [34] for 1.468 ≤ ma ≤ 2.2 GeV=c2.
In summary, we search for diphoton decays of a light

pseudoscalar particle in radiative J=ψ decays, using
1010J=ψ events collected by the BESIII detector. No
significant evidence of signal events is found, and we
set 95% CL upper limits on the product branching fraction
BðJ=ψ → γaÞ × Bða → γγÞ and the coupling of the ALP to
a photon pair gaγγ as a function of ma. The corresponding
limits are more stringent than the existing limits from
OPAL [34], previous BESIII [42], and Belle II [36] for
0.18 ≤ ma ≤ 2.85 GeV=c2. These improved limits can
significantly constrain the parameter spaces of the extended
Higgs sector models [8,19,20,45] and other new physics
models [5–7,14,22] in the investigated mass region.

The BESIII Collaboration thanks the staff of BEPCII
and the IHEP computing center for their strong support.
This work is supported in part by the National Key R&D

TABLE II. The sources of systematic uncertainties. The un-
certainties associated with the signal and background PDFs are
incorporated into the fit, as described in the text.

Source Uncertainty

J=ψ → γa gaγγ ðGeVÞ−1
Additive (events)
Fit bias 9.2 9.2

Multiplicative (%)
χ24C 2.3 2.3
ΔEγ13 0.1 0.1
ΔEγ23 0.1 0.1
J=ψ → γP veto 0.8 0.8
Δϕγ31 0.1 0.1
BðJ=ψ → eþe−Þ & & & 0.5
J=ψ counting 0.44 0.44
Photon detection efficiency 0.6 0.6

Total 2.6 2.6
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FIG. 4. Upper limits at the 95% CL on the product branching
fraction BðJ=ψ → γaÞ × Bða → γγÞ, including the systematic
uncertainties, and compared with the previous BESIII measure-
ments [42] as a function of ma. The expected limit bands at $1σ
and $2σ levels, obtained from a large ensemble of pseudoexperi-
ments, include statistical uncertainty only.

FIG. 5. The 95% CL upper limits on the coupling of ALP to a
photon pair (gaγγ) together with BABAR [30], CMS [37], ATLAS
[38], PrimEx [25], beam-dump [26,27], OPAL [34], previous
BESIII [42], and Belle II [36] measurements as a function of ma.
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World leading results for 
0.18 < ma < 2.85 GeV/c2 

BESIII PRD 110, L031101 (2024)

https://doi.org/10.1103/PhysRevD.110.L031101?_gl=1*1sccivs*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjQ5ODIuNDIuMC4zNzEwODMxMTc.


Lμ - Lτ Z′ 
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The Lμ - Lτ model

• I motivated this talk with dark matter. But perhaps there 
are other hints of new physics. 

• Muon anomalous magnetic moment ; 

• Observables in the B system, e.g. angular distributions 
in .  

• The Lμ - Lτ model includes a gauge boson Z′ that 
couples only to mu or tau leptons or neutrinos. 
  - could also couple to dark matter. 

(g − 2)μ

B → K(*)μ+μ−
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NA64μ 

• NA64 is a fixed target experiment in the CERN SPS 
beam line dedicated to dark sector searches.  

• Extensive, world-leading results with 100 GeV electrons; 
demonstration results with positrons.  

• Most recently, data collected with 160 GeV/c muons to 
focus on new physics related to the muon sector. 
  - 2 × 1010 muons on target, average of 2.5μs between 
particles.  
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NA64 search for invisible decays of the Z′ using a 
muon beam

• Signature: 160 GeV/c μ into target; 
μ with <80 GeV/c out with large 
missing energy.  

31

and 30 × 30 cm2 counters (S4 and Sμ) sandwiching the
HCAL modules, shifted from the undeflected beam axis
(referred to as zero line) to detect the scattered muons.
The data were collected in two trigger configurations
(S0 × S1 × V1 × S4 × Sμ) wwith different Sμ distances to
the zero line along the deflection axis x̂, namely,Sμx̂ ¼ −152
and Sμx̂ ¼ −117 mm and with S4x̂ ¼ −65 mm. The corre-
sponding measured rate is 0.04% and 0.07% of the calibra-
tion trigger (S0;1 × V1) coincidences at a beam intensity of
2.8 × 106 μ=spill. In each configuration, we recorded,
respectively, ð11.7#0.1Þ×109 and ð8.1#0.1Þ×109muons
on target (MOT) yielding a total accumulated dataset of
ð1.98# 0.02Þ × 1010 MOT.
A detailed GEANT4 [37,38] Monte Carlo (MC) simula-

tion is performed to study the main background sources and
the response of the detectors and the muon propagation. In
the latter case, the full beam optics developed by the CERN
BE-EA beam department is encompassed in the simulation
framework using separately both the TRANSPORT, HALO,
and TURTLE programs [39–41], as well the GEANT4 com-
patible beam delivery simulation (BDSIM) program [42–44]
to simulate secondaries interactions in the beamline
material. The signal acceptance is carefully studied using
the GEANT4 interface DMG4 package [45,46], including
light mediators production cross-section computations
through muon bremsstrahlung [31]. The placements of
S4 and Sμ are optimized to compensate for the low signal
yield at high masses, σZ0 ∼ g2Z0αZ2=m2

Z0 , with α the fine
structure constant and Z the atomic number of the target,
through the angular acceptance being maximized for a
scattered muon angle ψ 0

μ ∼ 10−2 rad after the ECAL. In
addition, the trigger counters downstream of MS2
account for the expected 160 GeV=c mean deflected
position at the level of S4, estimated at hδxi ≃ −12.0 mm
from a detailed GenFit-based [47,48] Runge-Kutta
extrapolation scheme.
The signal region,pcut

out ≤ 80GeV=c andEcut
CAL < 12 GeV,

is optimized with simulations and data-driven background
estimations to maximize the sensitivity. The cut on the total
energy deposit in the calorimeters,Ecut

CAL, is defined by fitting

the minimum ionizing particle (MIP) spectra obtained from
the sum of the energy deposit in the ECAL, VHCAL, and
HCAL modules.
To minimize the background, the following set of

selection criteria is used. (i) The incoming momentum
should be in the momentum range 160# 20 GeV=c. (ii) A
single track is reconstructed in each magnetic spectrometer
(MS1 and MS2) to ensure that a single muon traverses the
full setup. (iii) At most one hit is reconstructed in MM5–7
and ST1 (no multiple hits) and the corresponding extrapo-
lated track to the HCAL face is compatible with a MIP
energy deposit in the expected cell. This cut verifies that no
energetic enough secondaries from interactions upstream of
MS2 arrive at the HCAL. (vi) The energy deposit in the
calorimeters and the veto should be compatible with a MIP.
This cut enforces the selection of events with no muon
nuclear interactions in the calorimeters. The aforemen-
tioned cut flow is applied to events distributed in the
outgoing muon momentum and total energy deposit plane,
ðpout; ECALÞ, as shown in Fig. 3.
Region A is inherent to events with MIP-compatible

energy deposits in all of the calorimeters, resulting in
pin ≃ pout ≃ 160 GeV=c. By design, most unscattered
beam muons do not pass through the S4 and Sμ counters,
however, the trigger condition can be fulfilled by suffi-
ciently energetic residual ionization μN → μN þ δe origi-
nating from the downstream trackers MM5–7 or last HCAL2

layers. The accumulation of events in region C is associated
with large energy deposition of the full-momentum scat-
tered muon in the HCAL, while region B corresponds to a
hard scattering or bremsstrahlung in the ECAL, with a soft
outgoing muon and full energy deposition in either the
active target or HCAL. The small number of events
between pout ≥ 50 GeV=c and pout ≤ 100 GeV=c are
associated with hard muon bremsstrahlung events,
μN → μN þ γ, with ψ 0

μ ≪ 10−2 rad, as a result of the
trigger optimization for signal events emitted at larger
angles. The events in the region D are associated with
muon nuclear interactions in the ECAL, μN → μþ X, with
X containing any combination of π0s, K; p; n…, with low-
energy charged hadrons being deflected away in MS2,

FIG. 2. Schematic illustration of the NA64μ setup and of a signal event topology. Well-defined incoming muons with momentum
pin ≃ 160 GeV=c are reconstructed in the first magnet spectrometer and tagged by a set of scintillator counters before arriving at the
active target (ECAL). In the collision of muons with the target nuclei the bremsstrahlunglike reaction and subsequent invisible decay,
μN → μNðZ0 → invisibleÞ is produced. The resulting scattered muon with momentum pout ≤ 80 GeV=c is measured in the second
spectrometer (MS2).

PHYSICAL REVIEW LETTERS 132, 211803 (2024)
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or neutrinos

https://doi.org/10.1103/PhysRevLett.132.211803?_gl=1*1heacg2*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjUyMDQuNjAuMC4zNzEwODMxMTc.


• Expect background of 0.07 ± 0.03 events 
  - low-side tail on momentum measurement 
  -  from 10-5 contamination in muon beam 
 
 
 
 
 
 
 

• Future: 2nd spectrometer and faster detectors would 
enable 40× higher event rate. 

K+ → μ+νμ

32

0 50 100 150 200
, GeV/c

out
p

0

50

100

150

200, G
eV

C
AL

E

1

10

210

D

B

A

C

10°2 10°1 100

mZ 0 [GeV]

10°5

10°4

10°3

10°2

10°1

g Z
0

Lµ ° Lø ”vanilla” model

¢aµ favoured
(±2æ)

NA64µ

BaBar
CCFR

Bore
xin

o

excluding parameter space 
that would explain (g-2)μ 

also now Belle II

scattered muon momentum

En
er

gy
 in

 c
alo

rim
et

er
s

C. Hearty | Dark sectors at accelerators | DISCRETE 2024

NA64 PRL 132, 211803 (2024)

https://doi.org/10.1103/PhysRevLett.132.211803?_gl=1*1heacg2*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjUyMDQuNjAuMC4zNzEwODMxMTc.


Belle II: search for an Lμ - Lτ Z′ decaying  
to μ+μ-    

• Resonance in 4μ final state. 

• Same signature for a muonphilic  
scalar. Created to explain (g-2)μ.  

• Large standard model production of :e+e− → μ+μ−μ+μ−

33

subdominant, 
but kinematically 
similar to signal 
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• Key: exploit kinematic differences 
between the signal (i.e. final state 
radiation) and most of the 
background in a neural net.  
  - trained on Z′, applied to scalar. 
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https://doi.org/10.1103/PhysRevD.109.112015?_gl=1*10txemp*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjUyOTQuMzcuMC4zNzEwODMxMTc.


• Z′ limits are comparable to BaBar with 1/3rd of the 
luminosity due to machine learning discriminator.  

• First limits on muonphilic scalar; exclude part of (g-2)μ 
parameter space. 
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Belle II PRD 109, 112015 (2024)

https://doi.org/10.1103/PhysRevD.109.112015?_gl=1*10txemp*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjUyOTQuMzcuMC4zNzEwODMxMTc.


B-mesogenesis
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2. Parameter space and constraints

To begin to explore the parameter space of our model we
note that the particle masses must be subject to several
constraints. For the decay ψ → ϕξ to be kinematically
allowed we have the following:

mϕ þmξ < mψ : ð5Þ

Note that there is also a kinematic upper bound on the mass
of the ψ such that it is light enough for the decay B=B̄ →
ψ=ψ̄ þ baryon=antibaryonþmesons to be allowed. This
bound depends on the specific process under consideration
and the final state visible sector hadrons produced; for
instance in the example of Fig. 2 it must be the case that
mψ < mB0

d
−mΛ ≃ 4.16 GeV. A comprehensive list of the

possible decay processes and the corresponding constraint
on the ψ mass are itemized in Appendix D.
As mentioned above, DM stability is ensured by the Z2

symmetry, and the following kinematic condition:

jmξ −mϕj < mp þme: ð6Þ

The mass of a dark particle charged under baryon number
must be greater than the chemical potential of a baryon in a
stable two solar mass neutron star [31]. This leads to the
following bound3:

mψ > mϕ > 1.2 GeV: ð7Þ

Additionally, the constraint (7) automatically ensures pro-
ton stability.

The corresponding restrictions on the range of particle
masses, along with the rest of our model parameter space, is
summarized in Table II.
Note that since mψ must be heavier than the proton,

the charmed D meson is too light for our baryogenesis
mechanism to work, as mD < mp þmψ (similarly for the
kaons since mK < mp). As the top quark decays too
quickly to hadronize, the only meson systems in the SM
that allow for this baryogenesis mechanism are the neutral
B mesons.

3. Dark sector considerations

Throughout this work we remain as model independent
as possible regarding additional dark sector dynamics. Our
only assumption is the existence of the dark sector particles
ψ , ξ, and ϕ. In general the dark sector could be much richer,
containing a plethora of new particles and forces. Indeed,
scenarios in which the DM is secluded in a rich dark sector
are well motivated by top-down considerations (see for
instance [35] for a review). Additionally, there are practical
reasons to expect (should our mechanism describe reality) a
richer dark sector.
The ratio of DM to baryon energy density has been

measured to be 5.36 [2]. Therefore, for the case where ϕ is
the lightest dark sector particle, it must be the case that
mϕnϕ ∼ 5mpnB. Since ξ does not carry baryon number and
ψ decays completely, once all of the symmetric ψ compo-
nent annihilates away we will be left with nB ¼ nϕ,
implying that mϕ ∼ 5mp—inconsistent with the kinematics
of B meson decays (mϕ < mB −mbaryon). Introducing
additional dark sector baryons can circumvent this
problem.
For instance, imagine adding a stable dark sector stateA.

We assume A carries baryon number QA, and in general is
given a charge assignment which allows for A − ϕ inter-
actions (e.g., QA ¼ 1=3). Then the condition that ρDM ∼
5ρB becomes mϕnϕ þmAnA ∼ 5mpnB. Interactions such
as ϕþ A% ↔ AþA can then reduce the ϕ number density,
such that in thermodynamic equilibrium we need only
require that mA ∼ 5QAmp, while ϕ can be somewhat
heavier. In principle A may have a fractional baryon
number so that both B decay kinematics and proton
stability are not threatened.
Additionally, the visible baryon and antibaryon products

of the B decay are strongly interacting, and as such
generically annihilate in the early universe leaving only
a tiny excess of baryons which are asymmetric. Meanwhile,
the ξ and ϕ particles are weakly interacting and have
masses in the few GeV range. Since, as given the CP
violation is at most at the level of 10−3, the DM will
generically be overproduced in the early universe unless the
symmetric component of the DM undergoes additional
number density reducing annihilations. One possible res-
olution is if the dark sector contained additional states,

ξ

b̄

d
B0

d

u

d

s

Λ

ψ

Y

φ

FIG. 2. An example diagram of the B meson decay process as
mediated by the heavy colored scalar Y that results in DM and a
visible baryon, through the interactions of Eqs. (2) and (4).

3Note that constraints on bosonic asymmetric DM from the
black hole production in neutron stars [34] do not apply to our
model. In particular, we can avoid accumulation of ϕ particles if
they annihilate with a neutron into ξ particles. Additionally, there
can be ϕ4 repulsive self-couplings which greatly raise the
minimum number required to form a black hole.
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D

• B mesons can decay to a dark baryon  and a baryon.  

• CP violation in B0 mixing produces a  
baryon excess in the visible universe,  
and an anti-baryon excess in the  
dark sector. 

• Limits in 3 of 4 modes; first limits for p and .  
  -   
  -   
  -  (preliminary)

ψD

Λ+
c

ℬ(B+ → pψD) < 10−6 − 10−5

ℬ(B0 → ΛψD) < (0.13 − 5.2) × 10−5

ℬ(B+ → Λ+
c ψD) < 1.6 × 10−4

BaBar: searches for baryogenesis and  
dark matter (parallel session on Tuesday)
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Elor, Escudero, Nelson, 
PRD 99, 035031 (2019)

BaBar PRL 131, 201801 (2023)
BaBar PRD 107, 092001 (2023)

Strongly constrains 
“basic” model for 
these 3 modes.

heavy flavoured scalar; 
four possible variants

https://doi.org/10.1103/PhysRevD.99.035031?_gl=1*1v8d5as*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjU1NTYuNjAuMC4zNzEwODMxMTc.
https://doi.org/10.1103/PhysRevLett.131.201801
https://doi.org/10.1103/PhysRevD.107.092001?_gl=1*qtcw6n*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjU2NDMzOC40Mi4xLjE3MzI1NjU0OTQuNTMuMC4zNzEwODMxMTc.


Summary

• Wide range of experiments at accelerators searching for 
dark sector particles, including dark photons, axion-like 
particles, dark scalars, and Z′.  
  - dedicated detectors, general purpose experiments at 
colliders, neutrino experiments.  

• These experiments are exploring models and parameter 
space that would explain astronomical dark matter and 
produce observable signatures in the laboratory.  

• More on the way…  FASER, Belle II, LHCb phase 2.
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